
JOURNAL OF VIROLOGY, Aug. 2008, p. 7306–7312 Vol. 82, No. 15
0022-538X/08/$08.00�0 doi:10.1128/JVI.00512-08
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Visualization of the Externalized VP2 N Termini of Infectious
Human Parvovirus B19�

Bärbel Kaufmann,1 Paul R. Chipman,1 Victor A. Kostyuchenko,1
Susanne Modrow,2 and Michael G. Rossmann1*

Department of Biological Sciences, Purdue University, 915 West State Street, West Lafayette, Indiana 47907-2054,1 and
Institut für Medizinische Mikrobiologie und Hygiene, Universität Regensburg, Franz-Josef-Strauß-Allee 11,

93053 Regensburg, Germany2

Received 7 March 2008/Accepted 16 May 2008

The structures of infectious human parvovirus B19 and empty wild-type particles were determined by cryoelec-
tron microscopy (cryoEM) to 7.5-Å and 11.3-Å resolution, respectively, assuming icosahedral symmetry. Both of
these, DNA filled and empty, wild-type particles contain a few copies of the minor capsid protein VP1. Comparison
of wild-type B19 with the crystal structure and cryoEM reconstruction of recombinant B19 particles consisting of
only the major capsid protein VP2 showed structural differences in the vicinity of the icosahedral fivefold axes.
Although the unique N-terminal region of VP1 could not be visualized in the icosahedrally averaged maps, the N
terminus of VP2 was shown to be exposed on the viral surface adjacent to the fivefold �-cylinder. The conserved
glycine-rich region is positioned between two neighboring, fivefold-symmetrically related VP subunits and not in the
fivefold channel as observed for other parvoviruses.

Human parvovirus B19 (B19) belongs to the genus Erythro-
virus within the Parvoviridae family (33, 54) and is highly tropic
for erythroid progenitor cells. It is a human pathogen that
causes the mild childhood disease erythema infectiosum (4)
and has also been associated with a variety of other clinical
symptoms, such as arthropathies, hepatitis (34), failure of red
cell production (8), hydrops fetalis (18), fetal loss (14), and
myocarditis (35).

The single-stranded DNA genome of B19 is encapsidated in
a nonenveloped protein shell that has an external diameter of
about 260 Å (2). The 60 T�1 icosahedrally related protein
subunits of the wild-type B19 virus capsid are comprised of two
structural proteins, viral protein 1 (VP1; 83 kDa) and VP2 (58
kDa), that are produced from a single open reading frame by
transcriptional regulation. The major structural component of
the protein shell is VP2, accounting for about 95% of the total
capsid protein (36). VP2 alone is sufficient to form icosahedral
virus-like particles (VLPs) with characteristic parvoviral sur-
face features, including protrusions adjacent to the threefold
axes, depressions at the icosahedral twofold axes, and canyon-
like depressions surrounding the �-cylindrical structure at the
fivefold vertices. A pore at the center of the �-cylinder at each
pentameric vertex runs between the outer surface of the virion
and the interior of the virus. It has been demonstrated for
several parvoviruses that VLPs are similar in morphogenicity
and antigenicity to native virions (13, 15, 17, 28, 44). However,
differences in the neutralizing response against B19 VP2 VLPs
and VLPs containing VP2 and VP1 indicated that VP1 mod-
ifies VP2 epitopes (17, 41).

The structural protein VP1 differs from VP2 only in an

N-terminal extension of 227 amino acids called the unique
region (VP1u). A phospholipase A2-like activity that has been
linked to VP1u is required during parvoviral infection (49, 53,
56, 60). In contrast to other mammalian parvoviruses and de-
spite its relatively low concentration in the virion, B19 VP1u
represents a dominant antigenic target for neutralizing anti-
bodies (17, 25, 43) and has been suggested to be always located
outside the B19 virion (5, 22, 41). The enzymatic activity of the
surface-exposed B19 VP1u has been linked to autoimmune
reactions and inflammatory processes (26, 30). However, some
data indicate that critical regions of VP1u, such as the most
N-terminal neutralizing epitopes or the phospholipase enzy-
matic core of infectious virions, are exposed only after receptor
binding, heat, or low-pH treatment, whereas these regions
seem to be always accessible in VLPs (5, 40). Infectious B19
virions are more sensitive to various methods of inactivation
than other parvoviruses (32, 39).

