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The unique region of the capsid protein VP1 (VP1u) of human parvovirus B19 (B19) elicits a dominant immune
response and has a phospholipase A2 (PLA2) activity, which is necessary for the infection. In contrast to the rest of
the parvoviruses, the VP1u of B19 is thought to occupy an external position in the virion, making this region a
promising candidate for vaccine development. By using a monoclonal antibody against the most-N-terminal portion
of VP1u, we revealed that this region rich in neutralizing epitopes is not accessible in native capsids. However,
exposure of capsids to increasing temperatures or low pH led to its progressive accessibility without particle
disassembly. Although unable to bind free virus or to block virus attachment to the cell, the anti-VP1u antibody was
neutralizing, suggesting that the exposure of the epitope and the subsequent virus neutralization occur only after
receptor attachment. The measurement of the VP1u-associated PLA2 activity of B19 capsids revealed that this
region is also internal but becomes exposed in heat- and in low-pH-treated particles. In sharp contrast to native
virions, the VP1u of baculovirus-derived B19 capsids was readily accessible in the absence of any treatment. These
results indicate that stretches of VP1u of native B19 capsids harboring neutralizing epitopes and essential func-
tional motifs are not external to the capsid. However, a conformational change renders these regions accessible and
triggers the PLA2 potential of the virus. The results also emphasize major differences in the VP1u conformation
between natural and recombinant particles.

Human parvovirus B19 (B19) is the only well-documented
member of the Parvoviridae causing disease in humans. It is
generally associated with the mild and frequent childhood dis-
ease erythema infectiosum, or fifth disease (1). In some cases
and depending on the physiological conditions of the host,
other more severe clinical symptoms can develop, such as acute
and chronic arthropathies (28), hemolytic disorders (32), and
hydrops fetalis and fetal death (6, 10).

The single-stranded DNA genome of B19 is packaged into a
nonenveloped, icosahedral capsid consisting of 60 structural
subunits, of which approximately 95% are VP2 (58 kDa) and
5% are VP1 (83 kDa). VP1 differs from VP2 only in an N-
terminal “unique region” (VP1u) composed of 227 additional
amino acids (8, 27). Following the infection, antibodies against
VP1 and VP2 are produced resulting in the rapid elimination
of the virus from the peripheral blood. The dominant immune
response against B19 is mainly elicited by the VP1-unique
region, which harbors strong neutralizing epitopes (2, 31, 39).
A poor immune response against VP1u has been linked to
persistent infections (21).

The immunodominance of VP1u, the presence of neutraliz-
ing epitopes and experimental evidence suggest that in contrast
to other parvoviruses, VP1u of B19 occupies an external posi-
tion in the capsid and therefore is accessible to antibody bind-
ing. Baculovirus-derived empty capsids and a proportion of

human plasma-derived virions could be immunoprecipitated
by using antisera raised against the entire VP1u (30). Baculo-
virus-expressed B19 capsids containing truncated Flag-VP1
were recognized by an anti-Flag monoclonal antibody (MAb)
(19). Similarly, baculovirus-derived B19 capsids in which VP1u
was replaced with lysozyme were enzymatically active and im-
munogenic (26). These results suggest that VP1u occupies an
external position on the capsid. In other studies, antibodies
raised against peptides spanning the whole VP1u were highly
neutralizing, but surprisingly, the neutralizing activity of the
antisera did not correlate with binding activity to recombinant
empty capsids, which was low or absent (2, 31), suggesting that
stretches of VP1u might be internal and not accessible. The
position occupied by VP1u in the native capsid is of consider-
able importance for several reasons. The immunodominance,
presence of neutralizing epitopes, and accessibility make VP1u
a promising target for the development of vaccines. VP1u has
also important functions in the virus life cycle. It harbors a
phospholipase A2 (PLA2) motif (12) that is required for the
infection (16, 37). It has been recently shown that capsids
without the entire VP1 are not infectious and are unable to
be exported from the nuclei (38). The presumed external
position of VP1u PLA2 has led to the assumption that ex-
tracellular B19 capsids are enzymatically active. The PLA2

activity of B19 capsids is thought to play a role in the
pathogenesis of the virus and in particular in the induction
of autoimmune reactions and inflammatory processes (22,
24, 36).

