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Nonstructural proteins encoded by measles virus (MV) include the V protein which is translated from an
edited P mRNA. V protein is not associated with intracellular or released viral particles and has recently been
found to be dispensable for MV propagation in cell culture (H. Schneider, K. Kaelin, and M. A. Billeter,
Virology 227:314–322, 1997). Using recombinant MVs (strain Edmonston [ED]) genetically engineered to
overexpress V protein (ED-V1) or to be deficient for V protein (ED-V2), we found that in the absence of V both
MV-specific proteins and RNAs accumulated to levels higher than those in the parental MV molecular clone
(ED-tag), whereas MV-specific gene expression was strongly attenuated in human U-87 glioblastomas cells
after infection with ED-V1. The titers of virus released from these cells 48 h after infection with either V
mutant virus were lower than those from cells infected with ED-tag. Similarly, significantly reduced titers of
infectious virus were reisolated from lung tissue of cotton rats (Sigmodon hispidus) after intranasal infection
with both editing mutants compared to titers isolated from ED-tag-infected animals. In cell culture, expression
of V protein led to a redistribution of MV N protein in doubly transfected Cos-7 cells, indicating that these
proteins form heterologous complexes. This interaction was further confirmed by using a two-hybrid approach
with both proteins expressed as Gal4 or VP16 fusion products. Moreover, V protein efficiently competed
complexes formed between MV N and P proteins. These findings indicate that V protein acts to balance
accumulation of viral gene products in cell culture, and this may be dependent on its interaction with MV N
protein. Furthermore, expression of V protein may contribute to viral pathogenicity in vivo.

As a member of the paramyxovirus subfamily of the Monon-
egavirales, measles virus (MV) has a nonsegmented RNA ge-
nome of negative polarity with six structural genes that are
sequentially arranged. The entire coding region is flanked by
the 39 and 59 promoter regions, and the individual genes are
separated by conserved intergenic regions. With one exception,
the MV gene products are encoded by genes that are function-
ally monocistronic: both those required for assembly (matrix
[M], fusion [F], and hemagglutinin [H] proteins) and those
required for genome replication and/or viral transcription (nu-
cleocapsid [N] protein and polymerase or large protein [L]).
Conversely, as in all paramyxoviruses, the gene encoding as the
main product the phosphoprotein P, the polymerase cofactor,
gives rise to additional proteins which are detectable in infect-
ed cells. The basic C protein (20 kDa) is a translation product
of an overlapping reading frame (3), and the V protein (46
kDa) is translated from P mRNAs after insertion of a single G
nucleotide at a specific editing site (5). Recently, a third pro-
tein, R (46 kDa), which requires ribosomal frameshifting for its
expression, has been detected in infected cells at very low
levels (17). Both MV C and V proteins are expressed at high
levels but are found only in infected cells and not within the
virion (10, 30). Although the reading frames for both C and V
are highly conserved (1), the functions of these proteins are
unknown. They are not required for propagation in cell cul-
ture, since recombinant MVs deficient for V or C function

were successfully rescued from cloned cDNA and could be
propagated in human 293, HeLa, and Vero cells as efficiently
as the parental, nondefective strain (22, 25).

As an edited product of the P mRNA, V protein shares the
231 amino-terminal amino acid (aa) residues with the P pro-
tein (5). Within this region, casein kinase II phosphorylation
sites have been mapped for P (8), and it is likely that these are
also targeted by this enzyme in V, as the protein is also phos-
phorylated (30). Moreover, two interaction sites for N have
been mapped within the P protein, one of which is localized at
the amino terminus of the P protein (11). However, a direct
interaction of MV V with N protein has not been confirmed
(18). MV V protein, like all V proteins, has a highly conserved
and cysteine-rich carboxy terminus that shows similarities to
the zinc finger binding motifs of some DNA binding proteins
and binds zinc ions (19).

The biological role of V proteins in paramyxovirus replica-
tion has not yet been clarified. For Sendai virus (SeV), binding
of V protein to unassembled N molecules and V protein-
dependent inhibition of genome replication, but not of tran-
scription, have been shown in vitro (7, 12). Similar to MV, a
recombinant SeV in which synthesis of V was abrogated by
mutation of the editing site was efficiently rescued from cloned
cDNA and propagated in cell culture; however, the kinetics
and plaque morphology were slightly altered compared to
those of the parental nondefective strain (15). Interestingly,
accumulated levels of SeV-specific transcripts after infection of
cell cultures as well as a reduced pathogenicity of V-deficient
SeV in mice were also noted, indicating that V protein might
act to balance viral gene expression in infected cells and in
vivo. In the present study we present evidence that, similar to

* Corresponding author. Mailing address: Institute for Virology and
Immunobiology, Versbacher Str. 7, D-97078 Würzburg, Germany.
Phone: 49-931-201-3895. Fax: 49-931-201-3934. E-mail: s-s-s@vim.uni-
wuerzburg.de.

