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The minute virus of mice, prototype strain MVMp, productively infects cultured murine fibroblasts but not
T cells. The immunosuppressive strain, MVMi, shows the converse tropism. These reciprocal tropisms are
mediated by the viral capsids, in which their determinants have been mapped to a few specific amino acids in
the primary sequence shared by VP1 and VP2. Which of these proteins is relevant in presenting these
determinants during infection is not known. We have approached this question using a recombinant parvovirus
system in which a Lulll-derived transducing genome, containing the luciferase reporter in place of viral coding
sequences, can be packaged by capsid proteins from separate helper sources. We generated transducing virions
by using helper constructs expressing either VP1 or VP2, containing the MVMp or MVMi tropic determinant
region, in various combinations. The virions were used to infect human NB324K cells and murine A9
fibroblasts. Transduction of the human cells (permissive for both MVMp and MVMi) required both VP1 and
VP2 and was successful with all combinations of these proteins. In contrast, significant transducing activity for
A9 cells was detected only with recombinant virions containing VP2 of MVMp, while the use of either source
of VP1 had little effect. We conclude that VP2 from MVMp is necessary to enable infection of murine A9

fibroblasts.

Two isolates of the autonomous parvovirus minute virus of
mice, designated MVMp and MVMi, productively infect mu-
rine fibroblasts and T-lymphoid cells, respectively, but are re-
stricted in their reciprocal host cells (9, 11). Early studies
showed that virions of the two strains competed for binding to
either cell type, arguing against restriction at the level of a cell
surface receptor (10). The observation that single-cycle virus
production was efficient in murine fibroblasts transfected with
infectious plasmid clones of either MVMp or MVMi suggested
that permissiveness or restriction was mediated by the virion
particles (5). Studies with intertypic recombinants localized the
primary determinants of this tropism to a small region of the
capsid coding sequence (1, 6), and it was shown that mutating
two specific codons of MVMi to those of MVMp was sufficient
to confer fibrotropism (2).

We have previously constructed recombinants of the parvo-
virus Lulll with essentially complete replacement of the viral
coding sequences by a luciferase reporter gene (8). Transduc-
ing virions can be generated by transient cotransfection of the
recombinant genome, together with a replication-defective
helper construct supplying viral nonstructural and capsid pro-
teins (8). These functions can be provided by helpers derived
from Lulll or from related parvoviruses (7). In particular, we
showed that packaging of the recombinant with capsid proteins
supplied by an MVMp helper, but not by an MVMi helper,
conferred the ability to transduce murine A9 fibroblasts (7). By
packaging a totally heterologous genome, these results con-
firmed that the fibrotropic determinant was specified by the
MVMp capsid and excluded the possible additional involve-
ment of its encoding DNA.
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Capsids of the rodent family of parvoviruses are composed
of the proteins VP1 (=85 kDa), VP2 (=66 kDa), and VP3
(=63 kDa). VP1 constitutes ~15% of the mass of the capsid,
and this protein includes the entire sequence of VP2, in addi-
tion to a unique N-terminal region of ~140 amino acids (3).
VP1 and VP2 are translated from alternatively spliced tran-
scripts from the P38 promoter. In contrast, VP3 is derived by
posttranslational cleavage, near the N terminus, of some mol-
ecules of VP2 following DNA encapsidation (3, 12). The roles
of VP1 and VP2 in virus assembly and infection have been
investigated by constructing mutant genomes encoding either
protein (13). Expression of VP2 was found to be sufficient to
generate capsids containing packaged DNA, but these parti-
cles were noninfectious (13, 14). It could therefore be inferred
that incorporation of VP1 into capsids containing VP2 was
essential for infectivity. The expression of VP1 alone did not
generate virus particles (13).

Since the capsid sequence that determines minute virus of
mice cell tropism is present in both VP1 and VP2, the function
of this determinant could be mediated by either one of these
proteins. Knowledge of whether VP1 or VP2 was involved in
this function would contribute to understanding of their rela-
tive roles in establishing infection. Here, we have used the
recombinant Lulll system to investigate this question by using
helpers supplying either MVMp- or MVMi-related VP1 and
VP2 proteins in various combinations.