The VP (meaning VP1 or VP2) N termini are not ordered in
any parvovirus crystal structure (3, 21, 23, 29, 45, 46, 52, 58, 59),
most likely because their positions are different in each particle
and because the signal for VP1u is lost during averaging among
the low copy number of VP1 molecules. However, a conserved
glycine-rich portion close to the VP2 N terminus has been mod-
eled as to electron density observed within the fivefold pores of
DNA-containing canine parvovirus and minute virus of mice
(MVM) virions (1, 52, 59), indicating the role of the fivefold
channel in the externalization of the N-terminal peptides of some
VP subunits. Cryoelectron microscopy (cryoEM) data to 10-Å
resolution for adeno-associated virus type 2 (AAV-2) suggested
that VP1u is located inside the wild-type particle at the icosahe-
dral twofold axes (24). During or after cell entry by receptor-
mediated endocytosis, parvoviral particles undergo structural
modifications that lead to the exposure of the VP N termini and
to genome release (6, 9, 31, 37, 47, 51, 55). Similar structural
changes can be induced in vitro by physicochemical treatment of
DNA-containing virions (10, 24, 32, 38, 56).
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Difficulties in propagating B19 in cell culture systems have
forced biochemical and structural studies to resort largely to
recombinant VLPs assembled from either VP2 alone or VP2
and VP1 (17). The structure of recombinant B19 VP2 VLPs
has been determined to near-atomic resolution by X-ray crys-
tallography (21). Like other parvoviruses, B19 VP2 contains an
eight-stranded, antiparallel �-barrel. Large insertions connect-
ing the strands of the �-barrel form most of the intersubunit
contacts and define the outer surface of the virus, including
receptor attachment sites and immunological determinants.
The fivefold channel, suggested to be involved in the external-
ization of VP N termini in other parvoviruses, seems to be
closed at the outer viral surface, gated by five symmetry-related
threonines. However, three glycine residues immediately fol-
lowing the gating residues in sequence might provide structural
flexibility to switch the channel from closed to open in the
presence of VP1 or DNA or during cell entry.

The present study uses cryoEM to examine the structure of
intact, DNA-containing, wild-type B19 virions (iB19) and
empty wild-type B19 particles (eB19) purified from human
sera. Comparison with recombinant B19 VP2 VLPs shows that
the presence of VP1 and/or DNA affects the spatial position of
the VP2 termini within the virus particle. The VP2 N-terminal
peptide is positioned between neighboring VP subunits of
wild-type B19 virions and is exposed to the surface adjacent to
the fivefold �-cylinder.

MATERIALS AND METHODS

Purification of B19 virus particles from human serum. Human plasma with
high concentrations of B19 genomic DNA (genotype 1; 1 � 1013 genome equiv-
alents/ml) (27) was kindly provided by Volker Schottstedt from the DRK-
Blutspendedienst Nordrhein-Westfalen, Hagen, Germany. Plasma samples
which tested negative for VP1/VP2-specific immunoglobulin G and immunoglob-
ulin M in an enzyme-linked immunosorbent assay (RecomWell; Mikrogen
GmbH, Neuried, Germany) were depleted of remaining cells and large frag-
ments by low-speed centrifugation. The virus was concentrated from the super-
natant by ultracentrifugation and subsequently sedimented into a 24% (wt/wt)
CsCl cushion in 50 mM Tris-HCl (pH 8.7), 25 mM EDTA, 0.5% Triton X-100 by
centrifugation for 4 h at 150,000 � g (10°C). CsCl was removed from the virus
fraction by dialysis against 25 mM Tris-HCl buffer, pH 7.5. For further purifi-
cation, a linear sucrose gradient (0 to 50%) was overlaid with the virus sample
and centrifuged for 2.5 h at 125,000 � g (15°C). The virus was harvested from the
lower third of the gradient, transferred into 25 mM Tris-HCl buffer, pH 7.5, and
concentrated by using Amicon centrifugal filters (Millipore, Billerica, MA). The
protein concentration and purity of the final virus preparations were estimated
by sodium dodecyl sulfate gel electrophoresis with Coomassie blue staining.

