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The two capsid proteins of minute virus of mice, VP1 and VP2, are generated from a single large open
reading frame by alternate splicing of the capsid gene mRNA. Examination of the replication of a series of
mutants that express only VP1, only VP2, or neither capsid protein demonstrates that VP2 is necessary for the
accumulation and encapsidation of virus progeny single-stranded DNA. VP1 is dispensable for these functions
but is required to produce an infectious virion. Virus that lacks VP1 binds to cells as efficiently as wild-type
minute virus of mice but fails to initiate a productive infection. Because neither capsid protein is required for
viral-DNA replication, these results suggest that virus lacking VP1 is blocked at a step during virus entry,
subsequent to cell binding and prior to the initiation of DNA replication.

Minute virus of mice (MVM) is a small, nonenveloped,
T=1 icosahedral virus approximately 22 nm in diameter that
packages a single negative-sense strand of DNA (15, 61).
The viral capsid proteins VP1 and VP2 are translated from
the viral R3 mRNAs generated from a promoter at map unit
38 (2, 31). The ratio of VP1 to VP2 found in both infected
cells and assembled capsids depends on which splice donor
site is used to excise the small intron common to all MVM
transcripts (13, 29, 31, 42; see Fig. 1A). The major splicing
pattern, first splice donor (D1; nucleotide [nt] 2280) to first
acceptor (Al; nt 2377), which is used in approximately 70%
of the molecules, deletes the initiating AUG for VP1, and
translation of VP2 is initiated 690 nt further downstream at nt
2794. When the minor splicing pattern is used (D2 at nt 2317
to A2 at nt 2399 [25% of the R3 mRNA]), VP1 is initiated at
nt 2286, 10 codons upstream of the splice donor, and is
translated in the same open reading frame as VP2 after the
splice junction. A third, rare splicing pattern (D1-A2 [not
shown in Fig. 1A]), present in <5% of the viral RNA, has
also been reported (42). R3 transcripts utilizing this splicing
pattern should also produce VP2. A third capsid protein,
VP3, is produced during infection by proteolytic cleavage of
VP2, although it is not known whether this processing event
is essential for virus infection (58, 59, 62).

The processing of VP2 in full MVM virions can be
mimicked in vitro by digestion with trypsin, although the
protease site in vivo is not identical to the trypsin-sensitive
site (46, 59, 62). Empty MVM capsids are resistant to
protease digestion both in vitro and in vivo (15, 46, 59),
suggesting that the capsid undergoes a conformational
change upon encapsidation of viral DNA which exposes the
processing site in VP2. Although this same processing site is
also found in VP1, along with 22 other potential trypsin sites
in the N terminus, VP1 is resistant to proteolytic digestion in
both empty capsids and full virions, even under conditions in
which 80% of the VP2 molecules have been cleaved to VP3
(59). These results suggest that the N-terminal domain of
VP1, which is unique to VP1, remains on the interior of the
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capsid; together with the observation that the N-terminal
region of VP1 is fairly basic (10.6 mol% lysine and 6.3 mol%
arginine), these results have led to the proposal that this
region consists of a DNA-binding domain involved in the
encapsidation and stabilization of the viral single-stranded
DNA (ssDNA) within the protein coat (48, 59).

Mutational analysis of the capsid genes of MVM, H1, and
adeno-associated virus (AAV) has demonstrated that the
capsid proteins are required for the accumulation of progeny
viral ssDNA (27, 37, 50, 60). Electron micrographs show
capsid structures associated with the ends of both ssDNA
and double-stranded DNA forms, suggesting that the viral
ssDNA is packaged into intact preformed capsids (25). In
addition, two types of defective genomes are packaged
during an MVM infection: viral ssDNAs with internal dele-
tions and a double-stranded DNA form containing the right
end (or 5' hairpin), suggesting that all of the cis signals
required for packaging are found within the 5’ end (20).
Together, these results suggest a model in which viral DNA
is sequestered and packaged 5’ to 3’ by the binding of the
capsid to the 5’ end of viral DNA as the opposite strand is
being replicated.

Unlike capsid mutants which disrupt both VP1 and VP2,
mutants in AAV that are now known to affect only VP1
produce progeny ssDNA but little or no infectious virus (27,
60). These results suggested either that VP1 is dispensable
for the accumulation of ssDNA but necessary for its encap-
sidation or, alternatively, that VP1 is required to produce a
competent or stable particle. Willwand and Hirt (65) have
recently demonstrated that intact MVM empty capsids as
well as gel-purified VP1, but not VP2, bind specifically to the
left or 3’ hairpin of MVM DNA. These results might suggest
that encapsidation of MVM viral DNA is dependent on VP1
and begins at the 3’ end of the viral ssDNA after replication
of the complementary strand is completed but as such would
be in contrast to the finding of packaged MVM-defective
DNA containing only the 5’ end of viral DNA. Similar
binding properties have also been reported for the VP1 of
Aleutian disease virus (ADV) (66) and VP2 of bovine parvo-
virus (BPV) (32, 39). (BPV produces an additional, larger
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coat protein; therefore, VP2 of BPV may be equivalent to
VP1 of MVM [11] [see Fig. 10].)

