




one-dimensional locked-rotation function search with the icosahedral
symmetry in starting orientation, defined as described by Rossmann and
Blow, rotated around the y coordinate axis (36, 38). Reflections at between
5.0- and 4.5-Å resolution were used for the calculations. The radius of
integration was set to 140 Å. The results suggested that the virion is rotated
(� � 90°, 
 � 90°, and � � 12.57°) from the standard icosahedral orien-
tation according to the polar-angle convention. The position of the center
of the particle was identified in a one-dimensional translation function
search using the program Phaser (37). An appropriately oriented and
positioned CrPV model (Protein Data Bank [PDB] code 1B35) was used
to calculate phases up to a resolution of 10 Å using the program CNS (39).
The phases were refined by 25 cycles of real-space electron density map
averaging by the program AVE (40), using the 30-fold noncrystallo-
graphic symmetry. Phase extension was applied in order to obtain phases
for higher-resolution reflections. Addition of a small fraction of higher-
resolution data (one index at a time) was followed by three cycles of
averaging. This procedure was repeated until phases were obtained for all
the reflections to 4.0-Å resolution.

The electron density map corresponding to an icosahedral asymmetric
unit from the P21212 crystal (the virion) was used as a molecular replace-
ment model for the phasing of the P212121 crystal form (the pentamers).
Phase extension was applied in order to obtain phases for reflections in the
4- to 2.7-Å resolution range. The electron density of the capsid protein
protomer was then used to phase the P21212 (virion) crystal form.

The initial model, derived from the CrPV structure converted to poly-
alanine, was subjected to manual rebuilding using the programs Coot and
O and to coordinate and B factor refinement using the program CNS
(simulated annealing, gradient minimization, and individual B factor re-
finement) (39, 41, 42). Noncrystallographic symmetry constraints were

enforced during the refinement. The model of the capsid proteins was
built in the P212121 crystal form, using data to a resolution of 2.7 Å. The
model could not be built for residues 1 to 58 and 259 to 318 of VP2,
because the corresponding electron density was not resolved in the map.
No density corresponding to VP4 could be identified in the P212121 crystal
form.

The model building for the P21212 crystal form that contained the
IAPV virion was started from the model built in the P212121 crystal form.
The main differences between the two crystal forms were in the structure
of the N terminus of VP2 and in the electron density for IAPV VP4. The

FIG 1 Comparison of virion and capsid protein structures of IAPV, CrPV, and TrV. (A to C) The molecular surfaces of IAPV (A), CrPV (B), and TrV (C) virions
are colored based on the distance from the virion center. The depressions are shown in blue and protrusions in red. (D to F) Cartoon representations of the capsid
protein protomers of IAPV (D), CrPV (E), and TrV (F). VP1 subunits are shown in blue, VP2 in green, VP3 in red, and VP4 in yellow. The names of �-strands
of IAPV capsid proteins are shown. The positions of the 5-fold, 3-fold, and 2-fold icosahedral symmetry axes are indicated by pentagons, triangles, and ovals,
respectively.

TABLE 2 Sequence and structural similarity comparison of capsid
proteins of IAPV to those of dicistroviruses and picornaviruses

Virus

Comparison toa:

IAPV CrPV TrV Poliovirus type 1 HRV14

IAPV 2.6/63 1.9/80 2.6/65 2.7/54
CrPV 23 1.8/82 2.6/60 2.6/69
TrV 22 29 2.4/64 2.3/66
Polio virus type 1 11 13 16 1.0/95
HRV14 12 13 14 49
a Top right: root mean square (RMS) deviations (Å) of superimposed C� atoms of the
respective three-dimensional (3D) structures. The second number indicates the
percentage of available amino acid residues used for the calculations. The limit for
inclusion was set to 3.8 Å. Bottom left: percent identity between the respective virus
coat protein sequences. Gaps were ignored in the calculation. The icosahedral
asymmetric units consisting of subunits VP1 to -4 were used in the comparison as rigid
bodies. HRV14, human rhinovirus 14.
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VP4 model was built as a polyalanine. The P21212 model was refined using
dynamic energy network (DEN) restraints to the pentamer structure of
the P212121 crystal form. No water molecules were added to the P21212
crystal model due to the limited resolution of the diffraction data. All the
measured reflections were used in the refinement of the P21212 crystal. If
calculated, the Rfree value would be very similar to the R value, due to the
30-fold noncrystallographic symmetry present in the diffraction data
(43).

