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The parvovirus minute virus of mice (MVM) packages a single copy of its linear single-stranded DNA
genome into preformed capsids, in a process that is probably driven by a virus-encoded helicase. Parvoviruses
have a roughly cylindrically shaped pore that surrounds each of the 12 5-fold vertices. The pore, which
penetrates the virion shell, is created by the juxtaposition of 10 antiparallel 3-strands, two from each of the
5-fold-related capsid proteins. There is a bottleneck in the channel formed by the symmetry-related side chains
of the leucines at position 172. We report here the X-ray crystal structure of the particles produced by a
leucine-to-tryptophan mutation at position 172 and the analysis of its biochemical properties. The mutant
capsid had its 5-fold channel blocked, and the particles were unable to package DNA, strongly suggesting that
the 5-fold pore is the packaging portal for genome entry.

Members of the family Parvoviridae package their ~5-kb,
single-stranded, linear DNA genome into a preformed, non-
enveloped protein capsid (25, 33, 36, 43). Viruses in the genus
Dependovirus package DNA strands of both senses with equal
frequency, but members of the genus Parvovirus, including
minute virus of mice (MVM), package predominantly nega-
tive-sense strands (37). MVM DNA replication initiates with
complementary strand synthesis and proceeds through a series
of duplex concatameric intermediates via a unidirectional
strand displacement mechanism called rolling hairpin replica-
tion (12). The polarity of strands selected for encapsidation is
determined by the relative efficiency of the two telomeric ori-
gins (14).

Parvoviruses encode a large nonstructural replication initi-
ator protein, called NS1 in MVM and Rep68/78 in adeno-
associated virus 2 (AAV2), which comprises two distinct enzy-
matic domains. The amino-terminal half of the molecule
contains a site-specific single-stranded nuclease (21, 27, 32,
34). The carboxy-terminal half contains a 3'-to-5' helicase do-
main, related to the AAA+ family of cellular ATPases (8, 19,
22, 23). The insertion of single-stranded DNA into particles of
parvoviruses, including MVM, starts from the 3" end (13, 25).
This correlates with the 3'-to-5" processivity of the helicase and
has led to the suggestion that the viral helicase functions as the
molecular motor that translocates progeny DNA molecules
into the capsid (13, 25, 42).

The icosahedral parvovirus capsid of MVM has a maximum
external diameter of 280 A and is constructed from 60 poly-
peptide subunits, of which VP2 is the major species, while VP1,
an N-terminal extension of VP2, is present in about 10 copies
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per particle (38). The crystal structure of the MVM virion
showed that there are 547 ordered amino acids in each subunit
(1, 29). The capsid protein has a B-sandwich fold formed by
B-strands B through I that make two B-sheets consisting of
strands BIDG and CHEF. No structural information is cur-
rently available for the N-terminal extensions of the capsid
proteins, which consist of 38 residues for VP2 and a further 142
residues for VP1. These N-terminal peptides appear to serve as
major mediators of cellular exit and reentry pathways, becom-
ing sequentially externalized from the MVM particle (15).

The portal through which these N termini are externalized is
the pore that surrounds each of the 12 vertices in parvovirus
particles. This pore is formed by the juxtaposition of 10 an-
tiparallel B-strands from the 5-fold-related capsid proteins (7,
40). Genetic evidence supports the idea that the pore may also
serve as the portal for packaging the viral genome and, subse-
quently, its extrusion in the next infectious cycle (4, 10, 11, 17,
18, 28, 30, 31). The tightest constriction in the 5-fold pore is
near its base and is formed by leucine 172 in VP2 (1). Previous
analysis of MVM mutants carrying a full range of substitutions
at this position showed that, with the exception of two viable
mutants (L1721 and L172V), all of the mutants were defective
in establishing infection (18). While some of these modifica-
tions rendered capsids temperature sensitive or uncondition-
ally defective for assembly and/or subsequent cell entry, one
mutant (L172W) produced only empty particles, indicating
that this substitution might interfere with packaging. Here we
further characterize this mutant and provide structural evi-
dence that its phenotype results from a blockage of the pore,
indicating that the channel along one of the 5-fold axes is the
packaging portal for the parvovirus genome.

