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Division F010, Applied Tumour Virology Program, and Institut National de la Santé et de la Recherche
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Late in infection, parvovirus minute virus of mice (MVMp) induces the lysis of mouse A9 fibroblasts. This
effect depends on the large nonstructural phosphoprotein NS1, which plays in addition a major role in viral
DNA replication and progeny particle production. Since the NS1 C-terminal region is subjected to late
phosphorylation events and protein kinase C (PKC) family members regulate NS1 replicative activities, the
present study was conducted to determine the impact of PKCs on NS1 cytotoxic functions. To this end, we
performed site-directed mutagenesis, substituting alanine residues for two consensus PKC-phosphorylation
sites located within the NS1 C-terminal region, T585 and S588. Although these substitutions had no detectable
effect on virus multiplication in a single-round infection, the NS1-585A mutant virus was significantly less toxic
to A9 cells than wild-type MVMp, whereas the NS1-588A mutant virus was endowed with a higher killing
potential. These alterations correlated with specific changes in the late phosphorylation pattern of the mutant
NS1 proteins compared to the wild-type polypeptide. Since the mutations introduced in this region of the viral
genome also made changes in the minor nonstructural protein NS2, a contribution of this polypeptide to the
above-mentioned phenotypes of mutant viruses cannot be excluded at present. However, the involvement of
NS1 in these phenotypes was directly supported by the respective reduced and enhanced capacity of NS1-585A
and NS1-588A recombinant proteins for inducing morphological alterations and cell detachment in transfected
A9 cultures. Altogether, these data suggest that late-occurring phosphorylation of NS1 specifically regulates
the cytotoxic functions of the viral product and that residues T585 and S588 contribute to this control in an
antagonistic way.

The autonomous parvovirus minute virus of mice (MVMp)
is a small icosahedral particle with a linear single-stranded
DNA (ssDNA) of 5.1 kb as a genome. MVMp replication
depends on host cell factors specifically present in S phase,
resulting in a restriction of its propagation in proliferating
tissues. This feature is likely to contribute to the oncotropism
displayed by this virus, although additional factors appear to be
required (51). The viral DNA comprises two overlapping tran-
scription units. The right-hand unit encodes two capsid pro-
teins, VP1 and VP2, which are expressed under the control of
the P38 promoter, while the left-hand unit, driven by the P4
promoter, produces the two nonstructural proteins NS1 and
NS2. The large nonstructural protein NS1 is endowed with
multiple functions necessary for progeny virus production,
while the small nonstructural proteins NS2, expressed in three
distinct isoforms according to their unique C termini, are dis-
pensable for MVMp propagation in nonmurine cell types (15,
35).

The functions and regulation of the NS1 protein have been
investigated in great detail. This protein combines multiple
enzymatic and nonenzymatic functions, such as ATP binding
and hydrolysis (6, 56), homo-oligomerization (43, 46), site-
specific binding to a cognate DNA recognition motif (10),
DNA unwinding (40, 56), site-specific endonuclease activity

(40), promoter trans regulation (27), and specific interactions
with a number of cellular proteins (7, 17, 23, 25, 57). As a result
of these properties, NS1 is involved in a variety of processes
during virus propagation, ranging from viral DNA replication
(12, 13, 30, 39, 52) and regulation of the expression of homo-
and heterologous genes (28, 49, 53) to the induction of cyto-
pathic effects (1, 5, 8, 34, 44, 54). The multifunctional character
of NS1 led to the suggestion that posttranslational modifica-
tions such as phosphorylation might coordinate the different
activities of this protein (9). In keeping with this view, it was
shown that phosphorylation plays an essential role in the reg-
ulation of distinct properties of NS1 (18, 37, 38, 42), enabling
the polypeptide to initiate viral DNA amplification (26, 41, 42).
Using NS1 proteins modified by site-directed mutagenesis in
various in vitro and in vivo assays, it was possible to assign at
least part of this regulation to two members of the protein
kinase C (PKC) family, namely, PKC� and PKC� (8, 18, 26, 37,
42).

The functions and properties of the small NS2 proteins are
more elusive to date. Roles have been ascribed to NS2 in viral
DNA amplification, viral RNA translation, capsid formation,
and packaging of virion ssDNA (11, 36). Although no intrinsic
enzymatic function has been attributed to these polypeptides
thus far, NS2 products were shown to physically interact with
specific cellular partner proteins. Like NS1, NS2 is subjected to
phosphorylation-mediated regulation. In particular, the distri-
bution of NS2 proteins within the cell is regulated according to
their phosphorylation state (14), and the interaction of these
polypeptides with members of the 14-3-3 family of cellular
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proteins is dependent on distinct phosphorylation events. Most
importantly, NS2 was linked to the control of nucleo/cytoplas-
mic trafficking through its interaction with the nuclear export
factor CRM1 (2), which appeared to regulate the egress of
progeny virus particles from the nucleus into the cytoplasm
(20, 33). Although tolerated on their own by the host cell, NS2
proteins have been shown to modulate cytotoxic functions of
NS1 in human cells (3). It is still unclear whether the increase
in NS1 toxicity observed in the presence of NS2 results from a
synergistic action of both viral proteins or from a cross-mod-
ulation of their functioning.

The NS1 phosphorylation pattern is complex (38) and shows
striking differences between the productive phase (character-
ized by viral DNA replication and progeny particle formation)
and the late phase (when NS1-dependent cytopathic effects
become apparent) of a synchronized infection (9). These
changes argue for a role played by phosphorylation in the
regulation of NS1 late cytotoxic functions. This possibility was
investigated in the present study by localizing major late phos-
phorylation events toward the C terminus of NS1 and substi-
tuting an alanine residue for either of two consensus PKC
phosphorylation sites (T585 and S588) within this region.
These substitutions proved to result in the sought-after alter-
ation of the NS1 late phosphorylation pattern compared to the
wild-type polypeptide. These mutations were then tested in the
context of infectious MVMp clones for their effects on progeny
virus production and virus-induced toxicity in mouse A9 fibro-
blasts. Since the mutations introduced to generate NS1-585A
and -588A also affected NS2 (D93G and K96S, respectively),
the mutant forms of NS1 were further tested in the absence of
any other viral product in the form of recombinant proteins
expressed in transfected A9 cells. Altogether, our results indi-
cate that the above-mentioned mutations had no detectable
effect on the replicative functions of NS1, while either reducing
(NS1-585A) or increasing (NS1-588A) the cytotoxic activity of
the viral product. These data demonstrate that NS1 cytotoxic
and replicative functions can be dissociated through the tar-
geting of residues regulating the late phosphorylation of the
viral polypeptide.