CryoEM and three-dimensional (3D) image reconstructions. Small aliquots of
purified virus were applied to 400-mesh copper grids coated with a holey carbon
film and rapidly frozen by being plunged into ethane slush. Micrographs of the
frozen-hydrated samples were recorded on Kodak (Rochester, NY) SO-163 films
with a CM300 FEG transmission electron microscope (Philips, Eindhoven, The
Netherlands). Images were taken at a calibrated magnification of �47,000 and at
a total electron dose of approximately 22 e�/Å2. The cryoEM micrographs were
digitized at 7-�m intervals by using a Zeiss SCAI scanner. Sets of four pixels were
averaged, resulting in a 2.97-Å separation of pixels on the specimen.

Image analysis and 3D-image reconstructions were performed independently
for iB19 and eB19 as previously described (20). The resolution of the resulting
maps was estimated by comparing structure factors computed from two inde-

TABLE 1. Image data for the cryoEM reconstructions

Specimen No. of
micrographs

Defocus level
range (�m)

No. of particles
Final resolution

in Å
EM databank

entrycSelected from
micrographs

Used for final
reconstruction

iB19 50 3.66–1.25 10,517 8,854 7.5a (7.15b) EMD-1466
eB19 31 3.66–1.25 2,297 1,959 11.3a (10.5b) EMD-1467

a Resolution at a Fourier shell correlation coefficient of 0.5 between half data sets.
b Resolution at a Fourier shell correlation coefficient of 0.3 between half data sets.
c The cryoEM map of B19 virus VP2 VLPs with a final resolution of 7.7a (6.7b ) Å was deposited in the EM databank under accession number EMD-1468.

FIG. 1. CryoEM analysis of parvovirus B19. (A) Resolution assessment of the 3D reconstructions of iB19, eB19 particles, and recombinant B19
VP2 VLPs (VP2 VLP). Correlation coefficients (black) and phase differences (gray) for different-resolution shells were computed from the
structure factors derived from the independent reconstructions of two half data sets. These plots demonstrate that the data are reliable to at least
7.5-Å (iB19), 11.3-Å (eB19), and 7.7-Å (VP2 VLP) resolution based on a correlation coefficient of 0.5 (arrows) or a phase difference of 45°. (B) A
stereodiagram of a density region of the iB19 cryoEM map congruent with the �-helical region of the B19 VP2 crystal structure (shown in red)
validates the quality of the cryoEM density.
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pendent half data sets (Fig. 1 and Table 1). For the final 3D reconstructions, all
data were included to a resolution where the correlation between the half data
sets was greater than 0.3 (Fig. 2). The magnification of the cryoEM maps was
standardized to a map calculated from the atomic coordinates of the B19 VP2
crystal structure (PDB accession no. 1S58) (21). The icosahedrally averaged
cryoEM reconstruction of recombinant B19 VP2 VLPs (19) used to initiate the
3D reconstructions presented here was extended to a 7.7-Å resolution for opti-
mal comparison with wild-type B19 (Fig. 2C). In an attempt to find a putative
unique axis formed by VP1, reconstructions assuming only fivefold symmetry
were computed from 2,000 particles of each data set by using a modified version
of XMIPP (48). This attained an estimated resolution of 17 Å.