MATERIALS AND METHODS

Generation and purification of L172W virus-like particles (VLPs). A full-
length copy of the immunosuppressive MVM (MVMi) VP2 gene containing the
L172W mutation was cloned into pFastBac and recovered as a recombinant



Vor. 85, 2011 5-FOLD VERTEX AS MVM PACKAGING PORTAL 4823
TABLE 1. Scaling and refinement statistics
Value“ for data set no.:
Characteristic
1 2 3
Space group C2 Cc2 C2
Unit cell dimensions (A)
a 4429 435.6 438.5
b 4111 407.0 407.2
c 301.8 299.2 297.5
° 95.88 95.73 95.27
Resolution limit (A range) 35.0-4.2 (4.39-4.20) 35.0-4.3 (4.50-4.30) 35.0-4.4 (4.60-4.40)
Completeness (%) 55.3(29.4) 45.4 (44.5) 43.4 (40.8)
merge 10.0 (26.0) 10.3 (25.8) 14.4 (39.6)
Avg redundancy 1.5(1.2) 22(2.1) 2.1(1.5)
<I>/<cl> 5.52 (1.86) 7.50 (2.02) 4.94 (1.92)
Reciprocal space correlation coefficient of F,, and F,;. 0.86 (0.63) 0.89 (0.73) 0.85 (0.69)

after convergence of map
R-factor

0.303 (0.432)

Avg B-factor 113.4

Ramachandran plot outliers (%)° 3.7

Ramachandran plot of most-favored regions (%)“ 82.8

Rotamer outliers® 2.6

RMSD, bonds (A) 0.011

RMSD, angles (°) 1.25

No. of unique reflections 214,730 159,098 147,418

¢ Values in parentheses are for the high-resolution bin.
? Rinerge = 2hZj [Thj — <Ih>|/ZZ|Ihj|.
¢ Determined according to the criterion of Molprobity (16).

baculovirus by using the Bac-to-Bac strategy, following the manufacturer’s pro-
tocols (Invitrogen, Carlsbad, CA). Primary stocks were amplified to tertiary
stocks, which were then used to infect 10-cm plates containing 1.2 X 107 SF9
Spodoptera frugiperda cells in SF900 II serum-free medium. Cell extracts in
batches of 10 plates per gradient were purified on iodixanol step gradients as
previously described (17).

Crystallization and data collection. Crystals of L172W mutant VLPs were
obtained using the hanging drop technique, with a well solution containing 10
mM Tris-HCI (pH 7.5), 8 mM CaCl,, and 0.75% (wt/vol) polyethylene glycol
8000 (PEG 8000). The drops were prepared by mixing 5 wl of the well solution
with an equal volume of a 10-mg/ml virus solution in 10 mM Tris-HCI (pH 7.5).
Crystals formed in 4 to 8 weeks. For data collection, crystals were soaked for 30
to 90 s in mother liquor containing 16% PEG 8000 and 20% glycerol and
immediately frozen in liquid nitrogen. Data were collected from a single crystal
at 100 K on the MarCCD 165 detector at beamline BioCARS of the APS
synchrotron. An oscillation range of 0.2° was used during data collection. Three
data sets were collected, the best of which contained data to 4.2-A resolution. All
three data sets (Table 1) were processed and scaled using the HKL2000 package
(35), but only the 4.2-A-resolution data set was used for structure determination
once the data sets had been independently phased.

X-ray structure determination. The parameters of the MVMi L172W crystal
in space group C2 obtained from postrefinement were a = 443.1 A, b = 411.3 A,
¢ =3018 A, B = 95.93°. The packing considerations indicated that there were
two particles per unit cell, with one half of a virus particle occupying a crystal-
lographic asymmetric unit. A rotation function for k of 180° calculated with the
program GLRF (39) established the orientation of the icosahedral symmetry
axes relative to the crystal axes. The position of the particle center on a crystal-
lographic 2-fold axis was arbitrarily chosen to be at y = 0. A correctly placed
MVMi particle (pdb code 1z1c) was used to calculate initial phases for reflections
with a resolution lower than 10 A by using the program CNS (5). The phases
were refined with 15 cycles, using 30-fold noncrystallographic symmetry averag-
ing with the program AVE (26). The mask defining the volume of electron
density to be averaged was derived from the wild-type MVMi atomic model by
including all grid points within 5 A of each atom. Grid points outside the capsid
were set to the average value of the density outside the capsid. Phase information
for reflections immediately outside the current resolution limit was obtained by
extending the resolution by (1/a)A~" followed by four cycles of averaging. This
procedure was repeated until 4.2-A resolution was reached. Particle orientation
and unit cell parameters were refined by searching for their best value as judged

by the correlation coefficient between observed and calculated structure ampli-
tudes (Table 1). During the final 10 averaging cycles, the volume on the inside of
the capsid was included in the averaging procedure as opposed to being flat-
tened.