The structures of the transducing genome, GLuLUCASV
(8), and of the helper constructs are shown in Fig. 1. Recom-
binant viruses were generated, as described elsewhere (8), by
transient cotransfection of NB324K cells, by electroporation,
with pGLuLUCASYV together with one or more of the helper
plasmids. For the experiment reported in Fig. 2, each electro-
poration used the indicated amounts of DNA in 0.1 ml of cell
suspension. Subsequent experiments (Table 1) used 0.2 ml of
cell suspension with 5 pg of pGLuLUCASYV, 1 pg of VP1
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FIG. 1. Plasmids used in cotransfection to generate recombinant virus. The
transducing genome, GLuLUCASYV, is shown in the top row; all other diagrams
are of helper constructs, with the products that they express indicated at the
right. VP1-p, VP2-p, and VP2-i denote the authentic VP1 or VP2 proteins of
MVMp or MVMi. VP1-“1” and VP2-“i” denote proteins containing a segment
derived from MVM], in an MVMp background; the segment includes the coding
region for the primary determinant of lymphotropism (1, 2, 6). Plasmids are
represented in linear form, although the covalently closed circular forms were
used for transfection. pPGLuLUCASV (8) contains, in pUC18, the left and right
terminal inverted repeat sequences of Lulll and the firefly luciferase reporter
(4), flanked by the P4 promoter and downstream sequences of Lulll, including
the polyadenylation signal. pMVMpA (7) is an MVMp genomic clone, defective
for replication because of a deletion involving the right terminus; a similar
deletion is present in all the helper constructs shown. The construction of
pMVM(D1A1) and pMVM(D2A2) by substitution of cDNA spliced in the donor
1-acceptor 1 or donor 2-acceptor 2 pattern has been described previously (13).
The “i” constructs with these two splicing patterns were made by substitution of
a BglII fragment (nucleotides 3450 to 4212) from an MVMi genomic clone. The
bottom row shows the expression construct for authentic VP2-i, which was made
by introducing a frameshift in the VP1 unique coding region of pMVMi-6 (7) by
filling in at the HindIII site (at nucleotide 2650).

expression plasmid, and 7 pg of VP2 expression plasmid.
Transducing virus was harvested at 3 days following electropo-
ration by combining the culture medium with an extract of the
cells made by freezing and thawing three times. After low-
speed centrifugation, the viral supernatants were stored at
—20°C. Transducing activity was determined (7, 8) by infection
of NB324K or A9 cells, grown to ~30% confluence in 6-cm-
diameter dishes, and assay of luciferase activity in extracts of
the recipient cells at the times indicated.

Genomic clones of MVMp capable of expressing only one of
the capsid proteins (i.e., either VP1 or VP2) have been de-
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FIG. 2. (A) Transduction of NB324K cells with viral supernatants from pro-
ducer cells that had been transiently transfected with the indicated helpers
together with pGLuLUCASYV (2.5 ug). Numbers at the bottom are micrograms
of helper plasmid used in each transfection. The recipient cells were assayed for
transduced luciferase activity at 2 days postinfection. The ordinate shows this
activity in light units (LU), assayed with a commercial kit (Promega). Values of
<10? LU do not differ significantly from background values. (B) PCR to detect
packaging of the transducing genome using primers for the luciferase gene
(primer sequences available on request). Samples of viral supernatants were
incubated with DNase (100 pg/ml; 3 h at 37°C) which was then inactivated at
64°C for 15 min. The samples were then subjected to 30 cycles of PCR and
analyzed by electrophoresis in a 1.5% agarose gel with ethidium staining. The
arrow indicates the amplified luciferase fragment (453 bp); the marker (lane M)
was a 123-bp ladder (Life Technologies). We assume that the packaged DNA
became available, as a PCR template, by virion disruption in the 2-min, 94°C
preincubation step. Controls (not shown) established complete removal of any
contaminating plasmid by the DNase. Lane numbers match bar numbers in panel A.

scribed previously (13). The helper plasmids used here (Fig. 1)
were replication-defective derivatives of these clones. The
original clones were made by substituting, into an MVMp
infectious clone, cDNA sequences derived from the mRNAs
encoding VP1 and VP2 containing, respectively the D2A2 and
D1A1 splices (13). Recombinant viruses were generated by
cotransfection of pGLuLUCASYV (Fig. 1) with the helper plas-
mids singly or in pairs. Transducing activity was then assayed
by exposure of fresh, recipient NB324K cells to the viral su-
pernatants from the transfected producer cells. As shown in
Fig. 2A, use of the VP1 and VP2 expression plasmids in com-
bination generated substantial activity, amounting to 20 to
50% of that observed with the single helper, pMVM(p)A (7).
The latter expresses both VP1 and VP2 using the normal
splicing patterns. Neither of the prespliced helpers transfected
singly with pGLuLUCASYV gave rise to significant transducing
activity (Fig. 2A). We also examined the viral supernatants for
the presence of packaged (DNase-resistant) GLuLUCASV
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TABLE 1. Luciferase transducing activity, in NB324K cells
(nonrestrictive) or murine A9 fibroblasts, of GLULUCASV
virus preparations packaged by various combinations
of MVMp- or MVMi-derived capsid
proteins VP1 and VP2

Transducing activity” (light units/0.3 ml

. VP Tmz)est(_h) of viral supernatant) in:
Pt source , POS NB324K cells A9 cells
infection
VP2-p VP2 VP2-p VP2

1 VP1-p 30 227,000 10,200 33,800 160
54 216,000 36,500 30,700 150

VP1-49” 30 311,000 6,490 43,600 (65)

54 345,000 20,000 33,800 (28)
2 VP1-p 50 441,000 35,800 22,100 180
VP1-41” 50 442,000 97,800 23,100 370

“ Luciferase activity was determined in extracts of recipient cells at the indi-
cated times after infection with viral supernatants (0.3 ml/6-cm-diameter dish)
from producer cells expressing capsid proteins in the combinations indicated.
Proteins were expressed by transfection with the helper plasmids shown in Fig. 1,
as described in the text. Standard and Promega luciferase assays were used,
respectively, for NB324K and A9 extracts. (The Promega assay is ~5.5-fold more
sensitive.) Values in parentheses are not significantly above background levels.
The values shown are single determinations for experiment 1 and the means of
two to four determinations for experiment 2.

b 'VP2-i was used in experiment 2.