8124



SeV, MV V protein is involved in the regulation of MV RNA
and hence of protein accumulation in human glioblastoma
U-87 cells. Moreover, MVs which either overexpress V or are
deficient for V protein expression are less pathogenic as shown
by experimental infection of cotton rats. As evidenced by tran-
sient-transfection studies, N-V complexes are likely to form in
infected cells, and this may be associated with regulation of
viral gene expression.

MATERIALS AND METHODS

Cells and viruses. Human glioblastoma U-87 cells (ATCC) and Cos-7 cells
were maintained in minimal essential medium (MEM) containing 10% heat-
inactivated fetal calf serum (FCS). Vero cells were maintained in MEM con-
taining 5% FCS, and U-937 and BJAB cells were maintained in RPMI 1640
containing 10% FCS. All cell lines were maintained in the presence of antibiot-
ics. Recombinant MVs of strain Edmonston (ED) genetically engineered to
overexpress V protein (ED-V1) or to be deficient for V protein (ED-V2)
(mutant 3 or 1, respectively [25]) and the parental molecular clone (ED-tag [23])
were propagated on Vero cells to yield titers of 2 3 106 (for ED-tag and ED-V2)
and 2 3 105 (ED-V1).

MV protein and RNA analysis. After infection with recombinant MVs for the
time intervals indicated, U-87 cells were labeled for 5 h with 150 mCi of TranS
label (Amersham)/ml or were labeled after an overnight infection for 3 h, fol-
lowed by chase periods of 8 or 16 h, subsequently lysed in RIPA detergent (150
mM NaCl, 10 mM Tris-HCl [pH 7.4], 1% Na-desoxycholate, 1% Triton X-100,
0.1% sodium dodecyl sulfate, 1 mM phenylmethylsulfonyl fluoride), and pro-
cessed for immunoprecipitation following standard procedures. Immunocom-
plexes were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, and MV-specific signals were quantified by phosphorimaging. For RNA
analysis, total RNA was prepared from U-87 cells infected with ED-tag, ED-V2,
or ED-V1 by using an RNeasy kit following the manufacturer’s protocol (Qia-
gen), separated on formaldehyde-agarose gels, blotted onto nitrocellulose filters,
and analyzed using 32P-labeled RNA probes specific for the MV N, M, and H
genes (4) or, for the control, with a 32P-labeled DNA probe specific for glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). Signals obtained were quanti-
fied by phosphorimaging.

Infection of cotton rats and virus titration. Cotton rats (inbred strain
COTTON/NIco) were obtained from Iffa Credo, Lyon, France. Animals were
kept under controlled environmental conditions and used at the age of 6 to 8
weeks. For intranasal (i.n.) infection MV was given in phosphate-buffered saline
(PBS) to ether-anesthetized cotton rats in a volume not exceeding 100 ml. Four
(or five) days later, the animals were asphyxiated with CO2 and lungs were
removed and weighed. Lung tissue was minced with scissors and dounced with a
glass homogenizer. Serial 10-fold dilutions of homogenized lung tissue were
assessed for the levels of infectious virus by using Vero cells. Plates (48 well)
were scored microscopically for cytopathic effects after 7 days. The amount of
virus in each inoculum was expressed as the quantity of virus that could infect
50% of the inoculated tissue culture monolayers.

Plasmid constructs. pSG424, pVP16AASV19N, and the reporter gene con-
struct G5BCAT were kindly supplied by A. K. Banerjee, Cleveland, Ohio. To
obtain pGal-N, the MscI/XbaI fragment (covering, except for the first codon, the
entire coding region of the MV ED N gene) was released from pEN (Bluescript-
Vector) and ligated into the EcoRI (blunt ended by nuclease S1 trimming)/XbaI
site of pSG424 downstream of and in-frame with the coding sequence for aa 1 to
147 of Gal4. The amino-terminal M was replaced by L by this procedure. The
same fragment was ligated into a pGem vector with a reconstructed multiple
cloning site between two SmaI restriction sites to yield pGem-MscI/XbaI-N. The
SmaI fragment was then ligated into the EcoRV site of pVP16AASV19N up-
stream and in-frame with aa 398 to 479 of VP16 to yield pN-VP16. Peptides
added to the amino terminus were AGL (replacing the initiator M), and the
linker joining the N to the VP16 reading frame was LEPI.