Most of the studies conducted to examine the external con-
formation of VP1u have been performed using baculovirus-
derived capsids, which does not necessarily correspond to the
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structure of VP1u in native particles. In order to identify the
position of VP1u in natural B19 capsids, we have investigated the
accessibility of two distant regions of the protein playing a role in
virus infection and immunology. One is situated at the most-
amino-terminal portion of VP1u where various neutralizing
epitopes have been previously identified (2), and the other is
situated near the junction between VP1 and VP2 where the PLA2

enzymatic core is located (12). The results showed that while
these critical regions of VP1u are accessible in recombinant cap-
sids, they are not exposed in the native particles. However, after
an in vitro or cell-mediated stimulus, they become accessible,
leading to antibody binding and subsequent virus neutralization
or leading to the activation of the viral PLA2 potential.

MATERIALS AND METHODS

Cells and viruses. UT7/Epo cells were cultured in RPMI with 10% FCS and
2 U/ml of recombinant human erythropoietin (Janssen-Cilag, Midrand, South
Africa) at 37°C and 7.5% CO2. B19-containing serum samples were obtained
from different individuals: Mar-54 (genotype 1; Marburg, Germany); Char-89
(genotype 1; Charlotte, NC); and Char-07 (genotype 1; Charlotte, NC). The
serum samples did not contain B19-specific immunoglobulin M (IgM) or IgG
antibodies. B19 virus was concentrated from infected serum by ultracentrifuga-
tion through 20% sucrose. The viral pellets were washed and resuspended in
phosphate-buffered saline (PBS). Baculovirus-expressed B19 capsids were kindly
provided by R. Franssila (Helsinki, Finland) and were produced in High-5 cells
as described elsewhere (14).

Antibodies. Two monoclonal antibodies, one specific for the unique region of
minor capsid protein VP1 (MAb 1418-1) and the other directed to the major
capsid protein VP2 (MAb 860-55D), were kindly provided by S. Modrow (Re-
gensburg, Germany). The two MAbs were produced from peripheral blood
mononuclear cells from normal, healthy individuals with high titers of serum
antibodies against B19 virus proteins (15). MAb 1418-1 recognizes an epitope
spanning VP1u residues 30 to 42, while MAb 850-55D is directed to a
conformational epitope of VP2 and only recognizes intact capsids (11). For
immunoblotting, a mouse anti-B19 VP antibody was used (US Biologicals,
Swampscott, MA). For immunofluorescent detection of B19 proteins, a
mouse antibody against human parvovirus B19 was applied (Novocastra,
Newcastle, United Kindom).

Exposure of viral particles to heat and low pH. Before any treatment, B19
capsids diluted in PBSA (PBS with 1% bovine serum albumin [BSA]) were
precleared by incubation with protein L and G agarose beads (Santa Cruz
Biotechnology, Santa Cruz, CA) for 2 h to eliminate nonspecific binding and
remove traces of immunoglobulins and immunocomplexes that might be present.
The cleared supernatants were exposed to heat in thin-walled tubes for 3 min in
a preheated thermoblock. After temperature treatment, the samples were cooled
on ice and immediately used for subsequent reactions. When total particle
disintegration was intended, the viral suspensions were heated to 85°C for 10
min. For pH treatments, the viral suspension was acidified by adding HCl and the
pH was monitored. After the treatment, the pH of the viral suspension was
neutralized by dilution in PBSA, for immunoprecipitation experiments, or in
assay buffer (Cayman Chemical, Ann Arbor, MI), for measurement of PLA2

activity. To study the reversibility of the VP1u rearrangement, the temperature
or the pH of the viral suspension was restored in a gradual fashion to the original
values and further incubated at 37°C for 1 h.