Determination of the effect of IAPV proteins on liposome integrity.
Liposomes composed of phosphatidylcholine, phosphatidylethano-
lamine, lysophosphatidylcholine, sphingomyelin, phosphatidylserine,
and phophatidylinositol (Avanti Polar Lipids) in molar ratios (43:23:13:
9:6:6) filled with the self-quenching fluorescent dye carboxyfluorescein
were prepared as described previously (44). The fluorescence quantum
yield of the dye encapsulated in liposomes is about 5% of that obtained
when the liposomes are disrupted and the dye is released and diluted in the
medium. The percentage of dye release induced by addition of detergent
or IAPV was determined by measuring fluorescence at an excitation wave-
length of 485 nm and an emission wavelength of 520 nm, as described
previously (44).

Accession numbers. The atomic coordinates of the IAPV virion, to-
gether with the structure factors and phases obtained by phase extension,
were deposited in the Protein Data Bank under the code 5CDC. The IAPV
pentamer was deposited as 5CDD. The consensus nucleotide sequences of
the IAPV preparation were deposited in GenBank under accession num-
ber EF219380.

RESULTS AND DISCUSSION
Structures of the IAPV virion and capsid proteins. The crystal
structures of the IAPV virion and of the pentamer of capsid pro-
tein protomers were determined to resolutions of 4.0 Å and 2.7 Å,
respectively (Table 1). The maximum outer diameter of the IAPV
virion is 340 Å (Fig. 1A). The IAPV capsid is built from major
capsid proteins VP1, VP2, and VP3 arranged in a pseudo-T�3
icosahedral symmetry (Fig. 1D). VP1 subunits form pentamers
around 5-fold axes, while VP2 and VP3 subunits constitute alter-
nating heterohexamers around the icosahedral 3-fold axes (Fig.
1D). The three major capsid proteins have jellyroll �-sandwich
folds with �-strands named, according to the picornavirus con-

FIG 2 Comparison of capsid proteins of IAPV, CrPV, and TrV. (A to C) VP1 of IAPV contains a loop and �-helix 2, highlighted in red and blue (A), that replace
�-strand C in VP1 of CrPV (B) and TrV (C). The EF loop in VP1 of IAPV (A), highlighted in green, is 18 residues shorter than that of CrPV and TrV and lacks
�-helix 5 (B and C). The GH loop of IAPV VP1, shown in magenta (A), is 9 and 7 residues shorter than those of CrPV (B) and TrV (C). (D to F) The EF loop,
or puff, of IAPV VP2, highlighted in bright green (D), lacks �-helix 6, which is present in CrPV (E) and TrV (F). (D) The BC loop of IAPV VP2 is 15 residues
longer than those of CrPV and TrV and interacts with the CD loop. (D and F) The CD loop of IAPV VP2 lacks �-helix 3 and �-strand 3, which are present in CrPV
and TrV. (G to I) The VP3 subunit of IAPV lacks �-strand C, which is replaced by a loop, highlighted in red (G); the IAPV VP3 EF loop, shown in green, is 12
residues longer than those in CrPV (H) and TrV (I) and contains two �-strands and a short �-helix. (G) Strands �1 and �2 in the CD loop of IAPV VP3, shown
in blue, form the most prominent surface feature of the IAPV virion. The structure of the CD loop from the pentamer crystal form (shown in gray) is
superimposed on the virion structure.
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FIG 3 Structure-based alignment of the coat protein sequences of IAPV, CrPV, and TrV. White letters with a red background represent conserved residues, and
red letters with a white background represent residues with conserved properties. Secondary-structure elements of IAPV are indicated above the sequence. The
arrows represent �-strands, and the spirals represent the �-helices.
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vention, B to I (Fig. 1D) (45). Two antiparallel �-sheets forming
the cores of the subunits contain strands BIDG and CHEF, respec-
tively. The N termini of the major capsid proteins are located
inside the capsid, while the C termini are exposed on the virion
surface. The minor capsid protein VP4 is attached to the inner face
of the capsid (Fig. 1D). A complete model of the IAPV icosahedral
asymmetric unit could be built, except for residues 1 to 5 of VP1,
1 to 15 and 259 to 318 of VP2, and 1 of VP3. The minor capsid
protein VP4 has 69 residues; however, due to the lack of features in
the corresponding regions of the electron density map, it was
modeled as a 45-residue-long polyalanine chain.