Difference maps between iB19 and eB19, iB19 and VP2 VLPs, and eB19 and VP2
VLPs were calculated after scaling of the densities of the icosahedrally averaged maps to
optimize the radial dimensions and average density levels by using the programs EMfit
(42) and RobEM (http://cryoem.ucsd.edu/programDocs/runRobem.txt). Both programs

gave essentially the same results. The most significant differences between wild-type B19
(full or empty) and VP2 VLPs were observed at or close to the icosahedral fivefold axes
(Fig. 3). These differences were interpreted, based on location and connectivity, as
densities representing most of the VP2 termini in wild-type B19. The N-terminal 24 C�

atoms of B19 VP2 were modeled into the difference densities by using the molecular
graphics program O (16). The resolution of the maps does not allow the exact placement
of the residues. Therefore, the structure database of the program O was used to assure
a stereochemically correct secondary structure of the C� chain.

RESULTS AND DISCUSSION

Parvovirus B19 was purified from human plasma by using a
two-step gradient purification procedure. Before the final su-
crose gradient, the sample contained not only iB19, but a

FIG. 2. 3D image reconstructions of parvovirus B19. (A) Stereoscopic view of a surface rendering of the iB19 particle at 7.5-Å resolution, viewed
down an icosahedral twofold axis. The black triangular outline identifies an icosahedral asymmetric unit. The central cross-section is shown on the right,
also viewed down an icosahedral twofold axis. Darker coloring in the central cross-section corresponds to higher electron density. The positions of
icosahedral two-, three-, and fivefold axes are indicated. Structural differences between wild-type B19 and VP2 VLPs are located around the icosahedral
fivefold axes. For one of the fivefold axes, densities near the viral surface, not present in VP2 VLPs, are highlighted with green arrows. (B) Image as
described for panel A but illustrating the cryoEM density of eB19 particles at 11.3-Å resolution. (C) Image as described for panel A but showing the
cryoEM density of recombinant B19 VP2 VLPs at 7.7-Å resolution. The equatorial slice is depicted at 7.7-Å (left) and 11.3-Å (right) resolution. One of
the densities due to internally located VP2 termini pointing toward the center of the VP2 VLP is labeled with a blue arrow. The renderings are at sigma
levels of 1.2, 1.5, and 2.0 for the maps in panels A, B, and C, respectively.
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fraction of eB19. The presence of both empty capsids and
intact virions in parvovirus preparations had been observed
previously (41, 50). The considerable stability of parvoviral
particles (7) suggests that empty capsids are unlikely to be
degradation products of complete virions but might be precur-
sors of full particles or remnants of unstable intermediates.
Some free nucleic acid was visible in the background of the EM
micrographs before sucrose gradient purification but was

mostly associated with broken particles. By assuming icosahe-
dral symmetry, 3D cryoEM image reconstructions for both
types of particles were calculated to an estimated resolution of
7.5 Å for iB19 virions and 11.3 Å for eB19 particles (Table 1
and Fig. 1 and 2). The �-sheets of the conserved �-barrel, as
well as connecting loops, could be clearly recognized in the
cryoEM maps, even though the tips of some loops on the viral
surface are rather flexible, consistent with high-temperature-

FIG. 3. Significant differences between wild-type B19 and recombinant VP2 particles cluster at and around the icosahedral fivefold axes. (A) Ste-
reoview of a surface rendering of a difference map between eB19 and B19 VP2 VLPs at 11.3-Å resolution, viewed down an icosahedral twofold axis.
Positive densities are rendered in red, and negative densities in blue. The difference densities are superpositioned onto a semitransparent VP2 VLP. The
black triangle marks an icosahedral asymmetric unit. On the right the central cross-section of the difference map is viewed down an icosahedral twofold
axis. Black pixels represent positive density. The positions of icosahedral two-, three-, and fivefold axes are indicated. The most-significant positive
differences (matter present in eB19 but not VLPs) are located around the fivefold cylindrical structure at the outer viral surface, labeled for one fivefold
axis by red arrows, and within the fivefold channel, pointed out by green arrows. Significant negative difference densities (matter present in VLPs but not
eB19) can be identified next to the fivefold axes at the inner viral surface (blue arrows). (B) Image as described for panel A but with a difference map
between iB19 and B19 VP2 VLPs at 7.7-Å resolution. The largest positive differences besides the central DNA density are located around the fivefold
cylinder at the outer viral surface, indicated by red arrows, and at the base of the fivefold channel, highlighted by green arrows. Connecting density
diverges off the central fivefold axis halfway up the pore. (C) Image as described for panel A but the difference map is between iB19 and eB19 at 11.3-Å
resolution. The most significant difference density is due to the presence of the DNA genome in infectious virions. In panel A, the renderings are at a
sigma level of about 0.65 and 0.5 for positive and for negative density, respectively. The maps in panels B and C are rendered at a sigma level of about
0.6. The sigma values are based on the original maps, not on the difference maps.
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factor regions in the VP2 crystal structure. Difference maps
were produced between the wild-type B19 maps (iB19 or eB19)
and the cryoEM map of B19 VP2 VLPs (Fig. 3). The latter was
preferred for calculating the difference map, as opposed to a
map calculated from the crystal structure, in order to minimize
errors due to differences in data collection.