In this report, we examine the replication and infectivity
of MVM mutants that express only VP1, only VP2, or
neither capsid protein. Our results demonstrate that VP2 is
both necessary and sufficient for the replication and encap-
sidation of viral ssDNA and that VP1 is dispensable for these
functions. However, VP1 is required to produce an infec-
tious particle. Virus that lacks VP1 bound to the surface of
cells as well as or better than wild-type MVM (wt) but failed
to initiate a productive infection. Because VP1 mutants
replicate in a manner similar to that of wr following DNA
transfection, they appear to be blocked subsequent to cell
binding and prior to the initiation of DNA replication. We
suggest that VP1 may be required for transport of the
incoming particle or viral DNA strand to the nucleus and
that this pathway may be distinct from the transport of de
novo-synthesized proteins or assembled empty capsids to
the nucleus because VP2, by itself, is localized to the
nucleus and packages viral DNA.

MATERIALS AND METHODS

Construction of the mutants and viral isolation. pMVM(D1-
Al) and pMVM(D2-A2) were constructed by replacing the
Xhol-to-HindIII fragment (nt 2071 to 2651) of the infectious
clone, pMVM (37, 38, 63), with the analogous fragment from
cDNA clones that had the small intron either from nt 2280
(D1) to 2377 (Al) or from nt 2317 (D2) to 2399 (A2) excised
(13). A frameshift was introduced in the VP1 open reading
frame by linearizing pMVM with BssHII (nt 2635), digesting
with mung bean nuclease (New England Biolabs, Beverly,
Mass.), and religating to yield pMVM(VP12635). Similarly, a
frameshift at the Bg/II site (nt 3451), which disrupts both
VP1 and VP2, was constructed by linearizing pMVM with
BgilIl and filling in the restriction site with the Klenow
fragment of DNA polymerase (Promega Biotec, Madison,
Wis.) to generate pMVM(VP1/23451). All constructs were
propagated in Escherichia coli JC8111 and monitored by
restriction enzyme digestion to ensure the integrity of the
right-end palindrome (7). Capsid proteins from all four of
these mutants were immunoprecipitated as previously de-
scribed (31) following DNA transfection of Cosl (23),
NB324K (57), and murine A9,; (34) cells by the calcium
phosphate precipitation method (31). As expected (13),
only VP2 was detected in pMVM(D1-Al)- and pMVM
(VP12635)-transfected cells and only VP1 was detected with
pMVM(D2-A2) (data not shown).

MVM(D1-A1l) was obtained by transfecting Cosl cells (4
x 10° cells per 60-mm plate) with 5 pg of DNA, and virus
was released from the cells in TE 8.7 (10 mM Tris-HCI [pH
8.7], 1 mM EDTA) 48 h after transfection, as previously
described (57). Full virions were isolated by centrifugation
(250,000 x g) for 3.5 h through a 10 to 40% sucrose gradient
in TE (pH 8.0) in an SW41 rotor (Beckman Instruments, Palo
Alto, Calif.). Fractions containing full virions were identified
by Southern blot analysis (54) for viral ssDNA. Peak frac-
tions were pooled and viral particles were concentrated by
centrifugation (250,000 X g) in an SW50.1 rotor (Beckman
Instruments) for 6 h and resuspended in TE 8.7. Full
MVM(VP12635) virions were isolated in the same way from
DMNA4A cells, a chemically transformed derivative of BHK
cells (8), 24 h after transfection with pMVM(VP12635).

Cell binding, virus infectivity, and export of progeny viri-
ons. Assays for cell binding, virus infectivity, and export of
progeny virions have been described in detail elsewhere (62).
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A9,; cells were prelabeled for 24 h with [*H]thymidine (1
nCi/ml) prior to seeding (4 % 10° cells per 60-mm plate), so
that the amount of virus bound could be standardized
relative to an equivalent number of cells.

For binding assays, monolayers of *H-labeled A9,; cells
were overlaid for 10, 20, or 30 min at 37°C with MVM
(VP12635) or wt sucrose gradient-purified virions (in 0.2 ml)
that had been equilibrated for ssDNA content in the pres-
ence of aphidicolin (12 pg/ml) to prevent the conversion of
the input ssDNA to double-stranded DNA (15). For wt, the
amount of input virus corresponded to approximately 0.01
infectious units per cell, as measured by in situ plaque assay
(see Fig. 5) (10, 67). At 10, 20, and 30 min after infection, the
cells were washed four times with cold phosphate-buffered
saline (PBS), pelleted, and stored frozen at —70°C until all
samples had been collected. Cells were lysed in lysis buffer
(2% sodium dodecyl sulfate [SDS], 0.15 M NaCl, 10 mM Tris
[pH 8.0], 1 mM EDTA, 0.25 mg of proteinase K per ml) at
37°C for 30 min and incubated at 65°C for another 30 min or
until the cell pellet was completely lysed. Cellular DNA was
sheared by passing the samples through a 25-gauge needle.
Aliquots (2 pl) of each sample were applied to DES81 filters in
quadruplicate, and incorporated *H was assayed as de-
scribed elsewhere (35). Equivalent amounts of *H-labeled
samples were subjected to agarose gel electrophoresis (1%
agarose), and the amounts of cellular DNA present were
confirmed by scanning a photographic negative (Polaroid
type 55 film) of the ethidium bromide (5 pg/ml)-stained gel
with a laser densitometer (LKB, Bromma, Sweden) (43).
The amount of viral DNA present in each sample was
detected by Southern blotting and quantified with a Molec-
ular Dynamics Phosphorimager.