Noncanonical jellyroll folds of IAPV VP1 and VP3 subunits
and comparison to virions of cripaviruses. While the structures
of two dicistroviruses from the genus Cripavirus, CrPV and TrV,
have been determined previously (14, 15), IAPV represents the
first structurally characterized member of the genus Aparavirus.
IAPV shares less than 25% sequence identity with CrPV and TrV
(Table 2) and has a different surface topology (Fig. 1A to C). The
IAPV virion is spherical, with plateaus around the icosahedral
5-fold and 3-fold axes. There are depressions on the IAPV capsid
surface around the icosahedral 2-fold axes similar to those identi-
fied previously in TrV (Fig. 1A and C). However, in CrPV, the
depressions are partly filled with residues from the C terminus of
VP2 (Fig. 1B and E). The most prominent features of the IAPV
virion are spikes located between the icosahedral 5-fold and 3-fold

axes of symmetry that rise about 20 Å above the virion surface
(Fig. 1A). The spikes are formed by two antiparallel �-strands
from the CD loop of VP3 and a C-terminal �-strand of VP1 (Fig.
1D and 2A and G). The corresponding �-strands in the CD loop of
VP3 in CrPV are 9 residues shorter (Fig. 2H), whereas in TrV, the
�-strands are not formed at all (Fig. 2I and 3). The CD loops in
IAPV have higher temperature factors in both the virion and pen-
tamer crystal forms (127 and 59 Å2, respectively) than the rest of
the capsid (120 and 39 Å2, respectively), indicating their higher
flexibility. As the most prominent features of the IAPV virion, the
CD loops might function in receptor binding. The structure of the
CD loops is the same in the IAPV virions and the pentamer crystal
form (Fig. 2G). The most prominent surface feature formed by
IAPV subunit VP2 is the EF loop, which is, according to picorna-
virus convention, named the puff. The puffs of CrPV and TrV
contain short �-helices, �5, �6, and �7 (Fig. 2E and F). However,
in IAPV, helix �6 is replaced by a loop (Fig. 2D). The BC loop of
IAPV VP2 is 15 residues longer than those in CrPV and TrV and
interacts with the CD loop (Fig. 2D to F). Furthermore, the CD
loop of IAPV VP2 lacks �-helix 3, which is present in CrPV and
TrV VP2 subunits (Fig. 2D to F).

Unlike capsid proteins with the jellyroll fold of other viruses
studied so far (14, 15, 45–47), VP1 and VP3 of IAPV exhibit non-
canonical jellyroll folds composed of seven instead of the conven-
tional eight antiparallel �-stands (Fig. 2A and G). The absence of
the eighth �-strand in IAPV VP1 and VP3 could be observed both
in the 2.7-Å-resolution structure of the pentamer and in the 4.0-
Å-resolution structure of the entire virion. �-Strand C in subunit
VP1 of IAPV is replaced by a loop and an �-helix that extends into
the CD loop (Fig. 2A). The corresponding regions of CrPV and
TrV VP1 subunits contain �-strand C (�C), which interacts with
a short �-strand, �2, that is part of the EF loop from VP1 (Fig. 2B
and C). However, the EF loop of IAPV VP1 is 16 residues shorter
than that of CrPV and lacks the �2 strand and �-helix 5 (Fig. 2A
and B). The absence of �-strand 2 and its putative stabilizing in-
teraction with residues that form �C in CrPV might enable the
corresponding residues in IAPV to adopt a main-chain conforma-
tion that does not resemble the �-strand. The EF loop of TrV VP1
is intermediate in size between those of IAPV and CrPV (Fig. 2C).