The pGem-1 multiple cloning site was replaced by an oligonucleotide se-
quence containing restriction sites for HindIII-PstI-EcoRI-EcoRV-BamHI-NsiI-
XbaI-EcoRI with the authentic 59-terminal nucleotides of the P-V reading frame
between the BamHI and NsiI sites to yield pGemP/Vstart. The NsiI/XbaI frag-
ments were excised from pEP (containing the entire coding sequence of MV ED
P) or pEV (containing the V gene) and ligated into pGemP/Vstart to yield
pGemP/V. The EcoRI/XbaI fragment was excised from pGemP/V and ligated
into pSG424, yielding pGal-P or pGal-V, respectively. The linker joining the
Gal4 and P or V reading frames was EFDIGS. pP-VP16 was generated by
ligation of the EcoRV fragment from pGemP into the EcoRV site of
pVP16AASV19N. By this procedure, the 20 carboxy-terminal aa residues of P
were lost. The amino-terminal-joining peptide was IGS. The generation of
pSC-N, pSC-P, and pSC-V has been described previously (14).

Transfections, reporter gene assay, and immunofluorescent staining. Tran-
sient transfections were performed by lipofection following the manufacturer’s
protocol (Gibco-BRL). Routinely, 1 mg of each of the Gal4 and VP-16 fusion
constructs was transfected along with 1 mg of pG5BCAT. For the competition
experiments, competitor plasmids were cotransfected at the concentrations in-

dicated. Cells were harvested 40 h after transfection and lysed by repeated
freeze-thawing, and 10 mg of total protein extracts was used for a standard
chloramphenicol acetyltransferase assay.

For the colocalization studies, Cos-7 cells were seeded onto coverslips and
transfected with pSC-N (14) or pSC-V (10 mg each). After 40 h, cells were fixed
and permeabilized (PBS–3.5% paraformaldehyde followed by treatment with
PBS–0.25% Triton X-100) and then stained for MV antigens with a monoclonal
anti-N antibody or a rabbit anti-V monospecific serum raised against the C-
terminal domain. MV-specific protein expression was determined after infection
with ED-tag, ED-V2, or ED-V1 at the time intervals indicated after fixation-
permeabilization by using monoclonal antibodies directed against the MV N
protein.

RESULTS

Effect of V protein expression on MV infection in cell cul-
tures. The role of V protein in MV replication was analyzed
using a standard MV genome virus (ED-tag) rescued from
cloned cDNA (23) and its derivatives in which V protein ex-
pression was abrogated by a single nucleotide exchange (ED-
V2) or substantially enhanced by the addition of three nucle-
otides (ED-V1) within the original editing site (25). By the
latter manipulation, an additional amino acid was introduced
into the V and P protein reading frames. The phenotype of the
mutant viruses with respect to the accumulation of V protein
was determined by Western blot analyses after infection of
U-87 glioblastoma cells (Fig. 1a). To determine whether the
enhanced accumulation of V protein in U-87 cells infected
with ED-V1 was based on a higher turnover rate of this
protein in ED-tag-infected cells, U-87 cells were infected with
ED-tag (multiplicity of infection [MOI] of 0.5) or ED-V1
(MOI of 5) (different MOIs were used for reasons outlined
below) for 16 h, labeled for 3 h, and subsequently chased for 8
or 16 h, respectively (Fig. 1b). Based on the values obtained
after the 8-h chase, the half-lives of the N and V proteins were
found to be similar, if not shorter, in U-87 cells infected with
ED-V1 (4.5 and 5.5 h, respectively) compared to those found
for the parental ED-tag (7.5 h for both proteins). Thus, en-
hanced accumulation of V in ED-V1-infected cells was appar-
ently not due to an abnormal stability of this protein.

Following infection of U-87 cells with ED-tag, ED-V2, or
ED-V1 (MOI of 0.1), differences in the development of cyto-
pathic effects were observed after 24 h. The formation of syn-
cytia was markedly enhanced in U-87 cells infected with
ED-V2 (Fig. 1d) compared to that in cells infected with ED-
tag (Fig. 1c), whereas cytopathic effects were less pronounced
in cultures infected with ED-V1 (Fig. 1e). Similar results with
respect to syncytium formation were obtained in lymphoblas-
toid B cells (BJAB) or monocytes (U-937) infected with the
different viruses (not shown). Later in infection, U-87 cells
infected with ED-V2 disintegrated much earlier than those
infected with ED-tag, while ED-V1-infected cultures survived
substantially longer (not shown). Titers of infectious virus re-
leased from U-87 cells infected with ED-tag and ED-V2 were
similar 24 h after infection, whereas those after ED-V1 infec-
tion were consistently lower (Fig. 1f). After 48 h, MVs lacking
or overexpressing V proteins yielded lower titers of infectious
MV than the parental ED-tag (Fig. 1f).