To examine DNA replication of MVM(VP12635) by viral
infection, *H-labeled A9,; cells were infected with equiva-
lent amounts of w¢ and MVM(VP12635) sucrose gradient-
purified virions for 30 min at 37°C as described above. Cells
were refed with Dulbecco modified Eagle medium containing
5% fetal calf serum and neuraminidase (0.05 U/ml; Sigma
Chemical Company, St. Louis, Mo.) to prevent reinfection.
At various times after infection, the cells were harvested and
lysed as described above, and virus replicative forms (RF)
were detected by Southern blotting.

To examine the efficiency of export of progeny virus to the
medium, A9,, cells were transfected with either pMVM or
PMVM(VP12635) (5 ng per plate) and neuraminidase (0.3
U/ml) was added to the medium. Because of the unusually
long time course of this experiment, additional neuramini-
dase (0.2 U/ml) was added 48 h after transfection. At 48, 72,
and 96 h after transfection, the cells were either scraped into
the medium and the total sample was lysed as described
above by the addition of SDS to a final concentration of 2%
(total) or the cells were isolated from the medium by
centrifugation, rinsed with an isotonic borate buffer (pH 9.0)
to remove any virus that might have been bound to the
surface of the cells, and lysed separately in PBS containing
2% SDS (cells). Aliquots of the cleared medium before and
after the addition of the borate rinses were adjusted to 2%
SDS as described above. All samples were treated with
proteinase K (0.25 mg/ml) for 1 h at 37°C prior to agarose gel
electrophoresis. The amount of cellular DNA present in each
sample was quantified as described above. Viral DNA was
detected by Southern blotting and quantified with a Phos-
phorimager. The amount of cell-associated progeny virus
was calculated by comparing the amount of ssDNA present
in the isolated cells with the amount present in the total
sample (cells plus medium).
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FIG. 1. (A) Transcription map and genetic organization of MVM. MVM mRNAs are listed on the left, and their respective gene products
are listed on the right. RNAs are designated M (major) or m (minor) depending on whether the major (D1-Al) or minor (D2-A2) splicing
pattern is used to excise the small intron common to all of the mRNA classes. A third, rare splicing pattern (D1-A2) has also been reported
but is not shown. Scale at the top is in nucleotides. (B) Diagram of the coding regions of the mutants used in this study. Proteins produced
by these mutants are indicated above the horizontal line. Vertical lines represent sites of alteration. Initiating AUG codons for the

nonstructural proteins as well as VP1 and VP2 are also indicated.

RESULTS

To distinguish the relative contributions of the virus
capsid proteins VP1 and VP2 during virus replication, we
have constructed a series of mutants in the infectious clone
of MVM that, in addition to the viral nonstructural proteins,
express only VP1, only VP2, or neither capsid protein (Fig.
1B). Mutants pMVM(D1-A1) and pMVM(D2-A2) were re-
constructed from cDNA clones across the small-splice re-
gion (13). Thus, pMVM(D1-Al), which expresses VP2, is a
full-length infectious clone of MVM, except that the se-
quences between D1 (nt 2280) and Al (nt 2377) have been
deleted. Likewise, pMVM(D2-A2), which expresses only
VPL, is a full-length clone of MVM except that nt 2317 (D2)
has been joined to nt 2399 (A2). Because the choice of small-
splice donor and acceptor also affects the 25-kDa nonstruc-
tural protein, NS2 (Fig. 1A), pMVM(D1-Al) expresses only

the major isoform of NS2 and pMVM(D2-A2) expresses only
the minor form. These two forms of NS2 vary only in their
last six amino acids (aa). Mutant pMVM(VP12635) has a
frameshift at the BssHII site at nt 2635 that prematurely
terminates VP1 shortly after this mutation but leaves VP2
and the nonstructural proteins unaltered (Fig. 1). Similarly,
another frameshift mutant, pMVM(VP1/23451), truncates
both VP1 and VP2 with no effect on the nonstructural
proteins.