The structure was built using the program O (24) starting from the MVMi
virion structure (pdb code 1zlc) with residue 172 mutated to tryptophan. The
structure was built manually and subjected to coordinate and B-factor refinement
using the program CNS. The atoms from each residue were constrained to have
the same B-value, because of the limited resolution of the diffraction data. The
structure refinement utilized noncrystallographic symmetry constraints. Other
calculations used the CCP4 suite of programs (9). No water molecules were
added because of the low resolution of the data. Had it been calculated, Ry
would have been very close to the Ryorwing Value, due to the high noncrystallo-
graphic redundancy (2).

Analysis of virus particles produced by transfection. Confluent dishes of iD5
cells were transfected with 5 pg each of MVMi wild-type or L172W genomic
DNA by using Superfect (Qiagen) according to the manufacturer’s instructions.
After 3 h of incubation, the cells were washed and fed with fresh medium
containing 0.04 U/ml neuraminidase to prevent expansion of the viable wild-type
virus.

For analysis of viral DNA replication, transfected cells were harvested at 48 h
posttransfection, and total DNA was extracted. Purified DNA was digested with
Dpnl, to distinguish replicating viral DNA from input plasmid, separated on a
1.4% neutral agarose gel, and subjected to Southern blotting using a randomly
labeled probe derived from an internal 3,961-bp fragment of the viral genome.

For analysis of viral protein expression, cultures were harvested at 48 h post-
transfection in the presence of protease inhibitors and separated on a 10%
acrylamide gel containing SDS, as described previously (17). NS1 was detected
using an antibody raised against the N terminus and the viral polypeptides with
an antipeptide antibody against residues 311 to 327 of VP2. A rabbit polyclonal
antibody to B-actin served as a loading control.

For analysis of virus particle assembly and packaging, transfected cells were
harvested at 72 hours postinfection and concentrated by centrifugation, and the
pellets were extracted by freezing and thawing three times in 500 pl of TE buffer
(10 mM Tris [pH 8.7], 1 mM EDTA). The cell extracts and culture medium were
combined, clarified, and sedimented to equilibrium in iodixanol step gradients as
described previously (17). Individual fractions were analyzed by Southern or
Western blotting as described previously (17), except that samples for Western
blot analysis were further concentrated by ethanol precipitation.
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FIG. 1. The channels along the 5-fold symmetry axes of the L172W mutant capsid are blocked. (A) Detail of the hydrophobic interaction
between the side chains of Val 40 and Leu 172 (green). The position of the Trp 172 side chain in the L172W mutant is shown in orange.
(B) Comparison of VP2 N termini of wild-type MVMi (green) and of mutant L172W MVMi (orange). The map of L172W MVMi contoured at
20 is shown in blue. The protein subunits are shown in cartoon representation, and side chains of Leu 172, Trp 172, and Val 172 are shown as sticks.
The position of the icosahedral 5-fold axis is indicated by a black line. (C) Electron density of the putative B-strand positioned next to residues
263 to 267 of VP2. The map covering VP2 was contoured at 20 (blue). The putative B-strand and the density on the 5-fold axis are contoured at
1o (green) and 0.10 (red). The position of the icosahedral 5-fold axis is indicated by a black line. (D) Comparison of Leu 172 in wild-type MVMi
(green) and Trp 172 in the mutant L172W MVMi (orange) at the 5-fold pore. The proteins are shown in cartoon representation, and the side chains
of Leu and Trp are shown as sticks. The map of the mutant L172W MVM,I, contoured at 1o, is shown as a blue mesh.

Protein Data Bank accession number. The MVMi L172W coordinates to-
gether with the observed structure amplitudes have been deposited in the Protein
Data Bank with accession number 2xgk.

RESULTS AND DISCUSSION

The L172W mutation induces a reorganization of the N-ter-
minal part of VP2. The crystal structure of the MVMi L172W
mutant has been determined to 4.2-A resolution (Table 1).
Crystals of the L172W mutant were nearly isomorphous with
that of the wild-type virus. The root mean square deviation
between equivalent Ca atoms of wild-type MVMi capsid
protein (1zlc) and the L172W MVMi mutant was 0.3 A for
542 residues. In contrast to the wild type, the mutant struc-
ture did not show any evidence for the presence of DNA in
the capsid.