MATERIALS AND METHODS

Viruses and cells. Mouse A9 fibroblasts were grown in minimal essential
medium (MEM) supplemented with 5% heat-inactivated fetal calf serum (FCS)
and appropriate antibiotics. 293T cells were maintained in Dulbecco modified
Eagle medium containing 10% FCS. Titers of virus stocks were determined by
DNA hybridization assays on monolayer cultures of A9 cells (24). Multiplicities
of infection (MOIs) are expressed as replicative center-forming units (CFU) per
cell. To achieve similar MOIs with wild-type and mutant virions, virus stocks
were normalized for their content in ssDNA as determined by Southern blotting.
To avoid selection of revertants, only primary virus stocks were used in our
experiments without further amplification.

Synchronization was achieved by serum deprivation as previously described
(9). Briefly, cells grown in monolayer cultures were incubated for 3 days in MEM
containing 0.3% serum. Starved cells comprising more than 90% of G0/G1

arrested cells, as measured by fluorescence-activated cell sorting analysis, were
infected with MVMp wild type or mutant (10 CFU/cell) and incubated for 15 h
before release into S phase by the addition of 20% serum. Primary stocks of
wild-type and mutant MVMp were produced in 293T by calcium phosphate
transfection with pdBMVp-derived molecular clones (20). Cells were harvested
3 days posttransfection, and the viruses were collected by repeated cycles of
freezing and thawing in vTE (50 mM Tris-HCl [pH 8.3], 0.5 mM EDTA).

Construction of mutant MVMp variants. Site-directed mutagenesis of MVMp
DNA at PKC consensus phosphorylation sites was performed by chimeric PCR

as described previously (39), with pdBMVp as a template and the N- and
C-terminal primers 5�-CGGCAGAATTCAAACTAAAAAAGAAGTTTCTAT
TAAAACTACACTTAAAGAGCT-3� and 5�-CGGTTCCGCACCGAAGCAC
GC-3�, together with two overlapping internal primers harboring the mutation.
These mutated primers were, for pMVMp585A/93G (replacing threonine 585
with alanine in NS1 and aspartic acid 93 with glycine in NS2), 5�-AGGCGTAC
TTTTCGGTGCCGTGAATGGTGAGCG-3� and 5�-CGCTCACCATTCACG
GCACCGAAAAGTACGCCT-3�, and, for pMVMp588A/96S (replacing serine
588 with alanine in NS1 and lysine 96 with serine in NS2), 5�-TGGCTGAGAG
GCGTAGCTTTCGGTGTCGTGAATGGT-3� and 5�-ACCATTCACGACAC
CGAAAGCTACGCCTCTCAGCCA-3�. The BstEII- and XhoI-cleaved mutant
PCR fragments replaced the corresponding restriction fragment (nucleotides [nt]
1885 to 2070) in the infectious MVMp molecular clone pdBMVp. The same
fragment substitution was used to introduce either mutation into the NS se-
quence of the expression plasmid pP4-NS1X-P4-EGFP (8). The nature of all
PCR products was confirmed by sequencing (Microsynth GmbH).

NS1 metabolic 32P-labeling and phosphopeptide analyses. Metabolic labeling,
tryptic phosphopeptide analyses, and cyanogen bromide (CNBr) cleavage were
performed as previously described (9) with minor modifications. Mouse A9 cells
were synchronized in G0/G1, infected with wild-type or mutant MVMp (10
CFU/cell), and released into the S phase 15 h postinfection (p.i.). At the indi-
cated times postrelease, cells were washed three times with phosphate-free
MEM (ICN) and labeled with 32P-labeled orthophosphate (ICN; 10�10 Ci/cell)
for 4 h at 37°C. Labeled cells were then washed in 20 mM HEPES (pH 7.5)–150
mM NaCl, harvested directly in radioimmunoprecipitation assay buffer (20 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 0.1% sodium dodecyl sulfate
[SDS], 1% sodium deoxycholate, 1% Triton X-100) containing a cocktail of
protease and phosphatase inhibitors, and proteins were extracted for 30 min on
ice. NS1 was specifically immunoprecipitated by using the �SP8 antiserum (4)
and further purified by SDS–10% polyacrylamide gel electrophoresis (PAGE),
followed by protein transfer onto a nitrocellulose membrane (Schleicher &
Schuell, Dassel, Germany). For one-dimensional analyses, the membrane-bound
32P-labeled NS1 protein was excised and incubated with 75 mg of CNBr/ml in
70% formic acid for 2 h at room temperature, and the cleavage products were
separated after extensive lyophilization by tripartite SDS-PAGE with 16.5%
T–6% C as a separation gel. For two-dimensional analyses, membrane-bound
32P-labeled NS1 was digested with 50 U of trypsin for 18 h at 37°C, loaded on
thin-layer cellulose plates, and fractionated first by electrophoresis (using pH 1.9
buffer) and then by chromatography (in phosphochromatography buffer).

Western blotting and enhanced-chemiluminescence detection. Proteins were
extracted in radioimmunoprecipitation assay buffer as described for metaboli-
cally labeled polypeptides, except that the washing step was performed in phos-
phate-buffered saline. Protein extracts (50 �g) were fractionated by bipartite
SDS-PAGE (i.e., on 8 to 12% gels) and blotted on nitrocellulose membranes.
Individual proteins were identified by using rabbit antiserum �SP8 for NS1
(1:2,000) and rabbit �SP6 (2) for NS2 (1:500). Protein-antibody complexes were
detected with a 1:10,000 dilution of horseradish peroxidase-conjugated anti-
rabbit immunoglobulin G (IgG; Promega) and revealed by enhanced chemilu-
minescence according to the manufacturer’s instructions (Amersham Pharmacia
Biotech).