VP2 is necessary and sufficient to produce progeny viral
DNA. Following DNA transfection into murine A9,; fibro-
blasts, all four of these mutants accumulated approximately
10-fold fewer double-stranded, monomer, and dimer RF
DNAs than wt pMVM (Fig. 2A). This difference in RF
accumulation is due to a failure of these mutants to spread
from the originally transfected cell rather than a deficiency in
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DNA replication, because all of the mutants accumulated
levels of RF similar to wt levels when neuraminidase, which
presumably inhibits MVM binding by cleaving sialic acid
residues on the cell surface, was added to the medium to
prevent reinfection (data not shown).

As expected, pMVM(VP1/23451), which produces neither
VP1 nor VP2, failed to accumulate progeny ssDNA in both
A9,; and NB324K cells (Fig. 2A and B). pMVM(VP12635),
which prematurely truncates VP1, leaving VP2 unaltered,
was able to efficiently produce progeny ssDNA in both cell
lines, demonstrating that the major capsid protein VP2 is
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FIG. 2. Viral RF DNAs present following transfection. Southern
blots of viral DNA present 48 h after transfection into A9,; cells (A)
or NB324K cells (B) or 1 and 50 h after transfection into NB324K
cells in the presence of neuraminidase (C) are shown. In panel B,
only 1/10 of the cell equivalents was loaded for pMVM relative to
the other lanes; in panel C, only 1/100 of the cell equivalents of 50-h
samples was loaded for the 1-h samples. Open-circle (oc) and
supercoiled (sc) forms of pMVM (P) are marked. Markers (M)
contain linearized pMVM (7.7 kb) and pMVM digested with BamHI,
which releases the MVM insert (5.1 kb) from the pML-based vector
(2.5 kb). Viral RF are designated as follows: dimer (dRF), monomer
(mRF), and viral ssDNA (ss). Band X is a viral form that is seen in
crude cell lysates but not in viral DNA prepared by the method of
Hirt (16, 28, 64).

sufficient for this function. pMVM(D1-A1), which also ex-
presses VP2 but not VP1, produced ssDNA in human
NB324K cells (Fig. 2B) but failed to produce ssDNA on
murine A9,; cells (Fig. 2A). Because NS2 is also required
for efficient ssDNA production in murine cells (43), the
inability of pMVM(D1-Al) to produce ssDNA in murine
A9,; cells might be due to the absence of the minor isoform
of NS2 in this mutant. However, deletion of sequences
within the small intron, as in pMVM(D1-Al) and pMVM(D2-
A2), also inhibits the accumulation of the NS2 mRNA (R2)
resulting in the overexpression of R1, which encodes the
large nonstructural protein NS1 (53). Therefore, the under-
expression of NS2 or overexpression of NS1 may also
contribute to this phenotype. pMVM(D2-A2), on the other
hand, failed to produce ssDNA following transfection of
A9,; (Fig. 2A), NB324K (Fig. 2B), or Cosl cells (data not
shown). Because NS2 mutants are only two- to threefold
deficient in progeny ssDNA accumulation following trans-
fection of NB324K cells (43, 44) and because overexpression
of NS1 does not inhibit ssDNA accumulation in pMVM(D1-
Al)-transfected NB324K cells, these results suggest that
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FIG. 3. Electron micrographs of wt in TE 8.7 (A) and sucrose gradient-purified full MVM(D1-Al) virions produced in Cosl cells
resuspended in TE 8.7 (B). Both samples were prepared with 3% phosphotungstic acid (instrument magnification, %80,000). The bar

represents 100 nm. e, empty virion; f, full virion.

VP1, unlike VP2, is not sufficient to produce progeny
ssDNA.

In several experiments, it appeared that pMVM(VP12635)
produced a greater amount of ssDNA per monomer RF
(mRF) than wz pMVM (Fig. 2B). However, during a normal
MVM infection, the ratio of progeny ssDNA to mRF can
increase dramatically late in an infection, and the kinetics of
MVM replication following DNA transfection depends on
the efficiency of the transfection (15, 37, 61a). In an experi-
ment in which the amount of plasmid initially transfected
into the cells was approximately equivalent, pMVM
(VP12635) and pMVM produced similar amounts of ssDNA
relative to mRF (Fig. 2C).

VP2 is sufficient to assemble into a capsid structure and
package viral DNA. During MVM infection, all of the ssDNA
produced is normally encapsidated (15). Therefore, because
pPMVM(VP12635) and pMVM(D1-Al) accumulated ssDNA
following transfection into NB324K cells (Fig. 2B), it
seemed likely that this ssDNA was packaged, even though
these mutants were unable to produce plaques on these cells
(data not shown). Virus particles could be isolated from
sucrose gradients of lysates of Cosl and DMN4A cells
transfected with pMVM, pMVM(D1-Al), and pMVM
(VP12635). ssDNA from both pMVM(D1-Al) and pMVM
(VP12635) was detected by Southern blot analysis in a
position in the gradient similar to that of wt full virions,
suggesting that this DNA was indeed encapsidated; how-
ever, no full virions from pMVM(D2-A2)-transfected cells
were detected by Southern blot analysis (data not shown).
Sucrose gradient fractions that contained full virions from
Cosl cells transfected with either wz or pMVM(D1-Al) were
pooled, and the virus particles were concentrated by centrif-
ugation. The presence of full MVM(D1-Al) particles, which

are morphologically indistinguishable from we full virions,
was confirmed by electron microscopy (Fig. 3).