Immunoprecipitation. Following heat or low-pH treatments, B19 capsids were
immunoprecipitated with MAb 1418-1 (against VP1u) or with MAb 850-55D
(against intact capsids). After overnight incubation at 4°C in the presence of 20
�l of protein G-agarose beads, the supernatant was discarded or used for a
further immunoprecipitation. The beads were washed four times with PBSA.
Immunoprecipitated viral capsids were resolved by sodium dodecyl sulfate–10%
polyacrylamide gel electrophoresis. After transfer to a polyvinylidene difluoride
membrane, the blot was probed with a mouse anti-B19 VP antibody (1:500; US
Biologicals, Swampscott, MA), followed by a horseradish peroxidase-conjugated
secondary antibody (1:20,000 dilution). The viral structural proteins were visu-
alized with a chemiluminescence system (Pierce, Rockford, IL).

Quantitative PCR. Amplification and real-time detection of PCR products
were performed by using the Lightcycler system (Roche Diagnostics, Rotkreuz,
Switzerland) with SYBR green (Roche). PCR was carried out using the FastStart
DNA SYBR green kit (Roche) following the manufacturer’s instructions. The

primers used for B19 DNA amplification were B19-forward (5�-GGGCAGCCA
TTTTAAGTGTTT-3�) and B19-reverse (5�-GCACCACCAGTTATCGTTAG
C-3�).

Infectivity assay. UT7/Epo cells were seeded onto 96-well plates at a concen-
tration of 7 � 104 cells/well. Cells were infected with B19 at 500 DNA-containing
particles per cell in RPMI without serum. After 1 h at 4°C, the cells were
transferred to 37°C and further incubated for 4 days in the presence of 10% FCS
and 2 U/ml of erythropoietin. The cells were fixed with acetone-methanol (1/1
[vol/vol]) for 5 min at �20°C. After fixation, the cells were air dried and washed
with PBSA. Subsequently, a mouse antibody against human parvovirus B19 was
applied (1:40 diluted in PBSA, clone R92F6 IgG1; Novocastra) for 1 h at room
temperature. The cells were washed three times with PBSA for 5 min, and as a
secondary antibody, a conjugated F(ab�)2 fragment of goat anti-mouse immuno-
globulins was added (1:50 dilution; DakoCytomation, Glostrup, Denmark) for
1 h at room temperature. After final washings with PBSA, the cells were overlaid
with 50 �l glycerol-PBS solution (1:1) and examined under a fluorescence mi-
croscope.

Binding assay. UT7/Epo cells were infected with 50 DNA-containing particles
per cell for 1 h at 4°C to allow virus attachment but not internalization in the
presence or absence of antibody against VP1u. Cells were then washed four
times with ice-cold PBSA to remove unbound virus. Subsequently, the cell pellet
was resuspended in 200 �l of PBSA and total DNA was extracted by using the
DNeasy tissue kit (QIAGEN, Valencia, CA). Cell-associated viral DNA was
quantified by using real-time PCR as specified above.

Phospholipase A2 activity assay. Native and baculovirus-expressed B19 capsids
were assayed for PLA2 activity before and after heat or manoalide treatments by
using a colorimetric assay (sPLA2 assay kit; Cayman Chemical, Ann Arbor, MI),
following the manufacturer’s instructions. The absorbance at 414 nm was deter-
mined every minute. The PLA2 activity was expressed as micromoles of substrate
hydrolyzed per minute per milliliter.

RESULTS

Accessibility of VP1u in native capsids. Two MAbs, one
specific for VP1u (MAb 1418-1), and the other recognizing
only intact capsids (MAb 860-55D), were used to immunopre-
cipitate B19 capsids from various B19-containing serum sam-
ples (Fig. 1A). While MAb 860-55D recognized and efficiently
immunoprecipitated the capsids present in the serum, no re-
activity was observed with MAb 1418-1 (Fig. 1B). In order to
increase the sensitivity of the assay, the amount of viral DNA
present in the immunoprecipitated fraction was amplified and
quantified by real-time PCR. The results showed that MAb
1418-1 immunoprecipitated only 1 to 5% of the viral DNA
immunoprecipitated with MAb 860-55D (Fig. 1C), indicating
that in the vast majority of native capsids, the VP1u epitope
recognized by MAb 1418-1 is not accessible.