MV-specific protein expression in U-87 cells infected with
ED-tag, ED-V2, or ED-V1. U-87 cells were infected with
ED-tag, ED-V2, or ED-V1 (MOI of 0.1) and analyzed by
indirect immunofluorescent staining for expression of the MV
N protein after 18 h (Fig. 2a to c) or 24 h (Fig. 2d to f). No
significant differences were observed after 18 h in the numbers
of cells expressing N protein or in the intracellular accumula-
tion levels (indicated by the mean fluorescent intensity) among
the viruses. In contrast, at 24 h postinfection (p.i.) the numbers
of infected cells were higher in U-87 cells infected with ED-tag
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FIG. 1. Phenotypic characterizations, cytopathic effects, and titers of virus release of ED-tag, ED-V2, and Ed-V1 after infection of human glioblastoma U-87 cells
(MOI of 0.1). (a) Cell extracts were harvested 40 h p.i. and the expression of N protein was adjusted to similar amounts as defined by Western blotting (lanes 1 to 3).
Identical lysate amounts were then used to detect V protein expression (lanes 4 to 6). (b) U-87 cells were infected with ED-tag (MOI of 0.5) or ED-V1 (MOI of 5)
for 16 h and labeled for 3 h and then were harvested immediately (lanes 1 and 4) or chased for 8, (lanes 2 and 5) or 16 h (lanes 3 and 6). A monoclonal MV N-specific
antibody or a V-specific serum was used for immunoprecipitation, and the corresponding signals were quantified by phosphorimaging. (c to e) Syncytium formation
in U-87 cells infected with ED-tag (c), ED-V2 (d), or ED-V1 (e) 24 h p.i. (f) Supernatants of U-87 cells infected with ED-tag, ED-V2, or ED-V1 for 24 or 48 h
were titrated in duplicate by standard plaque assays. Values shown are the means of three independent experiments.
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or ED-V2 (Fig. 2d and e) than in cells infected with ED-V1
(Fig. 2f). Moreover, the levels of N protein in ED-V2-infected
U-87 cells was significantly increased (Fig. 2e), indicating that
the absence or overexpression of V protein was associated with
an augmented or restricted accumulation of virus-specific pro-
teins, respectively. To assess MV protein synthesis, U-87 cells
were metabolically labeled 13 or 27 h after infection with an
MOI of 0.5 of ED-tag (Fig. 3, lanes 1 to 4) or ED-V2 (Fig. 3,
lanes 5 to 8), and virus-specific proteins were immunoprecipi-
tated from cell lysates with a polyclonal anti-MV hyperimmune
serum (Fig. 3, lanes 1, 2, 5, and 6) or a P-monospecific serum
(Fig. 3, lanes 3, 4, 7, and 8). The P-specific antiserum also
precipitated V protein in extracts from ED-tag-infected U-87
cells 32 h p.i. (Fig. 3, lane 4). As revealed by quantification, the
increase in MV N and P protein synthesis after 32 h of infec-
tion was up to 10-fold higher in cells infected with ED-V2
than in ED-tag-infected cells. The increase in H protein syn-
thesis was about fivefold higher in the ED-V2-infected than in
the ED-tag-infected cells. This suggested that the higher
steady-state levels of MV-specific proteins observed by immu-
nofluorescent staining (Fig. 2d to f) resulted from a higher rate
of virus-specific protein synthesis.

Accumulation of MV-specific transcripts in U-87 cells in-
fected with ED-tag, ED-V2, or ED-V1. U-87 cells were in-
fected with ED-tag, ED-V2, or ED-V1 (MOI of 0.1), and

FIG. 2. Quantitative analysis of MV N protein expression in U-87 cells infected (MOI of 0.1) with ED-tag (a and d), ED-V2 (b and e), or ED-V1 (c and f) for
18 (a to c) or 24 (d to f) h. In each panel, the mean fluorescence intensity (MFI) and the percentage of cells staining for N protein are indicated. As a negative control,
uninfected U-87 cells were stained with the MV N-specific antibody.