DNA extraction and Southern blotting. For analyses of the viral DNA inter-
mediates produced after infection, cell extracts were prepared in a mixture (1:1)
of vTE buffer and 2� Hirt buffer (20 mM Tris [pH 7.4], 20 mM EDTA, 1.2%
SDS) and then digested with proteinase K (400 �g/ml) for 18 h at 46°C. After
cellular genomic DNA was sheared by several passages through 0.5- and 0.4-�m
needles, DNA samples (2 �g) were fractionated through 0.8% agarose gel
electrophoresis. After DNA denaturation and transfer onto Hybond-N nylon
membranes (Amersham Pharmacia Biotech), the viral intermediates were iden-
tified by hybridization with a 32P-labeled DNA probe corresponding to the
EcoRV (nt 385)-EcoRI (nt 1084) fragment of MVMp NS gene. For analysis of
the ssDNA content of viral stocks, samples corresponding to 107 CFU of infec-
tious particles/ml were diluted in a 1:1 mixture of vTE and 2� Hirt buffer to a
final volume of 50 �l, digested with proteinase K, subjected to phenol-chloro-
form extraction, and analyzed as mentioned above after DpnI digestion of any
contaminating bacterially expressed infectious DNA clone plasmid.

Cytotoxicity assays. (i) LDH-release assay. The lytic activity of MVM viruses
was determined from the release of lactate dehydrogenase (LDH; a cytoplasmic
cellular enzyme) from infected cells. LDH activity was measured by using a
colorimetric assay (CytoTox 96; Promega Biotech, Madison, Wis.) according to
the manufacturer’s instructions. A9 cultures in 96-well plates (4 � 103 cells per
well in 50 �l of culture medium) were infected by addition of 50 �l of medium
containing wild-type or mutant MVMp (10 CFU/cell) for 1 h. After removal of
the supernatant, cells were further kept in 100 �l of fresh MEM containing 5%
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serum. At 3 days p.i., LDH activity was measured in 50 �l of culture medium by
using an enzyme-linked immunosorbent assay (ELISA) reader at 492 nm. After
subtraction of the background value given by nonconditioned medium, the frac-
tion of lyzed cells in individual infected or noninfected cultures was calculated
from the ratio of the LDH activity in the conditioned medium to the total LDH
activity of the corresponding culture. The total LDH activity was determined in
triplicate cultures after cell lysis by the addition of 10� buffer containing 9%
(vol/vol) Triton X-100.

(ii) MTT activity assay. For the determination of cell viability, the metabolic
activity of mitochondrial dehydrogenases was measured through the ability of
these enzymes to produce a formazan dye through reduction of 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT). The same cultures
were used to determine LDH release and MTT activity. After removal of 50 �l
of medium for LDH activity determination (see above), 10 �l of 5 mg of MTT
(Sigma)/ml dissolved in PBS was added to the cultures, and incubation was
continued for 4 h at 37°C in a CO2 incubator. After centrifugation of the plate,
the supernatant (60 �l) was removed, and the cells were dried for 30 min at 37°C
before they were lysed by the addition of 100 �l of isopropanol. The absorbance
of the formazan dye was measured at 595 nm by using an ELISA plate reader.

The viability of infected cells was expressed as the ratio of the corresponding
absorbance to that of noninfected cells taken arbitrarily as 100%.

(iii) Plaque formation assay. A9 cells grown in monolayer cultures were
infected with serial dilutions of wild-type or mutant MVMp stocks for 2 h,
followed by replacement of the inoculum with a Bacto-Agar overlay (1.8% in
MEM containing 5% FCS). At day 6 p.i., living cells were stained for 18 h by
addition of neutral-red (0.2 mg/ml)-containing Bacto Agar, and the sizes and
numbers of plaques were determined.

(iv) Determination of NS1-induced morphological alterations in transfected
A9 cells. A9 cultures grown on spot slides (4 � 103 cells/spot) were transfected
with 50 ng (5 �l) of pP4-NS1x-P4-GFP (8) by using 1 �l of Lipofectamine in the
presence of 50 �l of OPTI-MEM (Gibco-BRL). At 5 h posttransfection, the
medium was changed to MEM containing 5% FCS, and living cells expressing
green fluorescent protein (GFP) were monitored for their morphological
changes at 24-h intervals.

Immunostaining of NS1-expressing cells. For the detection of NS1-expressing
cells, A9 cultures grown on spot slides were fixed in paraformaldehyde at the
indicated times p.i. NS1 present in infected cells was detected by using a 1:50
dilution of the mouse monoclonal antibody 3D9 (2) and visualized with a 1:800
dilution of Cy3-conjugated anti-mouse immunoglobulin G. Stained cells were
covered with Elvanol and examined by using a Leica microscope (original mag-
nification of �20).

RESULTS

Late phosphorylation of the carboxy-terminal region of
NS1. Previous investigations have shown that the phosphory-
lation pattern of NS1 changes in the course of a synchronized
infection of A9 cells with MVMp (9). During the productive
phase of infection, the majority of phosphorylation events,
including the PKC�-driven modification of residues T435 and
S473 which is necessary for viral DNA amplification, mapped
to a 18.5-kDa CNBr-fragment located within the internal he-
licase domain of the polypeptide (8, 9, 18). In order to inves-
tigate a possible role of NS1 phosphorylation in the regulation
of the subsequent cytotoxic phase of infection, we first identi-
fied the regions of NS1 that are subjected to late phosphorly-
tion events. A9 cells were arrested in G0/G1 phase of the cell
cycle by serum starvation, infected with MVMp (10 CFU/cell),
and released into S phase by the addition of 20% FCS. Syn-
chronization was assessed by fluorescence-activated cell sort-
ing analysis, revealing that ca. 60% of the infected cell popu-
lation entered S phase at 16 h postrelease (data not shown)
and remained in S phase during the whole interval studied, as
expected from the cytostatic effect of MVM infection (9, 44).
To determine the late phosphorylation pattern of NS1, meta-
bolic 32P labeling of an MVM-infected cell population was
performed at 48 h postrelease for an additional 4 h. For the

sake of comparison, cells were similarly labeled at 20 h post-
release, which was taken as a representative time of the repli-
cative phase of infection. Labeled cells were harvested directly
into lysis buffer, and NS1 proteins were isolated by immuno-
precipitation and subsequently purified by SDS-PAGE.