VP1u becomes progressively accessible at increasing tem-
peratures. It has been previously shown for several parvovi-
ruses that mild heat treatments mimic cell-mediated capsid
conformational changes leading to the externalization of the
internal VP1u sequences (4, 9, 20, 35). In an attempt to inves-
tigate whether a similar rearrangement can be induced in B19
capsids, viral suspensions were briefly exposed to increasing
temperatures. As shown in Fig. 2A, the reactivity of MAb
1418-1 increased drastically following the heat treatment and
was maximal at 60°C. The amount of viral capsids immuno-
precipitated with MAb 1418-1 at 60°C was similar to the
amount immunoprecipitated at 37°C with the MAb 860-55D
(Fig. 2A). In both cases, no more viral proteins were detectable
in the supernatants (Fig. 2B), indicating that VP1u is exposed
in virions as well as in empty capsids. The progressive lower
reactivity of MAb 1418-1 with VP1 protein at temperatures
above 60°C suggests that MAb 1418-1 recognizes a conforma-
tionally defined epitope.

12018 ROS ET AL. J. VIROL.



Irreversibility of heat-induced VP1u exposure. We further
investigated the capability of B19 capsids to restore the origi-
nal internal VP1u conformation after its heat-induced expo-
sure. B19 capsids were heated to 60°C for 3 min to achieve the
maximal externalization of VP1u. Subsequently, some viral
suspensions were cooled rapidly on ice, while others were
slowly cooled to 37°C and further incubated at 37°C for 1 h.
The results showed that once externalized, this region of VP1u
remained steadily accessible on the capsid surface (Fig. 2C).

Acidification leads to VP1u accessibility. Parvoviruses enter
the host cells via receptor-mediated endocytosis, where they
encounter an acidified environment. We have previously
shown conformational changes in the capsid of minute virus of
mice (MVM) during the endosomal trafficking of the virus (25,
29). One of these capsid rearrangements, which depend on the
low endosomal pH, is the externalization of the VP1u origi-
nally buried inside the capsid. It was therefore of interest to
investigate the effect of low pH on B19 VP1u rearrangement.
As shown in Fig. 3, exposure of viral capsids to mild endosome-

like acidic conditions also induced a conformational change
leading to the accessibility of the VP1u.

The VP1u epitope recognized by MAb 1418-1 becomes ac-
cessible only after cell receptor attachment. By using a human
erythroid cell colony-forming assay, it has been previously
shown that MAb 1418-1 and MAb 860-55D both have a strong
neutralizing activity (15). We evaluated the neutralization ca-
pacity of the MAbs by using an immunofluorescence infectivity
assay, as described above. The results confirmed the strong
neutralizing activity of both MAbs (Fig. 4A and B), which was
dose dependent (Fig. 4C). Giving the lack of reactivity of MAb
1418-1 with B19 capsids under natural cell-free conditions, we
hypothesized that the MAb binds and neutralizes the virus
following putative capsid rearrangements induced by cell re-
ceptor attachment. To verify this hypothesis, following the

FIG. 1. Accessibility of VP1u in native B19 capsids. (A) Schematic
representation indicating the localization of the epitopes recognized by
MAb 860-55D (intact capsid) and MAb 1418-1 (VP1u) and the posi-
tion of the PLA2 motif within the VP1u. (B) Immunoprecipitation of
B19 capsids from three different B19-containing human serum samples
by MAb 1418-1 (VP1u) and MAb 860-55D (Caps). (C) Quantification
of B19 DNA in the immunoprecipitated fractions.