FIG. 3. MV-specific protein synthesis in U-87 cells infected at an MOI of 0.5
with ED-tag (lanes 1 to 4) or ED-V2 (lanes 5 to 8) for 18 h (lanes 1, 3, 5, and
7) or 32 h (lanes 2, 4, 6, and 8) (each including a 5-h labeling period) was
analyzed after precipitation of whole-cell lysates with MV hyperimmuneserum
(lanes 1 and 2 and 5 and 6) or a P-specific antiserum (lanes 3 and 4 and 7 and
8). MV N-, P-, and H-specific signals were quantified by phosphorimaging.
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total cellular RNA was harvested 18 and 24 h (Fig. 4a) later
and analyzed for the accumulation of MV-specific transcripts
by using N (top)- and H (bottom)-specific RNA probes. RNA
concentrations were controlled by using a GAPDH-specific
probe (not shown). As early as 18 h p.i., N-specific transcripts
accumulated to higher levels in cells infected with ED-V2 than
in cells infected with ED-tag and were barely detectable in
U-87 cells infected with ED-V1 (H-specific signals could not
be reliably quantified). Similarly, at 24 h p.i., the N-specific
mRNA accumulated at significantly lower levels in ED-V1-
infected cells and at higher levels in ED-V2-infected cells than
in cells infected with ED-tag. As evidenced by quantification,
H-specific signals were similar after infection with ED-tag or
ED-V2 after 24 h (Fig. 4a). Interestingly, the relative amount
of the H-specific transcript was higher in ED-V2 (N/H ratio of
7.3%) than in Ed-tag-infected cells (N/H ratio of 5.1%). H-
specific signals were barely detectable in U-87 cells infected
with ED-V1 and thus could not be reliably quantified. The
same applied to signals for genomic transcripts of negative
sense, which were always below our detection level. Signals
corresponding to the antigenomic RNA could be detected only
after 24 or 32 h after infection with ED-tag and ED-V2 and
were barely visible in ED-V1-infected U-87 cells (Fig. 4b).

To determine whether there would be an effect on the tran-
scriptional gradient, U-87 cells were infected with ED-tag
(MOI of 1), ED-V2 (MOI of 0.5), or ED-V1 (MOI of 5)
(different MOIs were used to account for the differences in the
overall accumulation levels of N-specific transcripts [Fig. 4a])
and the expression of the MV N-, M-, and H-specific mono-
cistronic transcripts was analyzed after 18 h (Fig. 4c). Signals
obtained were normalized to that of the corresponding loading
control (GAPDH). As evidenced by the ratio of the counts
obtained for the M- and H-specific signals to that of each
corresponding N-specific signal, the gradient of mRNA expres-
sion appeared less polar after ED-V2 infection compared to
ED-tag infection, which again was less polar than that found
after ED-V1 infection (Fig. 4c). The effect was most pro-
nounced for the accumulation of H-specific transcripts, where
the expression levels were about 50% higher in ED-V2 (N/H
ratio of 8.1%) and about 50% lower in ED-V1-infected U-87
cells (N/H ratio of 2.8%) than in cells infected with ED-tag
(N/H ratio of 5.4%). These findings suggest that in the pres-
ence of high levels of V protein, not only is there an overall
reduction of viral RNA synthesis but the slope of the gradient
of MV-specific mRNAs is steeper than that for the parental

FIG. 4. (a) Northern blot analysis of total RNAs isolated from U-87 cells
infected at an MOI of 0.1 with ED-tag, ED-V2, or ED-V1 for 18 or 24 h using
MV N- and H-specific 32P-labeled riboprobes. Values obtained after quantifica-
tion of the signals by phosphorimaging are indicated (in thousands). ni, not
infected; nd, not detectable. (b) Total RNA from U-87 cells infected with ED-
tag, ED-V2, or ED-V1 (MOI of 0.1) for 24 or 32 h was analyzed for expression
of the MV antigenomic transcript by using a 32P-labeled N-specific riboprobe.
Values obtained after phosphorimaging are indicated (in thousands). (c) U-87
cells were infected with ED-tag (MOI of 1), ED-V2 (MOI of 0.5), or ED-V1
(MOI of 5), and total RNA was harvested after 18 h and analyzed for the
accumulation of MV N-, M-, and H-specific mRNA as well as cellular GAPDH
by using 32P-labeled riboprobes. Values for the signals are indicated (in thou-
sands) after normalization for equal amounts of GAPDH (factors were 1.0 for
ED-tag-, 0.48 for ED-V1-, and 0.89 for ED-V2-infected cells). For the individ-
ual infections, the N mRNA expression was set at 100%, and the values obtained
for the corresponding M- or H-specific signals are indicated as percentages
relative to N expression. The values were determined on the basis of counts and
do not reflect copy numbers of the individual transcripts.
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ED-tag, whereas opposite effects were observed in the absence
of V.