To identify the NS1 regions that are targets for phosphory-
lation during the respective time intervals, the purified meta-
bolically 32P-labeled NS1 polypeptides were cleaved with
CNBr at methionine residues, and the resulting peptides were
fractionated by one-dimensional gel electrophoresis. Figure 1
illustrates the CNBr-cleavage pattern (Fig. 1B) and corre-
sponding phosphorylation profile (Fig. 1A) of NS1 at the in-
dicated time points in the course of infection. Although the
18.5-kDa NS1 fragment was the major target for phosphory-
lation during the replicative phase (20 h postrelease), as pre-
viously reported (9), a number of additional NS1 fragments
became phospholabeled at later stages (Fig. 1A). Besides
smaller polypeptides (	6.5 kDa), two fragments of 8.2 and
13.5 kDa were more particularly phosphorylated late in infec-
tion. These fragments had the sizes expected for the N and C
termini of NS1, respectively (Fig. 1B). The C-terminal frag-
ment was of special interest, given that a promoter-transregu-
lating and cytopathic domain of NS1 had previously been
mapped to this region (28), in keeping with a possible contri-
bution of cellular gene expression disregulation to NS1 toxicity
(1, 53, 54). Altogether, these data led us to focus the present
study on the phosphorylation of the C-terminal domain of the
viral polypeptide. It was further noticed that the C-terminal
CNBr fragment of NS1 harbors two residues, T585 and S588,
that are part of motifs showing 
99% and 
70% homology
with consensus PKC phosphorylation sites, respectively, as re-
vealed by computer analysis (Fig. 1B). The fact that NS1 func-
tioning is tightly controlled by the PKC family of cellular pro-
tein kinases, at least regarding replicative activities (18, 26, 38,
41, 42), prompted us to use site-directed mutagenesis to alter
these residues and determine the impact of these mutations on
NS1 phosphorylation and cytotoxicity.

Generation of infectious MVMp viruses encoding mutant
NS proteins. The infectious MVMp DNA clone pdBVMp (24)
was altered by site-directed mutagenesis in order to substitute
the nonpolar amino acid alanine for either of the above-men-
tioned NS1 residues, T585 or S588. As indicated in Fig. 2, the
nucleotide sequence that codes for the NS1 region comprising
these sites is also read in another frame to produce the NS2
proteins through alternative splicing. As a consequence, the
mutations leading to the T585A and S588A substitutions in
NS1 also resulted in the D93G and K96S changes in NS2,
respectively.

To determine whether the mutant MVMp DNA clones were
still infectious, permissive human 293T cells were transfected
with the same amount of wild-type (pdBVMp) or mutant
(pMVMp585A/93G or pMVMp588A/96S) plasmids. Crude
cell extracts were prepared 3 days posttransfection, and their
virus titers were determined by replicative center assay, with
monolayer cultures of A9 fibroblasts as indicators. Neither
mutation was found to impair virus multiplication under these
conditions, as was apparent from the similar (585A/93G) or
even higher (588A/96S) yields of mutant compared to wild-
type viruses (Fig. 3A). Besides these replicative titers, the
amounts of single-stranded virion DNA in the various stocks
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were quantified by Southern blotting. The full virion contents
of the stocks paralleled their CFU titers (Fig. 3B), indicating
that the mutant and wild-type viruses had similar particle/
infectivity ratios.

In order to compare the infectivities of the mutant and
wild-type viruses in a more quantitative way, single-round in-
fections were carried out. A9 mouse fibroblasts were used as
host cells in order to allow the assessment of the effects of the
amino acid substitution introduced not only in NS1 but also in
NS2. Indeed, the NS2 proteins were previously shown to be
required for MVMp replication in mouse cells while being
dispensable in cells from other species (11, 35). Using the
primary virus stocks described above, A9 fibroblasts were in-
fected with 5 CFU of MVMp585A/93G, MVMp588A/96S, or
wild-type MVMp per cell, respectively. Starting from 6 h p.i.,
treated cultures were incubated in the presence of 0.1 U of
neuraminidase/ml in order to prevent new rounds of infection
(16). At the indicated times p.i., adherent cells were harvested
and processed for the analysis of viral DNA replication inter-

mediates, proteins, and progeny particles by Southern blotting
(Fig. 4A), Western blotting (Fig. 4B), and replicative center
assays (Fig. 4C), respectively. All three viruses were growth
competent, as is apparent from the time-dependent accumu-
lation of NS proteins and replicative form DNAs (RF) even-
tually leading to the production of infectious progeny virions.
Although the multiplication of the 585A/93G and wild-type
viruses was similar, the 588A/96S mutant had a somewhat
reduced replication proficiency and was distinguishable from
the others by an accelerated loss of cell-associated viral DNA
intermediates, progeny virions, and proteins late in infection.
This was especially noticeable at 96 h p.i., at which time no
NS1, low RF signals, and small amounts of cell-associated
progeny virions could be detected in MVMp588A/96S-infected
cultures, in contrast with the cell populations infected with the
two other viruses. At this time period, cells infected with 588A/
96S mutant viruses became either detached from the dish or
lysed at an earlier time than did those infected with the other
viruses. This feature would be in keeping with our working

FIG. 1. Determination of NS1 regions phosphorylated late in infection. (A) CNBr cleavage pattern of wild-type NS1 polypeptides that were
metabolically 32P labeled 20 h (productive phase) or 48 h (cytopathic phase) after the release of serum-starved infected A9 cells into S phase.
(B) Alignment of the functional map of NS1 with the predicted CNBr cleavage pattern of the polypeptide. Functional map: NLS, nuclear
localization signal; NTP, nucleotide binding site; T435 and S473, previously determined PKC� phosphorylation sites; T585 and S588, consensus
PKC phosphorylation sites chosen as targets for mutagenesis in the present study. CNBr map: predicted cleavage sites (amino acid numbers) and
sizes of generated peptides (in kilodaltons).
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hypothesis, i.e., the mutations indeed targeted sites regulating
the cytotoxic activity of NS proteins. The following
experiments were conducted to further investigate this possi-
bility.

In a first step, the formation of lysis plaques in cell mono-
layers was analyzed since it reflects virus production and
spreading. A9 indicator cultures were inoculated with equiva-
lent amounts of full virions (corresponding to 10�3 CFU/cell)
from wild-type and mutant stocks (Fig. 5A). Plaques developed
in all cases, confirming the infectiousness of mutant viruses.
However, there were significant differences in the size of the
plaques generated by the individual viruses (Fig. 5B). In com-
parison with the wild-type virus, MVMp585A/93G gave rise to
a majority of small or tiny plaques. In contrast, MVMp588A/
96S generated mainly large plaques whose average diameter
exceeded the size of the plaques formed by wild-type virus.
Altogether, these data supported the view that the tested mu-
tations resulted in the up (588A/96S)- or down (585A/93G)-
modulation of virus spreading. Since the amounts of wild-type
and mutant progeny viruses produced by infected A9 cultures
(total yields from adherent and detached cells plus medium)
were similar in a single-round infection (Fig. 4C), the question
arose whether the enhanced (588A/96S) or reduced (585A/
93G) dissemination of the mutants could be traced back to
their hyper- or hypotoxicity, respectively.