VP1 is required to produce an infectious virion. Although
pMVM(VP12635) replicated and produced progeny virus
following transfection into either A9,; or NB324K cells, it
did not produce plaques on either cell line (data not shown).
MVM(VP12635) must, therefore, be blocked in egress from
the initially transfected cell, in initiating an infection, or
both. To characterize the infectivity of virus that contains
only VP2, we first tested the ability of MVM(VP12635) to
bind to target cells. Monolayers of A9,, cells were overlaid
for various times with sucrose gradient-purified wt or
MVM(VP12635) full virions, normalized for their ssDNA
contents. After extensive washing, the amount of MVM
(VP12635) that remained bound to the cells, as determined
by Southern blot analysis, was equal to or greater than the
amount of wt (Fig. 4).

Since MVM(VP12635) was not defective in this simple
cell-binding assay, we next looked at the ability of this
mutant to initiate DNA replication. Equivalent amounts of
sucrose gradient-purified w¢ and MVM(VP12635) full viri-
ons, as assayed by their DNA contents, were used to infect
A9,; cells, and the amounts of subsequent viral replicative
DNA present were determined by Southern blot analysis.
Although similar amounts of input wz and MVM(VP12635)
virions had bound to the cells after 30 min, MVM(VP12635)
produced no double-stranded DNA forms by 24 h postinfec-
tion, suggesting that this mutant is blocked at some step
subsequent to binding to cells and prior to the initiation of
DNA replication (Fig. 5A). We have also examined the
ability of MVM(VP12635) to initiate a productive infection
by an in situ plaque assay (10, 67) with monolayers of A9,;
cells infected with equivalent amounts of wz and
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FIG. 4. Binding of MVM and MVM(VP12635) to A9,, cells. Dilu-
tions of MVM and MVM(VP12635) were equilibrated for ssDNA (ss)
content by Southern blotting (A) and then applied to monolayers of
A9,, cells for 10, 20, and 30 min at 37°C in the presence of aphid-
icolin. After extensive rinsing, the amount of virus that remained
bound to the cells was assayed by Southern blotting (B). Markers and
viral RF are designated as described in the legend to Fig. 2. Sucrose
gradient-isolated stocks of MVM(VP12635), but not wt, have rou-
tinely contained significant amounts of mRF (A); however, the signi-
ficance of this observation is not known at this time. oc, open-circle
forms.

MVM(VP12635), as determined by DNA content (Fig. 5B).
No infectious centers were detected with MVM(VP12635)-
infected cells, even at the lowest dilution. Therefore,
MVM(VP12635) was defective by at least 4 orders of mag-
nitude in the initiation of a productive viral infection com-
pared with wr (Fig. 5C).

VP1 is not required for the efficient export of progeny
virions from the cell. Most of the progeny ssDNA present
during an MVM infection of highly synchronized A9,, cells
is found in the medium as early as 6 h postinfection,
suggesting that progeny virions are exported out of the cell
soon after they are assembled and well before cytolysis
occurs (17). A similar effect in the infection of asynchronous
cells can be observed if neuraminidase is added to the
medium to prevent binding of virus to the cell surface (62).
To determine whether viral particles lacking VP1 could be
efficiently transported out of the cell, we examined the
localization of viral ssDNA following transfection of A9,;
cells with either pMVM or pMVM(VP12635). At various
times after transfection, the cells were scraped into the
medium and either the entire sample was lysed with 2% SDS
(total) or, alternatively, the cells were isolated from the
medium by low-speed centrifugation and resuspended in
PBS plus 2% SDS (cells). The amount of viral DNA in each
sample was determined by Southern blot analysis after it was
ensured that an approximately equal number of cell equiva-
lents, on the basis of cellular DNA contents, had been
loaded in each lane. An approximately equal fraction of the
cell-free supernatant was also loaded on the gel. In the
presence of neuraminidase, less than 20% of the progeny
ssDNA produced by either MVM or MVM(VP12635) was
associated with the cells at 96 h after transfection, indicating
that VP1 is not required for this process (Fig. 6). Similar
results were also observed at 48 and 72 h after transfection
(data not shown).
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VP1 is not involved in replication of viral RF. Although the
capsid proteins are not essential for the amplification of
double-stranded RF (Fig. 2), previous results had suggested
that the capsid proteins might participate in proper matura-
tion of the viral left-hand (3') end: (i) empty MVM capsids,
as well as reconstituted VP1 (but not VP2), bind specifically
to the 3’ end of MVM DNA (65), and (ii) the expression of
the capsid proteins precedes the appearance of left-end
turnaround forms in a highly synchronized infection (64).
Therefore, we chose to examine specific viral replicative
intermediates generated by these capsid mutants by using a
combination of two-dimensional agarose gel electrophoresis
and restriction enzyme analysis.