Recombinant MVs with altered V protein expression are
attenuated in vivo. Due to an intracellular block in MV repli-
cation, mice and rats (either transgenic for CD46 or their
nontransgenic littermates [13, 21]) are not susceptible to ex-
perimental peripheral MV infection. We have recently adopt-
ed an experimental model in cotton rats (Sigmodon hispidus) in

which MV grows to peak titers in lung tissue on days 4 and 5
after i.n. infection (20). Cotton rats were i.n. inoculated with
105 PFU of ED-tag, ED-V2, or ED-V1, and lung tissues were
obtained for virus titration after 4 and 5 days. On day 4 p.i.,
lower titers of infectious virus were isolated from animals in-
fected with either editing mutant than from those infected with
the parental strain. On day 5 p.i., attempts to rescue infectious
virus from animals infected with ED-V1 failed, and the yields
of ED-V2 were still lower than those obtained from animals
infected with ED-tag (Fig. 5). Thus, as in tissue culture (Fig.
1e), both the absence and the overexpression of V protein are
associated with a reduction of titers of infectious virus in vivo.

V protein forms complexes with N protein. To study the
interactions of MV ribonucleoprotein components and V, the
subcellular distribution of N and V proteins was analyzed after
transient transfection of pSC-N and pSC-V (in which the ex-
pression of N and V proteins was driven by a cytomegalovirus
promoter) in Cos-7 cells. When expressed alone, N protein was
found in large aggregates, mainly in the nucleus and to a lesser
extent in the cytoplasm (Fig. 6a), whereas V protein was ho-
mogeneously distributed within the cell (Fig. 6b). Upon coex-
pression with V, N protein aggregates were significantly dimin-
ished and the protein localized mainly to the cytoplasm, while
cells singly expressing N protein (but not V) maintained the
nucleocapsidlike structures (Fig. 6c and d). Thus, redistribu-
tion of N protein upon coexpression with V in Cos-7 cells
indicated physical interaction between these proteins. To con-

FIG. 5. Titers of infectious virus (50% tissue culture infectious dose [TCID50])
per gram of lung tissue of cotton rats 4 and 5 days after i.n. infection with ED-tag,
ED-V2, or ED-V1. Titers shown are means for each six animals and were
determined by a standard plaque technique.

FIG. 6. Cos-7 cells were transfected with pSC-N (a), pSC-V (b), or pSC-N and pSC-V (c and d) and stained with monoclonal anti-N (a and c) or polyclonal anti-V
(b and d) serum. In panels c and d the same field of a culture doubly transfected with pSC-N and pSC-V is shown in which V protein was detected by a fluorescein
isothiocyanate-coupled secondary antibody and therefore, for N protein detection, a secondary antibody giving a red stain (coupled to phycoerythrin) had to be applied.
Note that after double transfection, in cells not expressing V (panels c and d, upper right corners), N protein retained its punctate distribution.
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firm this, we fused the coding sequences of MV N, P and V
proteins in-frame either carboxy terminally to the DNA-bind-
ing domain of Gal4 (to yield pGalN and pGalV) or amino
terminally to the transactivating domain of VP16 (to yield
pNVP16 and pPVP16) as schematically shown in Fig. 7a. The
expression of the fusion proteins was controlled by immuno-
fluorescent staining after transient transfection (not shown).
U-87 cells were transfected with the fusion constructs along
with the pG5BCAT reporter plasmid, where reporter gene
activation could occur only upon reconstitution of the Gal4-
VP16 hybrid transactivator. Transfection of either fusion con-
struct alone (with or without the heterologous parental fusion
vector, i.e., pGal4 or pAASVVP16) did not induce reporter
gene activation, and neither did cotransfection of pGal4 and
pAASVVP16 (not shown). As expected, high levels of reporter
gene activation were observed after cotransfection of pGalN
and pPVP16 (Fig. 7b). Cotransfection of pGalV with MV N
fusion constructs confirmed the formation of N-V complexes
(Fig. 7b). Only very weak interactions between P and V were
reproducibly observed in this system (not shown). To test
whether N-V complexes would also be formed in the presence
of P protein, triple transfections were performed with two
interacting partners expressed as fusion proteins (GalN,
PVP16, or GalV) and the third protein expressed from a cy-
tomegalovirus promoter (either pSC-V or pSC-P). As a con-
trol, an empty vector plasmid (pCMV) was used. While co-
transfection of pCMV interfered with the formation of both
N-P and N-V complexes only to a minor extent, N-P complexes
were strongly sensitive to coexpression of V (from pSC-V) as
were N-V complexes to coexpression of P protein (from
pSC-P) (Fig. 7b). To gain insight into the relative affinities of
V and P for N, the amount of competitor plasmid added to the
N-P or N-V complex was titrated (Fig. 7c). The N-V complex

(Fig. 7c) was equally sensitive to competition by V and P,
whereas slightly higher amounts of pSC-V than pSC-P were
required to interfere with N-P complex formation (Fig. 7c,
upper).