Altered cytotoxicity of NS mutant viruses. The question of
whether the cytoxicity of NS mutant viruses is altered was
investigated by using two complementary assays: (i) the virus-
induced disruption of the plasma membrane integrity (cytoly-
sis) was measured through the release of cytosolic LDH into
the culture medium, and (ii) cells surviving virus infection were

FIG. 2. Generation of MVMp585A/93G and MVMp588A/96S mutant viruses by site-directed mutagenesis. The upper diagram represents the
NS1 and NS2 proteins, according to the splicing pattern of the respective transcripts and gives the amino acid sequence of both proteins in the
region serving as a target for mutagenesis. The corresponding nucleic acid sequence is given in the central frame, together with the mutations
(circled) introduced through chimeric PCRs to produce MVMp585A/93G and MVMp588A/96S, respectively. The resulting amino acid substitu-
tions in NS1 and NS2 are shown at the bottom (boldface residues in the mutant versus wild-type sequences).

FIG. 3. Production of wild-type and mutant MVMp virus stocks.
Viruses were collected from 293T cells 3 days after transfection with
either wild-type (wt; pdBMVp) or mutant (pMVMp585A/93G [585A/
93G] and pMVMp588A/96S [588A/96S]) MVMp DNA clones. (A) Vi-
rus yields were determined by DNA hybridization assays after infection
of A9 cell monolayers and are expressed in replicative CFU/ml of stock
(average values and standard deviation bars from five independent
transfection experiments). (B) Aliquots of the primary virus stocks (107

CFU) were compared for their contents in full virions as determined by
Southern blotting detection of single-stranded genomic DNA (ssDNA).
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quantitated by determining their mitochondrial dehydrogenase
activity in the so-called MTT test. The same A9 cultures were
used for both assays, after infection with the respective viruses
at a multiplicity of 10 CFU/cell. The results obtained in both
tests were in good agreement and are summarized from 10
independent experiments in Fig. 6. Although the wild-type
virus caused the release of ca. 29% of total LDH into the
medium (representing an eightfold increase compared to the
mock treatment), MVMp585A/93G and MVMp588A/96S
were endowed with reduced (8%) and enhanced (56%) cyto-
lytic activity, respectively (Fig. 6A). Conversely, the quantifi-
cation of living cells (Fig. 6B) showed that the population’s
fraction surviving infection was higher for MVMp585A/93G
(79%) and lower for MVMp588A/96S (33%) than for wild-
type virus (53%). It was further ascertained that these differ-
ences were due to changes in the intrinsic cytotoxic activity of
the mutant viruses and not in their competence for cell infec-
tion and viral protein expression. This was tested at the single-
cell level by staining infected A9 cultures with a monoclonal
antibody raised against the cytotoxic viral protein NS1. As

illustrated in Fig. 6C, wild-type NS1 and either of the mutant
forms were expressed in a similar fraction of infected cell
populations. Together with the Western blotting detection of
comparable amounts of wild-type and mutant proteins in the
whole culture (Fig. 4B), these observations provided strong
evidence to suggest that the mutant viruses studied were dis-
tinguishable from each other and from the parental virus by
their intrinsic cytotoxic potential, with MVMp585A/93G being
hypotoxic and MVMp588A/96S hypertoxic. It should be stated
that the kinetics of LDH and virus release measured in non-
synchronized and synchronized A9 cells, respectively, showed
no major difference between the wild-type and either mutant
virus (data not shown), suggesting that the mutations affected
the extent rather than timing of cell lysis.

Since NS1 and NS2 proteins were both affected by the site-
directed mutagenesis performed, either viral product may con-
ceivably contribute to the altered cytotoxicity of the mutant
viruses. Some previous observations argued for NS1 mediating
the effects of the present mutations. First, the NS1 protein
alone was demonstrated to be toxic for both murine and hu-

FIG. 4. Wild-type and mutant MVMp virus replication in a single-round infection. A9 cultures were infected with 5 CFU of primary stocks of
either wild-type (wt) or mutant (585A/93G or 588A/96S) MVMp virus/cell and further incubated in culture medium supplemented with
neuraminidase (from 6 h p.i. on) to prevent new rounds of infection. Cells were harvested at the indicated times p.i. and processed for the analysis
of virus replication. (A) Southern blotting analysis of viral DNA intermediates. mRF, monomer RF; dRF, dimer RF; ssDNA, single-stranded
genomic DNA. (B) Western blotting analysis of viral nonstructural protein production. The brackets encompass the phosphorylated and
un(der)phosphorylated forms of the respective polypeptides. (C) Titration of progeny viruses by replication center assays on A9 indicator cell
monolayers. Lane 1, amount of progeny viruses in adherent A9 monolayers; lane 2, total amount of viral particles present in adherent and detached
cells, as well as in the culture medium; nd, not determined.
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man transformed cells, while NS2 alone was ineffective in this
respect (3, 8, 29, 34). Second, the differential toxicity of the
mutant viruses was shown not only for A9 fibroblasts (see
above) but also for transformed human cells (data not shown).
Given that NS2 is dispensable for virus production in the latter
cells, the altered NS1 protein constituted a prime candidate for
the effector of the varying cytopathogenicity of the mutant
viruses. It should be stated, however, that NS2 was found to
work synergistically with NS1 to reinforce the cytotoxic activity
of the latter protein in human cells (3, 29). Therefore, it cannot
be fully ruled out that the introduced mutations acted, at least
in part, by affecting the capacity of NS2 for modulating NS1-
dependent cytopathic effects. This possibility is not supported,
however, by the previously reported failure to detect this co-
operative effect of NS2 in rodent cells (34).