The side chain of leucine 172 interacts with the side chain of
valine 40 in the wild-type structure (Fig. 1A). This interaction
is modified in the L172W mutant, resulting in a different con-
formation of the N-terminal region than in the wild-type struc-
ture (Fig. 1B). The wild-type VP2 is ordered from residue 39
onwards (1), whereas the N-terminal region of the MVMi

L172W mutant is well-ordered only from residue 46 onward.
Residues 46 and 47 in the mutant structure were shifted toward
the particle interior relative to their position in the wild-type
capsid (Fig. 1B). In the L172W mutant capsid, there was an
additional density resembling a B-strand of about 5 residues
located next to residues 263 to 267 from B-strand G (Fig. 1C),
extending the BIDG sheet. This density has ~1/2 the height of
the main chain density of the capsid protein. There is an
even-lower density that extends the additional B-strand toward
the inner opening of the 5-fold channel (Fig. 1C). The extra
B-strand could be formed by the missing residues 39 to 45,
although there was no connecting density between this peptide
and the first modeled residue 46 in VP2. In the wild-type
structure, residues 39 to 47 form a part of B-strand A and a
loop that interacts with the ordered N-terminal regions of
symmetry-related subunits around the 5-fold axis. The loss of
interaction between the hydrophobic side chains of L172 and
V40 probably resulted in the displacement of the VP2 N-ter-
minal region. The volume where the B-strand density was lo-
cated in the mutant is not occupied by density belonging to
icosahedrally ordered DNA in the wild-type virion structure
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(1), indicating that the dislocation of this strand from its wild-
type position is not due to the absence of DNA from the VLP.

The crystal structures of parvoviruses (40), including MVMi
(1), show that the N terminus of one of the five VP2 subunits
runs through the channel at most of the 5-fold vertices. The
cleavage of the VP2 N-terminal regions, when they become
exposed on the particle surface, appears to be a prerequisite
for infection (17). As the VP2 N-terminal regions are displaced
from the 5-fold pore opening in the L172W mutant capsid,
other substitutions that disrupt the L.172-V40 interaction, with-
out abrogating packaging, may also suffer a similar disruption.
This is consistent with the observation that only those mutant
viruses that have isoleucine or valine at position 172 are viable
(18), whereas other substitutions with residues whose side
chains are less likely to interact with V40 have severely reduced
infectivity relative to wild-type virus. Although it might be
supposed that disruption of the L172-V40 interaction would
impair externalization of VP2 N termini, this appears not to be
the case. While L172F, L172G, and L172T mutant virions,
generated in a single burst from transfection, had sequestered
VP1 N termini, their VP2 N termini were exposed and could be
cleaved with trypsin to the VP3 form, as seen for the wild-type
virus (18). However, following such cleavage, the VP1 N ter-
mini of mutant virions became exposed and vulnerable to pro-
teolysis (18), suggesting that failure to establish the normal
L172-V40 interaction may have serious consequences for the
subsequent stability of the cylinder. This phenotype was fur-
ther explored for the L172T mutant in the prototype strain of
MVM (MVMp), because unlike MVMi, MVMp can be grown
productively at 32°C, and the L172T mutant is temperature
sensitive (17). The MVMp L172T mutant is viable at 32°C, but
not at 37°C, because it has a conditional cell entry defect that
correlates inversely with the integrity of its VP2 N termini (17).
At the permissive temperature, mutant viruses that had sub-
stantial numbers of intact VP2 termini at the time they were
added to cells were infectious, whereas viruses with fully
cleaved VP2 N termini were unable to initiate infection at
either temperature. Moreover, in vitro, VP2 cleavage of the
L172T mutant at 37°C and neutral pH induced exposure of
both the VP1 N termini and the viral genome, suggesting that
L172-V40 interactions help to provide a level of cylinder sta-
bility that is critical for the controlled virion dynamics required
to mediate sequential steps in the cell entry process.

The 5-fold channel is the MVMIi packaging portal. The crys-
tal structure of the L172W capsid shows that the diameter of
the 5-fold channel is reduced from 8 A in the wild-type to 6 A
in the mutant structure (Fig. 1D). Furthermore, a spherical
density at a height comparable to that of the VP2 backbone
was observed on the icosahedral 5-fold axis in the vicinity of
the tryptophan 172 side chains (Fig. 1D). The electron density
map of the MVMi L172W mutant was independently deter-
mined from three different data sets (Table 1). Each of these
maps contained a similar density on the 5-fold axis. Thus, this
density is unlikely to be noise that could not be eliminated
because of its location on the 5-fold axis. The nature of the
moiety could not be identified based on the shape of the
density, because the diffraction data used to calculate the elec-
tron density map represented the 5-fold average of the mole-
cule. However, the density could represent a 5-fold average of
a small hydrophobic molecule that interacted with tryptophan
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FIG. 2. Viral DNA replication and gene expression is unaltered
for the L172W MVMi mutant. (A) Southern blot of total DNA
isolated from A9 cells after transfection with L172W and wild-type
MVMi genomes, digestion with Dpnl, and probing for MVM se-
quences. (B) Western blot analysis of protein isolated from A9 cells
following transfection with L172W and wild-type MVMi genomes
and probing with antibodies specific for the viral polypeptides NS1
or VP1 and VP2.