FIG. 2. Accessibility of VP1u after heat treatment. (A) B19 capsids
were treated at increasing temperatures (from 37 to 85°C) for 3 min,
cooled on ice, and immunoprecipitated with MAb 1418-1 (VP1u) or
MAb 860-55D (Caps). (B) Supernatants from previous immunopre-
cipitation (1st IP) were again immunoprecipitated (2nd IP). (C) Re-
versibility of VP1u externalization. Capsids were treated at 60°C for 3
min and rapidly cooled on ice (lane 60) or slowly cooled to 37°C and
further incubated at 37°C for 1 h (60R). The capsids were subsequently
immunoprecipitated with MAb 1418-1 (VP1u). C, Caps; V, VP1u; V60,
supernatant heated at 60°C for 3 min before immunoprecipitation.

FIG. 3. Accessibility of VP1u after low-pH treatment. B19 capsids
were treated at pH 7 or 5 for 1 h at 37°C. After the treatment, the pH
of the viral suspension was neutralized by dilution in PBSA and the
capsids were immunoprecipitated with MAb 1418-1 (VP1u) or MAb
860-55D (Caps).
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incubation of the virus suspension with MAb 1418-1 or MAb
860-55D, the MAbs were removed by adding protein G-aga-
rose beads (Santa Cruz Biotechnology). After overnight incu-
bation, the supernatant was added to the cells. The results
showed that the infectivity could be rescued in the samples
incubated with MAb 1418-1 but not with MAb 860-55D (Fig.
4A and B), indicating that binding and subsequent virus neu-
tralization by MAb 1418-1 occur only after cell-induced con-
formational changes.

The mechanism of virus neutralization by anti-VP1u MAb
was further investigated. Typically, binding of B19 to UT7/Epo
cells is poor (5 to 6% of the input). As shown in Fig. 4D, virus
attachment was unaffected in the presence of MAb 1418-1,
indicating that the MAb disrupts a step(s) following virus at-
tachment to the cell.

The VP1u PLA2 motif is internal in native B19 capsid but
can be externalized upon heat or low-pH treatments. Parvovi-

ruses have a PLA2 activity associated with VP1u (4, 7, 12, 13,
23, 24, 34, 37). The VP1u PLA2 activity in native extracellular
capsids is undetectable, but it increases after heat or pH treat-
ments (4, 13, 34). The reason is that VP1u PLA2 is internal but
becomes externalized after such treatments. We have quanti-
fied and compared the PLA2 activities of untreated and heat-
or low-pH-treated B19 native capsids. The results showed that
similarly to other parvoviruses, the PLA2 activity of untreated
B19 particles is barely detectable but increases drastically upon
mild heat or low-pH treatments (Fig. 5). B19 capsids were
unable to restore the internal position of the PLA2 motif under
all condition tested, indicating that once exposed, the external
position of the enzymatic motif is stable (Fig. 5A). The PLA2

activity of native untreated capsids was approximately 7% the
activity of the heat-treated capsids (Fig. 5B).

The externalization of the amino-terminal part of VP1u
(amino acid positions 30 to 42) and the PLA2 motif (amino

FIG. 4. Neutralization activity of MAb 1418-1 (VP1u) and MAb 860-55D (Caps). (A) B19 was preincubated with the MAbs or PBS (no
antibody [No Ab]) for 1 h at 4°C. Subsequently, protein G-agarose beads or PBS was added, as indicated, and the mixture was further incubated
overnight. After a short centrifugation to pellet the beads, the supernatants were added to UT7 cells at a multiplicity of infection of 500
DNA-containing particles per cell and incubated at 37°C for 4 days. Cells were fixed and stained as specified in Materials and Methods and
visualized under a fluorescence microscope. A representative field is shown. (B) Cells showing specific B19 immunofluorescence staining indicative
of infection. (C) Cells infected with B19 in the presence of increasing concentrations of MAb 1418-1 (VP1u). (D) Attachment of B19 to UT7 cells
in the presence or absence of MAb 1418-1 (VP1u). Cells were infected as specified above in the presence or absence of MAb 1418-1 and incubated
at 4°C for 1 h to allow virus attachment. Subsequently, cells were washed four times with PBSA and the amount of cell-associated viral DNA was
quantified by real-time PCR as described in Materials and Methods. PG, protein G-agarose beads.
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acid positions 130 to 195) had common features. The maximal
exposure of both regions was achieved at the same tempera-
ture (Fig. 2A and 5A) and in both cases was irreversible (Fig.
2C and 5A). The reactivity of MAb 1418-1 decreased at tem-
peratures above 60°C (Fig. 2A), as did the enzymatic activity of
the capsids (data not shown). Exposure to heat induced the
externalization of both VP1u regions more efficiently than did
low pH (Fig. 3 and Fig. 5C).