FIG 4 VP1 of IAPV does not contain a hydrophobic pocket. VP1 of IAPV (A)
and poliovirus type 1 (B) are shown in cartoon representations. The pocket
factor in poliovirus type 1 is shown as a stick model in orange. The residues that
form the cores of the subunits and, in the case of poliovirus type 1, interact with
the pocket factor are shown as sticks.

FIG 5 Residues Asp-Asp-Phe of VP1, constituting the putative proteolytic site that might mediate the cleavage of VP0 into VP3 and VP4, are positioned close
to the N terminus of VP3 and the C terminus of VP4 from another protomer related by an icosahedral 5-fold axis of symmetry. (A) Cartoon representation of
a pentamer of capsid protein protomers viewed from inside the virion. (B) Detail of the putative active site in stick representation. VP1 subunits are shown in blue,
VP2 in green, VP3 in red, and VP4 in yellow.
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In addition, the GH loop of IAPV VP1 is 9 and 7 residues shorter
than the GH loops of CrPV and TrV, respectively (Fig. 2A to C). As
a consequence of the relatively short loops of IAPV VP1, it con-
tains only 208 residues, whereas VP1 of CrPV consists of 260 res-
idues and that of TrV has 264 residues (Fig. 3).

�-Strand C in IAPV subunit VP3 is replaced by an elongated
loop that forms the capsid surface (Fig. 2G). Moreover, the EF
loop of IAPV VP3 is 12 residues longer than those of CrPV and
TrV and contains two short �-strands, �3 and �4, that form an
antiparallel �-sheet (Fig. 2G). Residues from the EF loop interact

FIG 6 (A and B) Comparison of pentamer structures from the IAPV virion (A) and separately crystallized pentamers of capsid protein protomers (B). VP1
subunits are shown in blue, VP2 in green, VP3 in red, and VP4 in yellow. The differences between the two structures are highlighted in one of the protomers: nine
N-terminal residues of VP1 are shown as space-filling spheres in cyan and 64 N-terminal residues of VP2 as space-filling spheres in magenta. (B) VP4, shown in
yellow, is missing from the pentamer structure. (A) The N-terminal arms of VP2 subunits mediate interpentamer interactions in the virion. The positions of
5-fold, 3-fold, and 2-fold icosahedral symmetry axes are indicated by pentagons, triangles, and ovals, respectively. The insets show representative electron
densities and corresponding models in stick display. (C and D) Top (C) and side (D) views of the decamer assembly of capsid protein protomers from the
pentamer crystal form.
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with the CD loop of IAPV VP3 (Fig. 2G). In contrast, the residues
from the shorter EF loops of CrPV and TrV do not interact with
residues from �-strand C (Fig. 2H and I). The unique features
affecting the fold of IAPV subunits VP1 and VP3 are exposed at
the virion surface and might, therefore, represent functional ad-
aptations to the receptor binding.

Dicistroviruses are structurally and genetically related to ver-
tebrate picornaviruses, for which numerous capsid-binding in-
hibitors have been developed (48). Compounds that bind into a
hydrophobic pocket within VP1 can inhibit receptor binding
and/or genome release of some picornaviruses (49–52). However,
such a hydrophobic pocket is not formed in IAPV VP1 subunits
(Fig. 4). Similarly, the hydrophobic pockets were not observed in
VP1 subunits of CrPV and TrV (14, 15). This suggests that capsid-
binding inhibitors may not be effective as antivirals against hon-
eybee viruses from the genus Aparavirus.