DISCUSSION

The role of nonstructural proteins in the replication of vi-
ruses of the family Mononegavirales is still unknown. The fact
that most of the paramyxoviruses edit their second reading
frame suggests that these proteins are essential for viral repli-
cation in vivo. For MV, this assumption is further supported by
the findings that the V reading frame reveals a high degree of
sequence conservation (1), and is retained even in persistent
infections (10). It is, however, also apparent that V protein
function is dispensable for viral replication in cell culture, since
MV editing mutants, regardless of whether they overexpress or
lack V protein, have been successfully rescued from cloned
cDNA and can be propagated normally (25). To further ana-
lyze the role of V protein, we compared the replication of a
standard MV (ED) (rescued from cloned cDNA) and two
editing variants. In ED-V1, a CCC stretch was inserted into
the editing region (into the template strand) thus adding 1 aa
to both the P and V proteins. To obey the rule of six, three
nucleotides were deleted in the H to L intergenic region. The
recombinant virus has been found to overexpress V protein
(25) (Fig. 1a). As indicated by pulse-chase experiments, the
high accumulation levels of V protein after ED-V1 infection
were likely to result from an enhanced rate of V protein syn-
thesis rather than an abnormal stability of this protein as pre-
viously suggested (25) (Fig. 1b). V protein expression in
ED-V2 has been abolished by the replacement of a uridine
with a cytidine in the editing sequence (again in the template

FIG. 7. (a) Schematic outline of the coding sequence of MV N, P, or V fused to the DNA-binding domain of Gal4 or the transactivating domain of VP16. (b)
Plasmid constructs were transfected in triplicate assays either in doublets (GalN-PVP16 or GalV-NVP16) or together with 5 mg of nonspecific (pCMV) or specific
(pSC-V or pSC-P) competitor plasmids into U-87 cells along with the indicator plasmid. (c) Titrations were performed after cotransfection of GalP-NVP16 or
GalV-NVP16 with pSC-P or pSC-V (at the concentrations indicated) along with the reporter plasmid. For the results shown in panels b and c, lysates were harvested
after 48 h and chloramphenicol acetyltransferase (CAT) activities were determined. Values are the means for two independent experiments.
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strand). As also noted for SeV (9, 15), abrogation of the edit-
ing process did not result in markedly enhanced accumulation
levels of P protein (reference 25 and our own observations).

We now show that MV gene expression is affected in cell
culture by the presence of V protein, as an editing mutant
deficient for V expression accumulated viral mRNAs and pro-
teins more rapidly than the parental strain while transcription
of an MV overexpressing V was significantly attenuated in
U-87 cells (Fig. 4a and c). In general, the effect of V overex-
pression (ED-V1) was found to be more pronounced than
that observed in the absence of V. Since as a nonstructural
protein V is synthesized only after primary transcription, and
its expression peaks at 16 h p.i. (30), it is likely that secondary
rather than primary MV RNA synthesis was affected. The
effects of overexpression or lack of V protein on the replication
of antigenomic RNA were similar to those on overall transcrip-
tion. These data do not allow us to determine whether V-
mediated control primarily affects genome replication (as re-
vealed by the accumulation of the antigenomic RNA), which
would lower the amount of template for transcription, or af-
fects only transcription of monocistronic mRNAs, which, in
turn, would lower the rate of genome replication. As, however,
the accumulation of monocistronic mRNAs along the genome
was apparently sensitive to the absence or overexpression of V,
it is likely that transcription is directly affected (Fig. 4c). Ob-
servations made with SeV V2 variants (15) suggest that the
major effect of V would be on transcription, whereas in in vitro
studies using mixed cell extracts trans-supplementation with V
showed impaired replication but not transcription of SeV de-
fective interfering particle genomes (7, 12). As predicted by the
latter studies, the presence of the P protein N-terminal domain
within V should enable its interaction with L in a manner
similar to that of P protein (7), yet such an interaction has not
been experimentally verified. On the other hand, SeV V pro-
tein has been shown to interact with N protein, however, not
with N assembled into nucleocapsids, confirming that V does
not interact with nucleocapsid structures (12).