The absence of genome in eB19 simplified the initial com-
parison with VP2 VLPs, although the resolution of eB19 is less
than that of iB19. The biggest differences between the struc-
ture of eB19 and VP2 VLPs were found around the icosahe-
dral fivefold axes (Fig. 2 and 3A). Positive differences, corre-
sponding to densities present in eB19 but not VLPs, are
located at the base of the fivefold channel and next to the
fivefold �-cylinder on the outer viral surface. No significant
differences between wild-type particles and VLPs of AAV-2 or
MVM have been observed on the viral outer surface (23, 24),
making the differences on the outer surface of B19 found here
unique among parvoviruses. Negative differences between
eB19 and VP2 VLPs, corresponding to densities present in the
VLPs but not eB19, were found inside the viral particle close to
the icosahedral fivefold axes. This negative difference density
overlaps partially with the last ordered N-terminal residues of
the B19 VP2 crystal structure (Fig. 4A). In the crystal structure
of B19 VP2 VLPs, well-ordered electron density starts at
amino acid 18 (21). In contrast to the ordered VP2 termini in
other mammalian parvoviruses, residues 18 to 23 of B19 VP2
point away from the fivefold channel toward the interior of the
virus particle (Fig. 2 and 4A). The absence of such inward-
pointing density in eB19, as well as the presence of positive
density extending toward and into the fivefold pore, suggests
that the VP2 terminal sequence, stretching from residues 23
back to 18, enters into the basal opening of the fivefold channel
in a way that is similar to the equivalent residues of parvovi-
ruses such as MVM (Fig. 3A and 4A). Accordingly, the C�
atoms of these B19 VP2 residues were placed in a position
similar to that of the equivalent residues of MVM. Such dif-
ferences in the positions of the VP2 N termini in wild-type B19
virus in comparison to their positions in recombinant particles

FIG. 4. Interpretation of difference densities between wild-type
B19 and B19 VP2 VLPs. (A) Stereoview of the difference densities
between eB19 and VP2 VLPs close to an icosahedral fivefold axis.
Positive densities are rendered in red and negative densities in blue.
The icosahedral axis is indicated by a gray rod. The fivefold proximal
portions of one of five symmetry-related B19 VP2 molecules (PDB ID
code 1S58) are shown as a ribbon diagram in half-transparent gold,
while its N terminus is rendered nontransparent. Similarly, one MVM
VP2 molecule (PDB ID code 1MVM) is shown in blue. Significant
negative density (matter present in VLPs but not in eB19) is located at
the inside of the virus particle and overlaps with the positions of the
last ordered N-terminal residues in the crystal structure of B19 VP2
VLPs that point toward the viral center. The position of positive