Stability of the internal conformation of VP1u in native
capsids. Standard laboratory manipulations, like freeze/thaw
cycles or long-term storage of viruses at 4°C, might trigger
capsid structural modifications and in some cases a reduction
of the viral infectivity (17). With the aim of investigating the
influence of standard laboratory manipulations on the VP1u
native conformation, we subjected viral suspensions to freeze-
thaw cycles (2 to 10) or to a long period of storage (10 weeks)
at 4°C. These treatments failed to render VP1u accessible to
antibody binding (Fig. 6A) or to increase the PLA2 activity
(Fig. 6B), indicating that the native VP1u conformation within
the viral capsid is highly stable.

Comparison of levels of VP1u accessibility in native and
baculovirus-derived capsids. Our results with natural capsids
are different from those of previous studies using baculovirus-
derived capsids in which it was shown that VP1u is exposed on
the capsid surface (19, 26, 30). In order to identify possible

FIG. 5. PLA2 activity of heat- and low-pH-treated B19 native capsids. (A) PLA2 activity of B19 capsids (1.8 �g) was measured following
exposure to increasing temperatures for 3 min and rapidly cooled on ice. The bar labeled “60R” represents capsids treated at 60°C for 3 min, slowly
cooled to 37°C, and further incubated at 37°C for 1 h. Bv, bee venom (1 ng). (B) Quantification of the basal PLA2 activity of native untreated B19
capsids. Viral capsids (1.2 �g) were treated for 3 min at 60°C to achieve maximal PLA2 activity. Following the heat treatment, the viral suspension
was diluted 10- and 20-fold and the PLA2 activity was measured and compared to that of untreated capsids. (C) PLA2 activity of low-pH-treated
B19 capsids. After the treatment, the pH of the viral suspension was neutralized by dilution in assay buffer (Cayman Chemical, Ann Arbor, MI).
A final amount of 0.5 �g of B19 capsids was used to measure the PLA2 activity.

FIG. 6. Stability of the internal conformation of VP1u in native
capsids. B19 capsids were subjected to freeze-thaw cycles (2 and 10) or
to a long period of storage (10 weeks) at 4°C. (A) Capsids were
immunoprecipitated with MAb 1418-1 (V; against VP1u) or 860-55D
(C; against intact capsids). (B) Following various freeze-thaw cycles,
the PLA2 activity of B19 capsids (1.2 �g) was measured and compared
to the activity of heat-treated (37 and 60°C) particles.
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differences in the VP1u conformation between natural and
recombinant capsids, the accessibility of VP1u in baculovi-
rus-derived capsids was also investigated. In clear contrast
to native untreated capsids, the VP1u epitope recognized by
MAb 1418-1 was readily accessible in the untreated recom-
binant capsids and exposure to heat did not increase its
reactivity (Fig. 7A).

The accessibility of the VP1u region where the PLA2 motif
is located was also examined. For this purpose, the PLA2

activity of natural and baculovirus-derived B19 capsids was
measured and compared. As shown in Fig. 7B, the PLA2 ac-
tivity from baculovirus-derived particles was already detectable
in the absence of any treatment. Exposure of capsids to heat
drastically increased the PLA2 activity in the native particles
but not in the recombinant capsids (Fig. 7B).