Altered phosphorylation of mutant versus wild-type NS1. As
stated above, NS1 was mutated at putative PKC target sites
within the C-terminal region which gets phosphorylated late in
infection. This led us to search for distinct changes in the late
phosphorylation profile of mutant versus wild-type NS1. At
48 h after MVMp infection and release into S phase, synchro-
nized A9 cells were metabolically labeled with orthophosphate
and processed for NS1 isolation, trypsin digestion, and two-
dimensional peptide fractionation by electrophoresis and
phosphochromatography. Figure 7 shows the tryptic phos-
phopeptide maps of the NS1 proteins generated by wild type
(Fig. 7A), 585A/93G (Fig. 7B), and 588A/96S (Fig. 7C)
MVMp, together with their schematic representation (Fig.
7D). Compared to the wild-type protein, NS1-585A lacked
three distinct phosphopeptides (arrowheads in panel B; black
spots in panel D), while a single one was missing in NS1-588A

(open arrowhead in panel C; circled white spot in panel D).
These results confirmed that the late phosphorylation of NS1
was altered as a result of an alanine substitution for either of
the consensus PKC target residues tested. The disappearance
of a single phosphopeptide from the NS1-588A map argues for
the possibility that the S588 residue is located within this pep-
tide and is subjected to phosphorylation in vivo. It cannot be
ruled out, however, that the S588A substitution may affect the
phosphorylation of another amino acid by simply altering the
conformation of the protein. The same restriction applies to
the T585A substitution, especially since three distinct phos-
phopeptides were sensitive to this single amino acid replace-
ment. However, this discrepancy is still compatible with the in
vivo phosphorylation of T585, assuming that the corresponding
peptide undergoes further modifications or this residue con-
trols the phosphorylation of other amino acids by serving as a
docking site for a kinase or for structural reasons. However
that may be, our data indicate that T585 and S588 are directly
or indirectly involved in the late phosphorylation of NS1, mak-
ing this posttranslational modification a likely candidate for
the regulation of parvovirus cytotoxicity.

Altered capacity of the mutant forms of NS1 for disrupting
host cell morphology. Although the mutations introduced in
the MVMp genome affected both NS1 and NS2 proteins, the
ensuring modulation of the cytotoxic activity of mutant viruses
was likely to be ascribable to the changes brought to the NS1
protein (see above). However, the possible contribution of an
as-yet-unknown function of NS2 could not be ruled out by
above experiments. To further dismiss this possibility, an assay
was devised to measure the cellular effects of NS1 in the ab-
sence of both viral DNA amplification and production of other

FIG. 5. Impact of 585A/93G and 588A/96S mutations on the ability of MVMp viruses to form lysis plaques in A9 cell monolyaers. A9 indicator
cells were infected with primary stocks of either wild-type or mutant MVMp at a multiplicity of 10-3 CFU/cell and further processed for
hybridization (replicative centers [A]) and plaque (B) assays. The figure is representative of five experiments performed with five different stocks
of each virus.
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viral proteins including NS2. This assay makes use of the plas-
mid pP4-NS1x-P4-GFP which combines the NS1 effector and
GFP reporter proteins, allowing living NS1-expressing cells to
be monitored after transfection (8). A9 cultures growing on
spot slides were transfected with pP4-NS1x-P4-GFP constructs
expressing either wild-type or mutant (585A or 588A) NS1
proteins, or with pP4-GFP as control. Successfully transfected
cells (detected through GFP fluorescence) were examined over
a period of 7 days.

In the absence of NS1, no significant morphological alter-
ations were detected in the majority of GFP-expressing A9
cells during the whole time interval (Fig. 8, column A). In
contrast, when wild-type NS1 was coexpressed with GFP,
transfected cells rounded up already 2 days after transfection,

and detached from their substrate starting from day 3 (column
B). A similar cytopathogenicity was achieved by NS1-588A,
although the detachment of GFP-positive cells was somewhat
faster and more pronounced compared to wild type (column
D). The phenotype of the NS1-585A mutant was strikingly
different in that transfected cells started by enlarging to a
significant extent for 3 to 4 days, and their eventual rounding
up was delayed until day 5 (column C). It should be stated that
the production of NS1 in GFP-positive cells was verified by
indirect immunofluorescence staining (data not shown) and
that the wild-type and mutant proteins gave indistinguishable
signals, indicating that the delayed cytopathogenicity of NS1-
585A was a genuine property of this mutant and not the result
of its poor expression. Altogether, these observations revealed

FIG. 6. Varying cytotoxicity of wild-type and mutant MVMp viruses. The indicated virus stocks were tested for their ability to jeopardize the
survival of A9 fibroblasts after infection at a multiplicity of 10 CFU/cell and further incubation for 3 days. (A) The virus lytic activity was measured
through quantification of the cytoplasmic LDH released into the medium, expressed as a percentage of total LDH (determined after lysis of the
whole culture with detergent). (B) The cell-killing activity of the different viruses was assessed by determining the reduction in the number of living
cells (still able to reduce MTT) in the infected population, a value expressed as the percentage of the value for mock-treated cultures. The same
cultures were used for panels A and B. The data shown are means with standard deviation bars from 10 independent experiments carried out each
in triplicate. (C) NS1 produced by wild-type and mutant MVMp viruses was detected by indirect immunofluorescence in parallel cultures. Images
were obtained by using a �16 magnification lens.
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a striking parallel between, on the one hand, the respectively
accelerated and retarded induction of cell collapse by NS1-
588A and NS1-585A proteins in the present transfection assay,
and on the other hand, the hyper- and hypotoxicity of corre-
sponding MVMp588A/96S and MVMp585A/93G viruses in
the infection experiments described above (Fig. 6). Therefore,
it seems likely that the changes observed in the cytotoxic/
cytolytic potential of the mutant viruses can be assigned, at
least in part, to the modulation of the intrinsic NS1 toxic
function(s).

DISCUSSION

The NS1 protein of MVMp is involved in multiple processes
necessary for progeny particle production, such as viral DNA
replication (30, 39), trans regulation of the viral promoters
(49), and cell killing (1, 5, 8, 34, 45). To timely coordinate all
of these different functions, NS1 was proposed to be regulated
through phosphorylation, an assumption strongly supported by
the changes occurring in the NS1 phosphorylation pattern dur-
ing the progression of an infectious cycle (9). It was shown that
NS1 is indeed regulated for its replicative activities by distinct
phosphorylation events driven by members of the PKC family,
in particular PKC� and PKC� (18, 26, 42). The present study
gives further evidence to support that NS1 is independently
regulated by phosphorylation with regard to its cytotoxic func-
tion. Indeed, the targeting of consensus PKC phosphorylation
sites located in the C-terminal part of NS1 through site-di-
rected mutagenesis allowed us to modulate the lytic and toxic
activities of MVMp without affecting the production of infec-
tious virions in a single round infection. These results demon-
strate that at least some of the cytotoxic activites of MVMp are
intrinsic properties of the viral nonstructural proteins and not

merely side effects arising from virus replication. Furthermore,
the mutations changing the balance between MVMp replica-
tion and cytotoxicity were found to result in the alteration of
the NS1 phosphorylation pattern. Although the direct involve-
ment of NS1 phosphorylation in this phenotypic change re-
mains to be proven, a temporal correlation was observed be-
tween the phosphorylation events concerned and the
appearance of cytotoxic effects, which both took place at a late
stage of infection. Altogether, these data strongly argue for the
fact that the cytotoxicity of NS1 represents a regulated process
and that the residues targeted in the present study take part in
this regulation by controlling directly and/or indirectly the late
phosphorylation of the viral polypeptide.