side chains, or it could belong to a residue from the extra
B-strand, discussed above, that interacts with the mutant’s tryp-
tophan 172 side chains. The presence of the low density con-
necting the extra 3-strand with the density on the 5-fold axis
favors the second option. The connecting density should be
weak, because a residue belonging to only one of the five
B-strands can occupy this position on a 5-fold axis. The L172W
mutant therefore has two defects, the first being the misplaced
N-terminal region and the second being the blockage of the
5-fold channel, perhaps by a residue from the dislocated A
strand.

L172W is the only mutation at this position that generates
capsids devoid of progeny DNA (18). Cells transfected with
L172W and wild-type MVMi genomes synthesized equivalent
amounts of monomer (5-kb) and dimer (10-kb) double-
stranded replicative form DNA (Fig. 2A) as well as the viral
polypeptides NS1, VP1, and VP2 (Fig. 2B).

Following transfection, the L172W mutant produced empty
particles with a composition and density similar to those of the
wild type (Fig. 3A, fractions 7 to 9). This region of the gradient
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FIG. 3. The L172W MVMi mutant produces only empty particles.
(A) Iodixanol gradient of wild-type (upper panel) and L172W (lower
panel) cell extracts analyzed for viral proteins by Western blotting.
(B) Iodixanol gradient of wild-type (upper panel) and L172W (lower
panel) cell extracts analyzed for viral genomes by alkaline agarose gel
electrophoresis and probed for MVM DNA sequences.

contains about 2-fold-fewer empty particles for the mutant
than for the wild type, although the steady-state level of capsid
protein expression is the same in wild-type- and mutant-trans-
fected cells, as shown in Fig. 2B, middle panel. However, the
gradient position normally occupied by full virions (Fig. 3A,
fractions 3 to 5) contains minimal amounts of viral protein for
the mutant, so that the disparity between viral protein for the
mutant versus the wild type is substantially greater for full
particles than for empty capsids. Fractions 3 to 5 (Fig. 3B,
lower panel) are also completely devoid of 5-kb viral DNA for
the L172W mutant, being lower than the wild type (Fig. 3B,
upper panel) by more than 70-fold at a 5-fold-longer exposure,
indicating that L172W empty capsids fail to be converted to
full virions. Further experiments will be required to determine
whether the lower L172W empty particle yield is due to an
assembly defect or a stability problem. However, the difference
in empty capsid production is insufficient to explain the failure
to observe full virions in the mutant virus gradient by more
than 2 orders of magnitude. The lack of L172W full particles
could also result from mutant virions uncoating concomitantly
with, or immediately following, packaging of the viral genome.
However, the biochemical evidence, taken together with the
channel blockage seen in the crystal structure, favors the con-
clusion that DNA packaging is impaired in the mutant and
identifies the 5-fold channel as the packaging portal for the
parvovirus genome.

The orthologous mutation in the related Dependovirus
AAV2, VP1 L336W, has also been shown to result in defective
packaging (3), although this is not as profound a defect as seen
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here for the MVM mutant, perhaps reflecting the slightly dif-
ferent architecture of the base of the cylinder and wider pore
in AAV2 compared to MVM (41). The AAV VP1 L336W
mutant was also defective in binding the viral Rep protein,
shown to be essential for packaging, suggesting that the muta-
tion might disrupt association of the packaging motor with the
capsid (3). However, no structural rearrangements of the
MVM capsid surface that might prevent NS1 from binding
were evident in our study, and the least complicated explana-
tion of this mutant’s nonpackaging phenotype appears to be
the significant density blocking the pore.

The structural verification that MVMIi has a unique vertex
for genome packaging is probably also valid for other parvo-
viruses. By analogy to bacteriophages, the special vertex could
serve not only for genome entry but also for genome egress.
However, we have recently shown that uncoating occurs in the
same 3'-to-5' direction as packaging and is not simply a rever-
sal of the packaging process (11). Thus, there may be two
distinctive vertices in the parvovirus particle, one in the empty
capsid for packaging and another in the full virion for uncoat-
ing. The presence of a special vertex may also influence the
asymmetric binding of the cellular receptor to canine parvovi-
rus (20). Furthermore, such a vertex has also been noted for
poliovirus (6), suggesting that the existence of a special vertex
might be a common feature for viruses with linear genomes
that lack a membrane envelope.
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