By two-dimensional agarose electrophoresis, three forms
of mRF can be identified: the extended form, which migrates
as a typical, 5-kb, double-stranded DNA molecule; the
turnaround forms, which are covalently closed on one end of
the molecule and migrate as 10-kb strands in the second,
alkaline dimension; and a form that is covalently closed on
both ends and migrates as an ssDNA circle in the alkaline
dimension (14; Fig. 7A). Similar turnaround and extended
forms of dimer RF are also found. No significant differences
in any major RF generated by pMVM (Fig. 7B), pMVM(D1-
Al) (Fig. 7D), or pMVM(D2-A2) (Fig. 7C) could be detected
following transfection of NB324K cells, including the per-
centages of total turnaround and extended forms. pMVM
(D1-Al) did produce less ssDNA per mRF than pMVM in
this experiment (compare Fig. 7B and D); however, this is
likely to be an effect of NS2 rather than VP1 because (i)
pPMVM(VP12635) did not show this effect (Fig. 2; data not
shown) and (ii) NS2 mutants exhibit a reduction in ssDNA
accumulation in these cells (44). Interestingly, these assays
also expose a small amount of ssDNA produced by pMVM
(D2-A2); however, it is less than 1/100 of the amount found
in we-transfected cells (compare Fig. 7B and C).

Although two-dimensional agarose gel electrophoresis can
distinguish turnaround from extended forms of MVM DNA,
this analysis cannot determine whether these turnaround
forms are covalently closed on the left or right end of the
molecule. The ratio of turnaround to extended forms on the
left and right ends of RF can be determined directly by
restriction enzyme analysis. By this analysis, all of the
capsid mutants accumulated similar amounts of turnaround
forms as wt in both the left and right ends of replicative DNA
(Fig. 8). Thus, our results suggest that VP1 is not required
for the correct maturation of the 3’ end of virus-replicative
intermediates.

DISCUSSION

Our analysis of two MVM mutants that express only VP2
and not VP1 indicates that VP2 is both required and suffi-
cient to assemble into capsids and package viral ssDNA.
However, VP1 is required to produce an infectious virus.
Virions lacking VP1 bound cells as well as or better than wz
but failed to initiate a productive infection. Because mutants
that lack VP1 replicate to wr levels following transfection
into NB324K cells, it appears that these mutants are blocked
at some step subsequent to cell binding but prior to the
initiation of viral-DNA replication, such as virus uptake or
transport to the nucleus.

VP1 has previously been proposed to be involved in the
encapsidation and stabilization of viral ssDNA in the protein
coat because the N-terminal region of VP1 is fairly basic and
is presumably found on the interior of the capsid (48, 59).
The finding that VP1, but not VP2, bound specifically to the
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left or 3’ hairpin of MVM DNA further suggested that VP1
plays a role in the replication or encapsidation of viral DNA
(65), although this binding occurred on the opposite end of
the DNA predicted to contain the necessary packaging
signals, on the basis of the characterization of defective
interfering particles (20). Previous genetic analysis of AAV
demonstrated that viral ssDNA could be produced in the
absence of VP1; however, these studies did not directly
address whether this DNA was encapsidated. Our results
clearly demonstrate that VP1 is not required for the encap-
sidation of ssDNA, suggesting that VP2 must interact with
the replicating DNA in a manner not yet identified. Replica-
tion of double-stranded MVM RF did not appear to be
altered in the absence of either VP1 or VP2.

VP1 is essential for virus infectivity; however, not much is
known about the infectious entry of MVM or parvoviruses in
general. Ultrastructural studies have shown MVM taken up
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FIG. 5. Infectivities of MVM and MVM(VP12635) virions. (A)
Southern blot of viral RF present at 0.5, 14, 19, and 24 h after
infection of asynchronous A9,; cells; (B) viral DNA present in 10~!
dilutions of MVM and MVM(VP12635) used in the infectious-center
assay shown in panel C. These vary by twofold as determined by
Phosphorimager analysis. (C) Monolayers of A9,; cells infected
with 0.2 ml of various dilutions of either MVM or MVM(VP12635)
were transferred to nitrocellulose and hybridized to a 3?P-labeled,
MVM-specific probe prepared with random primers (Pharmacia,
Piscataway, N.J.). Only one of the duplicate filters for each dilution
is shown. ss, ssDNA; oc, open-circular forms; M, markers.

in coated pits (33), whereas canine parvovirus (CPV) ap-
pears to be taken up by endosomes and only rarely by coated
vesicles (4). However, since even at a multiplicity of infec-
tion of 1, several hundred parvoviral particles are bound to
the cell, it is not clear whether these uptake routes lead to a
productive infection or merely lead to abortive infections.
Similarly, even though virus lacking VP1 bound to cells as
well as wr (Fig. 4), VP1 may be required to interact with a
specific receptor that is necessary for virus uptake and
initiation of a productive virus infection. In the human
parvovirus B19, VP1 was found to be necessary to elicit
neutralizing antibodies, suggesting (30) that VP1 may be
found on the surface of the virus and that it interacts with a
specific receptor. Alternatively, VP1 may confer a confor-
mational change on the surface of the virion or perhaps
appear only transiently on the viral surface after a partial-
uncoating step, similar to the release of VP4 in picornavirus
following cell binding (52).