When expressed alone, a large proportion of the MV N
proteins localized to the nuclear compartment, predominantly
as large aggregates (14), although we also observed some
smaller aggregates in the cytoplasm (Fig. 6). Coexpression of V
clearly was associated with a redistribution of N, indicating that
the proteins interacted. This interpretation was further sup-
ported by our findings with a two-hybrid approach in U-87 cells
which revealed that N-V complexes are formed and V protein
even competed for N-P complexes (Fig. 7b and c). A domain
located within aa 204 and 321 of P was found to be essential for
retention of N in the cytoplasm (14), and this domain only
partially overlaps with the V reading frame. Thus, the N-pro-
tein-interacting domain of V would have to localize between aa
204 and 231 or an additional domain located far more up-
stream at the amino terminus would have to be involved. In
fact, studies with several paramyxoviruses and rhabdoviruses
have confirmed that there are two binding sites on P for N, one
at the amino terminus and the other at the carboxy terminus
(2, 6, 24, 27). In transient-transfection assays, MV P proteins in
which aa 2 to 204 were deleted were shown to be less efficient
in retaining N protein in the cytoplasm than P proteins of full
length (14), and more recently, a two-hybrid approach revealed
that amino-terminal deletions of the P protein led to a dra-
matic loss of N protein interaction (11). These results together
with our findings strongly suggest that for MV an amino-ter-
minal domain of P as well as V protein can bind to N protein.
As R protein also contains the amino-terminal domain of P
and V, its interaction with N protein could be predicted. As

this protein, however, is expressed only at very low levels (17)
this interaction may not be of functional importance.

In contrast to these findings, MV V protein did not interact
with N protein when expressed as glutathione S-transferase
fusion protein or in a yeast two-hybrid system (18). The most
likely explanation for this discrepancy is that different cell
systems were used in these studies. Although not directly as-
sayed, the effect of V on MV replication may also be depen-
dent on the cell type. Whereas V-dependent differences in the
accumulation levels of MV proteins and virus production were
quite obvious in U-87 (Fig. 1f and 2), BJAB, and U-937 cells
(not shown), these differences were less apparent in Vero cells
where no differences in titers of infectious virus released were
observed (25). Interestingly, a cell-type dependency for the V2
phenotype of SeV was noted which has been tentatively as-
cribed to the interaction of V with cellular proteins that would
modify its activity (15). In this respect, it is interesting to note
that so far unidentified host cell proteins have been shown to
interact with MV V protein (18).

Our data clearly show that replication of MV editing mu-
tants was not only attenuated in cell culture but also after i.n.
infection in cotton rats as indicated by the lower titers recov-
ered from lung tissue (Fig. 5). Similar observations were re-
cently made using an SeV in which V protein expression was
completely abrogated by a mutation of the editing site, similar
to our ED-V2 variant (15). Both with single-cycle replication
conditions and multiple rounds of replication, the SeV V2 was
found to grow slightly faster than the parental nondefective
virus, and an altered plaque morphology and increased cyto-
pathogenicity were also noted. Similar to that observed for
ED-V2, an augmented viral protein synthesis, which was due
to increased transcription of viral mRNAs, was observed after
infection with SeV V2. Moreover, reinforced expression of a
foreign gene introduced into an SeV V2 has also been de-
scribed (31). When inoculated into mice, the V2 variant was
much less pathogenic than the parental strain and did not
spread in the epithelium, and viral titers obtained from the
lungs were significantly reduced. Using another mutant encod-
ing only the amino-terminal half and not the V-specific car-
boxy-terminal half of V (VDC), the pathogenicity determinant
of V protein was mapped to its carboxy terminus (16). It is,
however, important to note that this particular mutant VDC is
largely homologous to a natural editing product of SeV, the W
protein, and a corresponding protein is not present in MV
(29). Thus, the presence or overexpression of the amino-ter-
minal half of P might well have different effects on the patho-
genicity of SeV and MV.

Both SeV and MV lacking V proteins are attenuated in vivo
(Fig. 5) (15). As is evident from observations made in cell
culture, an augmented synthesis of viral mRNAs and/or pro-
teins might not be tolerated well by infected cells, as indicated
by their enhanced cytopathogenicity. In vivo, this may favor
rapid destruction of the host cell prior to efficient viral assem-
bly and release. The attenuated phenotype of ED-V1 is most
probably due to the strongly reduced levels of viral transcripts
and proteins (Fig. 2 and 4), which may prevent efficient spread
in vivo. Whether this attenuated intracellular gene expression
might predispose the viruses overexpressing V to establish
persistent infections remains to be investigated. It is, however,
still possible that the nucleotide phase shift between the insert
at the editing site and the deletion in the 39-nontranslated H
region may have an additional effect on the phenotype of the
ED-V1.

Attenuation of MV transcription is a key feature of the
primary interaction between MV and neural cells in vitro and
of viral persistence in the central nervous system after both
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natural and experimental infection (for a review, see reference
26). So far, although V protein expression has been document-
ed in cell cultures persistently infected with MV (3a, 10), its
expression levels relative to other viral proteins have not been
particularly addressed. Altered P mRNA editing has been de-
scribed for a hamster neurotropic strain (HNT) of MV; how-
ever, a predominance of nonedited P transcripts has been
found in both lytic and persistent infection (28). It will thus be
interesting to investigate the pathogenic potential of MV ed-
iting mutants in experimental brain infections in rodents.
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