Inhibition of B19 PLA2 by manoalide. The phospholipase
enzymes of bee venom and parvoviruses have been classified as
group III and XIII PLA2 enzymes, respectively (3, 7). We have
examined the inhibitory effect of manoalide, a potent inhibitor
of PLA2 enzymes on native and baculovirus-expressed capsids.
Interestingly, while manoalide efficiently inhibited the PLA2

activity from bee venom and baculovirus-derived B19 capsids,
the PLA2 activity of native B19 capsids was basically unaffected
(Fig. 8), indicating the existence of critical conformational
differences in the PLA2 enzymatic core between recombinant
and native capsids.

DISCUSSION

The immune response to parvovirus B19 infection is di-
rected against VP1 and VP2. The unique region of the VP1
(VP1u) of B19 elicits a dominant immune response, and it has
been shown to harbor efficient neutralizing epitopes (2, 31, 39).
These findings suggest that VP1u is located externally to the
capsid, a feature in sharp contrast to those of other parvovi-
ruses, whose VP1u has been shown to be internal and not
accessible. The accessibility of VP1u in B19 capsids was first
examined by using antisera raised against the entire VP1u
protein. By using these antisera, it was possible to fully immu-
noprecipitate baculovirus-derived particles and a proportion of
virions (30). However, since the antisera used in this study
contained antibodies spanning the whole VP1u, it was not

possible to identify the accessible region(s). Antibodies origi-
nated from small peptides spanning the entire VP1 were shown
to be neutralizing. Surprisingly, binding of these antibodies to
recombinant capsids was irregular and particularly low for
antibodies targeting the most-amino-terminal region of VP1u
(2, 31). In another study, it has been shown that recombinant
B19 capsids containing progressively truncated VP1u se-
quences fused to a Flag peptide at the amino terminus could be
recognized by an anti-Flag antibody (19). However, as stated
by the authors, the results obtained from recombinant B19
with truncated VP1u cannot be extrapolated to the structure of
VP1u in the native virions.

Our understanding of the B19 structure has largely de-
pended on recombinant capsids. The extensive characteriza-
tion of B19 recombinant particles contrasts with the limited
studies performed with natural virions. This is mainly due to
the lack of a highly permissive cell line where natural B19
could easily propagate to large quantities. Although B19 re-
combinant and natural capsids have been shown to be similar
(5, 18), the particular position occupied by VP1u in the capsid
structure has not been systematically studied and compared. In
a study performed with MVM, it was observed that in the
absence of treatments, baculovirus-derived capsids showed al-
ready significant levels of PLA2 activity while natural capsids
did not (13). It was concluded that baculovirus-expressed
MVM capsids might assemble slightly differently in insect cells,
such that some VP1us are exposed on the particle surface. In
order to better understand the natural position of VP1u in
native B19 virions, we have examined the accessibility of two
distant regions of the protein playing a role in the virus infec-
tion and immunology. One of the regions examined is the
most-amino-terminal portion of VP1u, in which a cluster of
neutralizing epitopes has been previously identified (2). The
other region examined is positioned near the junction between
VP1 and VP2 where the PLA2 enzymatic core is located. Our
results indicate that VP1u of native B19 or at least these
important regions of the protein are not accessible as previ-
ously suggested.

Treatments of capsids with heat or low pH have been shown
to render VP1u on the surface of the particles in all parvovi-

FIG. 7. VP1u accessibility in baculovirus-derived B19 capsids be-
fore (37°C) and after treatment of capsids at 60°C for 3 min. (A) Im-
munoprecipitation of baculovirus-expressed B19 capsids (Bac-B19) by
MAb 1418-1 (VP1u) and MAb 860-55D (Caps). (B) PLA2 activity of
native and baculovirus-derived B19 capsids (1.8 and 3.5 �g, respec-
tively).