MVM(VP12635) bound cells as efficiently as wt at 37°C;
however, in contrast to wt infection, in which a residual
amount of the input virus (as measured by the presence of
input ssDNA) remains at 12 h postinfection, none of the
MVM(VP12635) input ssDNA could be detected after 12 h
postinfection (Fig. 5A), suggesting that the input MVM
(VP12635) virions might be less stable than wz, leaving the
DNA more accessible to nucleases. These particles may
become disrupted upon contact with the cells, thus leading
only to an abortive infection; however, another possibility is
that virions lacking VP1 are taken up normally but are
unable to escape from the endosomes and are subsequently
degraded. Infection by CPV is inhibited by NH,Cl and
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FIG. 6. Export of progeny virions to the medium 96 h after
transfection with either pMVM or pMVM(VP12635). Markers (m)
and viral RF are designated as described in the legend to Fig. 2.
After transfection, the cells were scraped into the medium and either
the total sample (T) was lysed or the cells were isolated from the
medium by centrifugation, washed 3 times with an isotonic borate
buffer (pH 9.0), and lysed (C). Aliquots of the cell-free medium were
lysed with SDS either before (M) or after (W) the addition of the
borate washes. Addition of the borate washes to the medium diluted
the sample approximately twofold. Densimetric analysis of photo-
graphic negatives of ethidium bromide staining of the gel prior to
Southern blotting confirmed that approximately equivalent amounts
of cellular DNA had been loaded in the T and C lanes. oc,
open-circular forms; ss, ssDNA.

chloroquine (4), suggesting that CPV may require exposure
to an acidic environment in the lysosome for infection, and
in the presence of such agents, CPV accumulates in large
endosomal compartments. If MVM particles, which are also
resistant to low pH (15), enter via a similar mechanism,
virions lacking VP1 may be unstable at low pH and conse-
quently degraded in the lysosome.

VP1 may also be required for the transport of MVM to the
nucleus. It is not known whether MVM enters the nucleus as
an intact virion or as a partially disassembled DNA-protein
complex. Parvoviruses may be sufficiently small (22 nm) to
pass through the nuclear pore intact; the nuclear pore can
actively transport molecules of up to 25 nm in diameter (19,
21). Influenza virus RNA, on the other hand, enters the
nucleus through the nuclear pore as an RNA-nucleoprotein
filament (36). Several other lines of evidence also suggest that
the transport of nucleic acids into the nucleus may be facili-
tated by karyophilic proteins. For instance, the transport of
T-DNA, an approximately 20-kb ssDNA derived from the Ti
plasmid of Agrobacterium species, into the nuclei of plant
cells requires the binding of the VirE2 protein, which has two
bipartite nuclear-localization signals (NLS) similar to those
found in MVM VP1 as described below (12). The import of
most small nuclear ribonucleoproteins into the nucleus re-
quires the trimethylated cap as well as associated proteins (26,
40). U6 has a monomethylated cap that is not required for its
nuclear localization; its transport appears to be dependent on
a karyophilic U6-binding protein (40).
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FIG. 7. MVM RF DNA separated on two-dimensional agarose
gels. Shown are Southern blots of viral DNA present 60 h after
transfection of A9,; cells with pMVM (B), pMVM(D2-A2) (C), or
pMVM(D1-Al) (D). (A) Tracing of a longer exposure of the Southern
blot shown in panel B. Arrows in upper-left corner of panel A show
the directions of migration in the first, neutral dimension (1) and the
second, alkaline (30 mM NaOH) dimension (2) for all blots. Markers,
which were added at the start of the second dimension, are visible on
the left. RF DNAs that have been previously characterized are
designated as follows: dE, extended dimer; dT, turnaround dimer;
mE, extended monomer; mT, turnaround monomer; mC, covalently
closed monomer; x, band X; ss, viral ssDNA. Some input plasmid is
also present (supercoiled [sc], linear [}, and nicked, open circle [oc]).
A more detailed analysis of some of the previously uncharacterized
DNA intermediates will be presented elsewhere (64).
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FIG. 8. Restriction enzyme analysis of viral turnaround and
extended ends. Cells were lysed in 2% SDS 60 h after transfection,
and low-molecular-weight DNA was isolated by a modification of
the method of Hirt (28). Samples were digested with Bs¢EII (nt 1886)
and BglI (nt 2872). Markers (m) were pMVM digested with BamHI,
BstEIl, and Bgll. Right (R) and left (L) turnaround (t) end fragments
migrate slightly faster than their extended (e) counterparts in a 1.4%
agarose gel. pMVM(D1-Al) and pMVM(D2-A2) contain deletions in
the middle (M) MVM fragment.
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The unique, N-terminal region of VP1 is rich in basic
residues, which is typical of many DNA-binding proteins,
and may serve to target the incoming particle or DNA to the
nuclear pore. It contains four motifs similar to those of
previously described NLS (Fig. 9A). The first 10 aa (motif I)
are similar to the N terminus of VP1 from simian virus 40 and
polyomavirus. The first seven aa of polyomavirus VP1 have
been shown by deletion analysis to be necessary and suffi-
cient for DNA binding and may also be required for nuclear
localization of that protein (41). In addition, motifs II, III,
and IV contain two overlapping sequences that fit the
consensus sequence for a bipartite NLS as proposed by
Dingwall and Laskey (18). This signal, first characterized in
nucleoplasmin, consists of two basic aa followed by a spacer
of varying length and then five aa, of which at least three are
basic. The minimum and maximum lengths of the spacer
region have not been experimentally defined but vary be-
tween 7 and 37 aa. The large nonstructural protein of MVM,
NS1, also has two sequences that fit the consensus sequence
for a bipartite NLS. Mutational analysis of part of one of
these sequences indicates that it may be important in the
nuclear localization of that protein (45). Motifs I and IV, by
virtue of having four of five basic aa, are also similar to the
NLS in simian virus 40 large T antigen.