density at the base of the fivefold channel suggests that in eB19, the
VP2 terminal sequence (residues 23 through 18, shown in pink) enters
into the inner basal opening of the fivefold channel in a manner similar
to that of the N-terminal residues of MVM. (B) Stereoview of the
positive difference densities between iB19 and B19 VP2 VLPs close to
an icosahedral fivefold axis. The difference map shows tubular density
connecting the inside and outside of the viral particle. The C� chain of
B19 VP2 upstream of residue 18 was modeled into the difference
density. The glycine-rich region (residues 17 through 12), shown in
green, diverges from the central axis of the channel and connects with
the difference density on the outside of the viral particle. The latter
difference density could accommodate the remaining outermost
N-terminal 11 residues of VP2, rendered in gold. (C) The VP2 N
terminus (residues 1 through 24) of one VP, shown as described for
panel B, is located between two symmetry-related VP2 molecules
(gold and red). In contrast, the N-terminal residues 28 through 41
of MVM VP2, shown in blue, are positioned in the center of the
fivefold channel (1). (D) Organization of symmetry-related B19
VP2 termini (residues 1 through 24) at an icosahedral fivefold axis.
The position of the B19 VP2 terminus makes it spatially possible for
all VP termini to be externalized at the same time and closes the
base of the fivefold channel.
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are most likely the result of the presence of VP1 and/or DNA
in the former (1, 59). The positive difference density does not
continue through the fivefold channel to the viral surface, but
at low contour levels, connections diverge off the fivefold-
symmetry axis and connect to the outside difference density
adjacent to the fivefold �-cylinder. No globular density was
observed inside the capsids at the twofold axes, as had been
described for AAV-2 (24).

The most-significant differences between iB19 and VP2
VLPs (Fig. 3B), other than the genome density, were concen-
trated around the fivefold axes and coincide with the differ-
ences observed between eB19 and VP2 VLPs (Fig. 3A). Con-
sequently, there are only minor differences between the capsids
of iB19 and eB19 (Fig. 3C). The higher-resolution difference
map between iB19 and VP2 VLPs confirmed that the differ-
ence density between wild-type B19 virus and VP2 VLPs does
not connect through the fivefold pore to the viral surface but
diverges away from the fivefold symmetry axis and extends to
the surface adjacent to the fivefold �-cylinder (Fig. 3B and 4B).
The C� atoms of the glycine-rich region (residues 12 through
17 of VP2) were built into the difference density connecting the
outside difference volume with the difference density at the
base of the fivefold channel (Fig. 4B). The difference density
on the virus surface could accommodate all the remaining
N-terminal 11 amino acids of VP2 (Fig. 4B). The position of
VP1u could not be identified in the icosahedrally averaged
maps of either iB19 or eB19, possibly due to VP1u not obeying
icosahedral symmetry or being disordered or the signal being
lost during the averaging because of the low copy number of
molecules per capsid.

The glycine-rich region in DNA-containing particles of
MVM and canine parvovirus is in the fivefold channel, sug-
gesting that only one of five VP termini can be extruded
through the pore at any given time (1, 52, 59). Proteolytic
cleavage of the externalized N terminus converts VP2 into the
amino-terminal-shortened VP3 (9, 12, 37, 51, 57), a maturation
step that has been suggested to prime the virions of the genus
Parvovirus for VP1u exposure during cellular trafficking (11).
Such maturation cleavage does not occur in B19, possibly be-
cause VP1u is always external. A priming event for external-
ization is therefore not necessary. The position of the B19 VP2
N terminus is shown here to differ from its position in other
parvoviruses, adding to the many unique characteristics ob-
served for B19. The glycine-rich region of B19 VP2 is not
located in the fivefold pore but is positioned between two
neighboring symmetry-related VP subunits (Fig. 4C), allowing
all VP termini to be external at one time. As the density due to
the VP2 N termini in the wild-type B19 maps is almost as high
as the density of the capsid, most of them must be exposed.
The position of the polypeptide chain does not sterically inter-
fere with its environment. This structural organization of the
VP2 N termini closes the pore on the inside of the particle
(Fig. 4D), making the extrusion of VP1u through the fivefold
pore unlikely. Hence, B19 VP1u is probably always external to
the virus, consistent with other observations (5, 17, 22, 25). The
search for a unique fivefold axis, as in tailed bacteriophages,
resulted in a structure exhibiting no significant deviation from
icosahedral symmetry (data not shown). Further investigation
using either EM tomography or an asymmetric reconstruction

might allow the visualization of the B19 VP1u and provide
further structural insight.
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