FIG. 8. Inhibition of the PLA2 enzymes from native B19 capsids,
baculovirus-derived particles, and bee venom by manoalide. Heat-
treated B19 native capsids (1.2 �g), untreated recombinant B19 cap-
sids (3.5 �g), and bee venom (1 ng) were incubated with the specific
PLA2 inhibitor manoalide (50 �M) or with dimethyl sulfoxide (the
solvent used to resuspend manoalide) for 3 h. Subsequently, the PLA2
activity was measured. Bv, bee venom; MLD, manoalide.
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ruses examined (4, 9, 13, 20, 34, 35). VP1u can also be exposed
during cell entry (25, 29, 33, 35). Similarly, the B19 VP1u
regions examined in the present studies became exposed upon
heat or low-pH treatments. Additionally, exposure of VP1u
was also observed after B19 incubation with susceptible cells,
as judged by the neutralization of the virus with MAb 1418-1
(Fig. 4).

The position occupied by VP1u in the B19 capsid is partic-
ularly important. VP1u elicits a dominant immune response in
humans, and it contains highly neutralizing epitopes, making
this region of VP1 a promising candidate for vaccine develop-
ment. The neutralizing effect of antibodies can be achieved by
interference of the antibody with the attachment of the virion
to the cell surface or subsequent processes. Despite the fact
that MAb against VP1u did not bind the virus (Fig. 1B) and did
not block virus attachment (Fig. 4D), the antibody was still able
to neutralize the infection (Fig. 4A, B, and C), indicating that
the epitope, originally not accessible, became exposed after
receptor attachment. These results are in agreement with an-
other study in which antibodies against VP1u were highly neu-
tralizing but surprisingly poorly reactive against free virus (31).
These observations would imply that there are neutralizing
antibodies against VP1u which do not target the free viral
capsids but exclusively target the cell-associated capsids. This is
particularly important since antibodies directed to the VP1u of
B19 play a critical role in the resolution of the infection.

In addition to neutralizing epitopes, VP1u has a PLA2 ac-
tivity, which is necessary for the infection (37). The general
assumption that VP1u of B19 is external to the capsids has led
to the suggestion that enzymatically active extracellular virions
might contribute to the induction of inflammatory responses
(24). Our data indicate, however, that the PLA2 motif of B19
is internal in most of the viral particles and therefore not
active. It has been recently shown that B19 PLA2 can induce
synoviocyte migration without infection (24). This effect might
be due to the basal PLA2 activity of B19 (Fig. 5B), which
although low, was still higher than that in any other parvovirus
(4, 13, 34). In fact, the effect on synoviocytes was only observed
when a large amount of virions (exceeding 1011) was incubated
with the cells. Another possibility is that the PLA2 potential of
B19 is triggered by binding to a cellular receptor. In this way,
the receptor-bound B19 capsids would become enzymatically
active before internalization. In our studies, we show evidence
that at least the most-N-terminal portion of VP1u becomes
accessible on the capsid surface following receptor binding;
however, whether the receptor-induced VP1u externalization
also involves the PLA2 motif region would require further
investigation. It has been previously shown for other parvovi-
ruses that VP1u becomes exposed only during the intracellular
trafficking (29, 35) and in particular inside the endosomes (25,
33). In this sense, the early conformational change of the B19
VP1u on the cell surface involving a cellular receptor(s) would
represent a unique mechanism within the parvovirus family.

The results obtained in previous studies using B19 recombi-
nant capsids and in the present studies using natural capsids
suggest major differences in VP1u conformation. We have
further confirmed those differences by demonstrating the di-
rect accessibility of VP1u in untreated baculovirus-derived
capsids and the distinct susceptibility to the PLA2 inhibitor
manoalide. Further studies are in progress to identify the cel-

lular factor that triggers the exposure of these regions in the
native capsids, which will help us to understand the role of
VP1u in the natural infection and the mechanisms of B19
neutralization in humans by antibodies targeting originally in-
accessible VP1u epitopes.
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