All four of these motifs are conserved among the MVM-
like autonomous parvoviruses, even though the spacer re-
gions between motifs II, III, and IV vary (Fig. 9B). PPV has
an insertion between motifs III and IV; this insertion con-
tains a K-R pair that, in conjunction with motif IV, would
also fit the consensus sequence. Motifs II, III, and IV are
also found in similar positions in BPV and AAYV, although
the N-terminal motif (I) is different. ADV VP1 appears to
contain the bipartite NLS composed of motifs III and IV but

PAKRAKRGH— 75— RTKR - 18 |RAGKRTRPP| 6 {QARAKKKL

proposed bipartite NLS:
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FIG. 9. The unique, N-terminal region of VP1 contains sequences similar to previously characterized NLS. Motif I is similar to the N
terminus of simian virus 40 and polyomavirus VP1. Lysines and arginines within motifs II, III, and IV fit the consensus sequence for a
bipartite NLS as proposed by Dingwall and Laskey (18). (B) The motifs diagrammed in panel A are conserved among the MVM-like
parvoviruses (top), even though the spacer regions between motifs II, III, and IV vary. Hatched boxes represent a 75-aa region that is the
most conserved domain in the parvovirus capsids and was used to align the sequences. The MVM-like parvoviruses all have approximately
75% or greater identity in this region. MVM has 65 and 55% identity in this region with BPV and AAV, respectively. AAV VP2 initiates at
an ACG triplet (shaded T). Virus abbreviations and references (in parentheses): MVM (2), H1 (46, 51), CPV (47), FPV (feline parvovirus; 47),
PPV (porcine parvovirus; 49), BPV (11), AAV (5, 9, 56), and ADV (1, 6).
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lacks motifs I and II as well as the highly conserved domain
between them that was used to align the other sequences. It
has previously been proposed that the inability of ADV to
spread efficiently in cell culture may be due to the lack of this
sequence (1). These motifs were not found, however, in the
human parvovirus B19.

Our results indicate that VP2 alone is sufficient to assem-
ble into capsids and localize to the nucleus (data not shown),
even though it does not contain a sequence similar to that of
any known NLS. Therefore, if VP1 were required for the
transport of the incoming particle to the nucleus, the route or
mechanism of nuclear entry for the incoming particle would
have to be different from that of the import of de novo-
assembled empty capsids from the cytoplasm. For example,
the incoming particle could bind the nuclear pore directly
from the endosome and not enter the cytoplasm. Full poly-
omavirus virions, but not empty capsids, induce endosomes
to fuse directly with the outer nuclear membrane (24).

The block to MVM mutants lacking VP1 is phenotypically
similar in some respects to the block to MVM,, the strain
used in these experiments, on lymphocytes and the block to
the lymphotropic strain, MVM,, on fibroblasts. MVM,; binds
to murine fibroblasts as well as M ; however, it fails to
initiate a productive infection (55, 57), and, like VP1 mu-
tants, the block to MVM; infection can be overcome by
transfection (22). The primary allotropic determinant for
growth in fibroblasts has been mapped to two aa within the
MVM VP1- and MVM VP2-coding region and is thought to
be required early during MVM infection (3). In addition, a
species-specific determinant has been mapped to a similar
region in CPV and feline panleukopenia virus to amino acid
residues that are found on or near the viral surface (47, 61).
Since these amino acids are present in both VP1 and VP2, it
would be interesting to assess whether the determinant
resides in VP1, in VP2, or in both. One would predict that
numerous capsid mutants that are blocked at several differ-
ent steps in the infectious-entry pathway of parvoviruses
could be isolated. A detailed analysis of the entry of these
mutants should aid in the identification of the specific steps
involved early in a parvovirus infection as well as clarify the
relative roles of VP1 and VP2 in infection.
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