Maturation cleavage of VP0 into VP4 and VP3. The matura-
tion of the capsids of many viruses from the order Picornavirales is
dependent on cleavage of capsid protein VP4 from the N terminus
of a precursor subunit, called VP0. In picornaviruses, the VP0
cleavage generates the proteins VP4 and VP2, while in dicistrovi-
ruses, the precursor cleavage generates VP4 and VP3 (14, 15). It
has been proposed previously that a conserved Asp-Asp-Phe
(DDF) motif, which is part of the VP1 subunit that is exposed to
the virion cavity, is involved in the VP0 cleavage (14, 15, 17). The
cripaviruses CrPV and TrV contain the DDF sequence in a loop
immediately following �-strand I of VP1. TrV has an additional,
second DDF sequence in a loop following �-strand I of VP3 (14,
15). IAPV has the DDF sequence in VP1, formed by residues 186
to 188, located in a position similar to those in the DDF sequences
of TrV and CrPV. Asp186 of the IAPV DDF motif is located close
to the N terminus of VP3 and the C terminus of VP4 from the
neighboring protomer, indicating that it may catalyze the cleavage
(Fig. 5). The conformation of the DDF site is similar to that ob-
served in flockhouse virus, even though it has completely different
capsid morphology, in which the Asp residue performs an auto-
catalytic cleavage that is necessary for capsid maturation (53). The
relative positioning of the DDF motif in IAPV and the VP4 C
terminus and VP3 N terminus indicates that the formation of
pentamers is sufficient to achieve the optimal spatial arrangement
of the catalytic center and substrate for the cleavage (Fig. 5A).
However, the mechanism that ensures that the VP0 cleavage oc-
curs only in virions containing the RNA genome (14, 53) remains
to be determined.

Putative roles of VP4 and the N terminus of VP1 in delivery
of the IAPV genome across the biological membrane. The deliv-
ery of dicistrovirus genomes into the host cell cytoplasm has not
been studied. However, findings from related mammalian picor-
naviruses showed that VP4 subunits are released together with the
genome and that the N termini of VP1 are externalized on the
capsid surface at the beginning of the infection. The genome re-
lease of many picornaviruses results in the formation of empty
capsids, the so-called B particles (54). However, the empty capsids
of some picornaviruses and dicistroviruses disassemble into pen-
tamers of capsid protein protomers (55, 56). Furthermore, pen-
tamers of capsid protomers were also shown to be capsid precur-
sors (57, 58). Even though the crystallization of native IAPV
virions was attempted, one type of crystal was formed from pen-
tamers of capsid protein protomers (Table 1). Dimers of pentam-
ers of capsid protein protomers very similar to the crystallized

form of IAPV capsid proteins (Fig. 6) were previously observed as
disassembly products of TrV (56). The two pentamers are held
together by interactions of residue His61 of VP2 with Val11 from
the N terminus of VP1 and of Gln65 from VP2 with Asp198 from
VP3 (Fig. 6D). It is of particular interest that capsid protein VP4 is
missing from the pentamers and that 9 residues from the N-ter-
minal arm of the VP1 subunit have a different structure than in the
virion (Fig. 6A and B). It is therefore possible that the extended
exposure of IAPV to the crystallization conditions of 0.1 M so-
dium acetate at pH 4.5 induced the virions to release their ge-
nomes and disassemble into pentamers in a process mimicking
natural genome release. The detachment of VP4 from the pentam-
ers and changes in the structure of the VP1 N termini indicate that
these peptides in IAPV might have functions similar to those in
picornaviruses (26, 32, 33). This speculation is reinforced by the
observation that, whereas native IAPV virions do not affect the
integrity of liposomes in vitro, heat-dissociated IAPV particles in-
duce liposome disruption (Fig. 7).

VP2 of IAPV has an elongated N-terminal arm that mediates
contacts between the pentamers of the capsid protein protomers
(Fig. 6A). The N-terminal arm of the VP2 subunit reaches around
an icosahedral 2-fold axis into a neighboring pentamer; ap-
proaches a 3-fold axis; and forms two �-strands, �1 and �2, that
extend the �-sheet HEF of a VP3 subunit from the same pentamer
that contains the VP2 subunit (Fig. 6A). The electron density cor-
responding to residues 1 to 58 from the N terminus of VP2 is not
resolved in the pentamer crystal form (Fig. 6B). This verifies that
interpentamer contacts are required to maintain the structure of
the VP2 N terminus and its stabilizing function within the virion.
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