DNA, detected by PCR with luciferase-specific primers. As
shown in Fig. 2B, this DNA was detected in all cases, although
only weakly when the VP1 expression plasmid (D2A2) was
used alone. These results are consistent with previous findings
that VP2, but not VP1, is capable of efficient capsid formation
and packaging of DNA into noninfectious virions.

The above observation that transducing virions could be
generated efficiently by triple cotransfection of the recombi-
nant genome with separate helpers expressing VP1 or VP2
provided the basis for the following experiments in which viri-
ons containing different combinations of MVMp- or MVMi-
derived capsids were tested for transducing activity. Expression
plasmids for MVMi-related VP1 or VP2 were constructed (see
legend to Fig. 1) by substituting DNA encoding the lympho-
tropic determinant of the MVMi capsid into the pMVMp
D2A2 or D1A1 helper constructs. The expression products of
the resulting constructs are referred to as VP1-“i” and VP2-
“i”. Additionally, a helper plasmid expressing authentic VP2 of
MVMi (VP2-i) was made by introducing a frameshift mutation
in the region encoding the VP1 unique sequence (Fig. 1).

Viral supernatants from NB324K cells that had been co-
transfected with pGLuLUCASYV and various combinations of
the helper constructs were tested for transducing activity in
both NB324K cells and murine A9 fibroblasts as recipient cells.
The results are shown in Table 1 and summarized in Fig. 3.
Experiments 1 and 2 differ in the use of VP2-“i” and VP2,
respectively. The first point to note is that reasonably efficient
transduction of the nonrestrictive NB324K cells was obtained
with all helper combinations, whether homologous or heterol-
ogous (Table 1). In these recipient cells, the source of VP1
made little difference, although there was some effect of the
source of VP2. In particular, VP2-“i” generated less transduc-
ing activity for NB324K cells than did VP2-p. Less decrease
was observed with the authentic VP2-i in combination with
VP1-“i” (Table 1). The decrease in luciferase activity in
NB324K cells with VP2-“i”” versus VP2-p was usually <20-fold,
and we have not investigated this further.

Much more dramatic effects of the source of VP2 were
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FIG. 3. Graphic presentation of results from Table 1. The ratio of transduc-
ing activity in A9 to that in NB324K cells is plotted for each combination of
helpers, after the VP2-p—VP1-p combination is normalized to 1.0 for each ex-
periment.

observed in transduction of A9 fibroblasts. In these cells, viri-
ons generated with MVMi-related VP2 showed greatly re-
duced activity (100- to 500-fold less than those with VP2-p
[Table 1]). This is more clearly illustrated in Fig. 3, in which the
transducing activity in A9 cells is plotted as a fraction of the
activity seen in NB324K cells for the corresponding combina-
tions of helper constructs. It can be seen that the relative A9
transducing activity was always decreased by at least 10-fold for
recombinants containing VP2-i or VP2-“i.” In contrast, this
activity was not significantly affected by the source of VP1
(whether VP1-p or VP1-1”).

It is also apparent from Table 1 that recombinant virions
containing VP2-p gave substantially lower transducing activity
in A9 cells than in NB324K cells, although the difference was
much less than with MVMi-related VP2. The results of plas-
mid transfection experiments (not shown) suggest that this
stems from more efficient expression of the reporter construct
in NB324K cells, rather than a higher efficiency of infection.
Thus, after electroporation with plasmids containing the lucif-
erase reporter driven by either the Lulll P4 promoter or the
simian virus 40 early promoter, the level of expression by
NB324K cells was >100-fold higher than that by A9 cells.
(Parallel transfections with a B-galactosidase expression plas-
mid [pCM V] indicated a similar electroporation efficiency for
both cell types.)

VP1 and VP2 of minute virus of mice differ in primary
sequence only by the unique N-terminal region of VP1 (142
amino acids). As discussed previously (13), the latter contains
several possible nuclear localization signals. Since VP1 is re-
quired for virion infectivity, it is plausible that this region is
involved in nuclear delivery of an infecting genome. Although
it is attractive to hypothesize that the success of this process
might require interaction of cellular factors with the viral al-
lotropic determinant carried by VP1, VP2 perhaps being dis-
pensable after penetration of the cell, our results appear to
exclude this hypothesis, at least for the fibrotropic determinant
in transduction of A9 cells, since they implicate VP2-p as the
functional carrier of this determinant.
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