The substitution of alanine for the NS1 residue S588 corre-
lated with the disappearance of a single phosphopeptide from
the late phosphorylation map of NS1, suggesting that S588 may
constitute an in vivo phosphorylation site, in agreement with its
inclusion in a consensus PKC target motif. In contrast, the
T585A substitution resulted in the loss of three phosphopep-
tides from the NS1 map. Several explanations could be put
forward to reconcile this observation with the possibility that
T585 is also a direct target for phosphorylation. The T585-
containing phosphopeptide may undergo additional posttrans-
lational modifications leading to its resolution into several
spots after two-dimensional fractionation. Alternatively, T585
may serve as a phosphorylation-dependent docking site, allow-
ing NS1 to interact with a cellular kinase, which is responsible
for the phosphorylation of the viral polypeptide at other posi-
tions. Such phosphorylation-dependent docking sites were re-
ported for the superfamily of AGC-kinases, leading them to
interact with and become activated by the kinase PDK-1 (21).
The present data do not rule out, however, that the mutations
tested only affected NS1 phosphorylation in an indirect way, by

FIG. 7. Alteration of the late phosphorylation pattern of T585A and S588A mutant forms of NS1. A9 cultures arrested in G0/G1 were infected
with indicated viruses, released into the cell cycle for 48 h and metabolically 32P labeled. NS1 proteins were isolated, purified, and processed for
the analysis of tryptic phosphopeptides by two-dimensional electrophoresis and/or chromatography. Compared to wild-type NS1 (A), the
NS1-585A (B) and NS1-588A (C) mutants lacked specific phosphorylation event(s), as evidenced by the disappearance of distinct phosphopep-
tide(s) (arrowheads). (D) Schematic representation of the “late” NS1 tryptic phosphopeptide pattern, in which the spots absent from the NS1-585A
and NS1-588A maps are indicated with filled black and open circles, respectively, and the previously assigned PKC� phosphorylation targets T435
and S473 are positioned.
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altering the structure of the viral protein irrespective of the
modification of concerned residues.

Due to the overlap of NS1- and NS2-coding sequences, the
present disruption of specific phosphorylation motifs in NS1
could not be achieved without changing the primary structure
of the NS2 proteins. Therefore, a possible contribution of
these NS2 alterations to the phenotype of mutant viruses needs
to be considered. However, this putative role of NS2, if any, is
likely to be of minor importance regarding the cytotoxicity of
the mutant viruses in murine cells. (i) MVMp DNA mutagen-
esis was directed so as to result in the loss of distinct phos-
phorylation sites in NS1. In contrast, the consequent substitu-
tions brought about to NS2 did not hit any known or suspected
regulatory elements of these proteins. (ii) The only functions
assigned thus far to NS2 concern distinct events of the virus

productive cycle (11, 35, 36), which were not impaired as a
result of the mutations tested. The mutant forms of NS2 there-
fore appear to be functional. In particular, the mutant viruses
did not show any deficiency in the nuclear egress of NS2 pro-
teins (data not shown), an effect recently reported to occur
when the nuclear export signal of these protein was mutated
(20, 33). A role for NS2 polypeptides in the phenotype of the
present virus mutants would thus imply a new NS2 function
that has not been described as yet in murine cells. (iii) NS2
polypeptides have little toxicity by themselves and could only
contribute to the altered cytopathogenicity of mutant viruses in
an indirect way, e.g., by modulating NS1 cytotoxicity. Although
detected in human cells (3, 29), such a cooperative effect of
NS2 could not be demonstrated in rodent cells (34). (iv) The
up- or downmodulation of the lytic and toxic activities of

FIG. 8. Induction of morphological alterations by wild-type and mutant NS1 proteins. A9 cells competent for transfection with plasmid
pP4-NS1x-P4-GFP were identified on the basis of GFP fluorescence and examined over a period of 7 days to detect phenotypic alterations induced
by wild-type (B), 585A (C), or 588A (D) NS1. Parallel cultures transfected with plasmid pP4-GFP served as negative control (A). Images of
GFP-expressing cells were obtained by using a �16 magnification lens.
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MVMp mutants was detected in cells of both mouse and hu-
man origins. Whereas NS1 is absolutely required, NS2 proteins
are dispensable for MVMp multiplication and propagation in
human cells (35). This makes NS1 the prime candidate for
mediating the effects of viral mutations in the latter cells. (v)
The hypo- and hypertoxicity of MVMp585A/93G and
MVMp588A/96S viruses in infection experiments, respectively,
paralleled the reduced and enhanced efficiency of correspond-
ing NS1-585A and NS1-588A proteins in inducing the round-
ing up and detachment of transfected cells. Altogether, these
considerations strongly suggest that the up- or downmodula-
tion of the toxic and lytic activities of the MVMp mutants
generated in the present study can be traced back, at least in
part, to the modified NS1 proteins encoded by the respective
viruses. This does not rule out, however, that other experimen-
tal conditions may reveal a role of NS2 in MVMp-induced
murine cell death.

It is presumably a matter of speculation how the late phos-
phorylation of NS1 may regulate the capacity of the viral prod-
uct for inducing cell killing. NS1 expression in permissive cells
was found to result in various molecular disturbances, includ-
ing the shutoff of host cell macromolecular syntheses (15), the
trans regulation of cellular promoters (53, 54), DNA damage
(45), and changes in the synthesis and phosphorylation of cel-
lular proteins (1). Affected cells undergo morphological alter-
ations (8), mitotic cycle arrest (44), and apoptotic death (47,
48), which must be properly timed to avoid interference with
virus replication and allow efficient progeny virus production.
Therefore, there are several levels at which the substitutions
introduced into the NS1 protein may conceivably act to mod-
ulate the cytotoxicity of the viral product. The fact that
MVMp585A/93G and MVMp588A/96S were both indistin-
guishable from the wild-type virus regarding their replication
and the production of progeny virions in a single-round infec-
tion argues for the full proficiency of the mutant forms of NS1
in the known enzymatic activities of the protein. This leads us
to propose that the varying cytotoxicity of the NS1 mutants
may be assigned to their differential interaction with partner
cellular proteins. This would be in keeping with our assump-
tion that the effects of tested substitutions results from their
interference with NS1 phosphorylation. Indeed, the formation
of multiprotein complexes is known to depend on the phos-
phorylation state of some of the partners involved (21). NS1
was reported to interact in specific ways with a number of
cellular polypeptides, such as sp1 (25), TBP and TFIIA (alpha
and beta) (31), RPA (7), SMN (57), or SGT (17). Given their
inclusion in the previously identified transactivation domain of
NS1 (Fig. 1) (27), the T585 and/or S588 residues may control
the ability of NS1 to disregulate distinct cellular promoters, a
property that was found to correlate with virus-induced cell
killing (28, 53). The association of NS1 with other, nonexclu-
sive cellular targets besides transcription factors may also be
sensitive to the substitutions introduced in the viral protein. In
particular, the herein described morphological alterations and
loss of adherence displayed by NS1-expressing cell cultures are
suggestive of direct or indirect interactions of the viral product
with components of the cytoskeleton. Besides effector proteins,
cellular polypeptides involved in NS1 regulation need to be
considered among the interacting partners of the viral product.
These regulators may in particular control the nucleo/cytoplas-

mic distribution of NS1 (43) and the resulting contacts of the
viral protein with its potential nuclear (e.g., transcription fac-
tors) and cytoplasmic (e.g., cytoskeleton components) targets.
It is worth noting in this respect that C-terminal deletions of
NS1 were reported to concomitantly impair the cytoplasmic
transport (43) and cytotoxicity (28) of this protein. It would
therefore be most interesting to determine whether the mutant
forms of NS1 generated in the present study differ from the
original protein with regard to their binding to known and/or
new cellular partner proteins. This investigation is in progress
in our laboratory in an effort to unravel the molecular mech-
anisms underlying NS1 cytotoxicity.

These ongoing studies are also expected to clarify the reason
for the intriguing antagonistic effects (hyper- versus hypotox-
icity) of the alanine substitutions for two potential late phos-
phorylation sites of NS1. The opposite phenotypes of the
T585A and S588A mutants lead us to hypothesize that a se-
quential phosphorylation of NS1 may take place late during an
MVMp infection. According to this scenario, residue S588
would be phosphorylated in the first place so as to decrease the
general cytotoxicity of the viral NS1 protein and maintain a
cellular environment permissive for virus replication. Phos-
phorylation of residue T585 would occur at a later stage to
activate the toxic function of NS1 and bring about a degener-
ative cell condition favorable to the release of progeny virus
particles. Alternatively, residue S588 may be targeted by a
cellular antiviral process tending to limit virus cytopathogenic-
ity and spreading through the downmodulation of the NS1
products. Another possible clue to the differential effect of the
mutations studied would lie in the above-mentioned multiple
NS1 functions that may cooperate in the eventual collapse of
infected cells and be independently regulated, in particular
through phosphorylation. Accordingly, a combination of dis-
tinct (de)phosphorylation events may be involved in the con-
trol of the overall cytotoxic activity of the NS1 protein. The
underlying mechanism of the antagonistic phenotypes of the
herein described NS1 mutants is currently a matter of specu-
lation and deserves to be investigated in greater detail.

In addition to their use in tackling this fundamental ques-
tion, mutant viruses such as those generated in the present
study also have an applied potential regarding cancer therapy.
Parvoviruses are indeed endowed with an oncosuppressive ca-
pacity that was demonstrated in various animal models, includ-
ing recipient mice implanted with human neoplastic cells (for
a review, see reference 51). This oncosuppression is thought to
result from both the oncolytic and immunomodulating prop-
erties of concerned parvoviruses (for review, see reference 50).
However, in many instances, the protection provided by natu-
ral parvoviruses is only partial or temporary and eventually
gets overtaken by tumor growth (19, 22). Efforts are therefore
made to enhance the anticancer potency of these viruses. One
possible strategy consists in improving the efficiency or selec-
tivity of parvoviruses through mutations that do not impair
virus multiplication and propagation. A modulation of H-1
virus selectivity was recently achieved by modifying the viral P4
promoter so as to make its activation dependent on a signaling
pathway that is specifically activated in colon cancer cells (32).
The present work exemplifies another approach in which
MVMp mutagenesis was aimed at increasing the capacity of
this virus for killing target cells while preserving its competence
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for replication. Mutations giving rise to hypertoxic virus mu-
tants can indeed be expected to stimulate the lysis of infected
tumor cells and the release of immunogenic tumor-associated
antigens, thereby tipping the balance between tumor growth
and virus propagation in favor of the latter. An alternative
strategy for enhancing the antineoplastic activity of parvovi-
ruses involves supplementing them with therapeutic trans-
genes. Indeed, parvoviral vectors transducing specific cyto/che-
mokines proved to have reinforced capacity for suppressing
certain tumors, compared to their parental viruses (22, 55).
Transgene expression achieved by these vectors was found to
be transient, most likely due to the viral toxicity for transduced
cells (55). Therefore, virus mutants with a reduced or delayed
cytopathogenicity, as identified in the present study, may also
be of benefit to this type of approach by sustaining the expres-
sion of added transgenes for an extended period of time. It
follows that the MVMp mutants described here may serve as a
paradigm of how autonomous parvoviruses could be improved
for their various applications to the treatment of cancer. This
prospect is currently evaluated by comparing mutant and wild-
type viruses or vector derivatives for their respective protective
effects in animal tumor models.
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thankful to N. Salomé and M. Klein (Deutsches Krebsforschungszen-
trum, Heidelberg, Germany) for providing us with polyclonal anti-NS1
and anti-NS2 antibodies.

L. Daeffler was supported by the Alexander von Humboldt founda-
tion and the European Commission (Fifth Framework Program, Marie
Curie Action).

REFERENCES

1. Anouja, F., R. Wattiez, S. Mousset, and P. Caillet-Fauquet. 1997. The cyto-
toxicity of the parvovirus minute virus of mice nonstructural protein NS1 is
related to changes in the synthesis and phosphorylation of cell proteins.
J. Virol. 71:4671–4678.

2. Bodendorf, U., C. Cziepluch, J. C. Jauniaux, J. Rommelaere, and N. Salomé.
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