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The propagation of autonomous parvoviruses is strongly dependent on the phosphorylation of the major
nonstructural protein NS1 by members of the protein kinase C (PKC) family. Minute virus of mice (MVM)
replication is accompanied by changes in the overall phosphorylation pattern of NS1, which is newly modified
at consensus PKC sites. These changes result, at least in part, from the ability of MVM to modulate the
PDK-1/PKC pathway, leading to activation and redistribution of both PDK-1 and PKC�. We show that
proteins of the ezrin-radixin-moesin (ERM) family are essential for virus propagation and spreading through
their functions as adaptors for PKC�. MVM infection led to redistribution of radixin and moesin in the cell,
resulting in increased colocalization of these proteins with PKC�. Radixin was found to control the PKC�-
driven phosphorylation of NS1 and newly synthesized capsids in vivo. Conversely, radixin phosphorylation and
activation were driven by the NS1/CKII� complex. Altogether, these data argue for ERM proteins being both
targets and modulators of parvovirus infection.

Autonomous parvoviruses are small, icosahedric, nonenvel-
oped particles with a 5.1-kb single-stranded linear DNA as a
genome. This DNA encodes, besides two capsid proteins, at
least four nonstructural proteins, of which only the large 83-
kDa polypeptide NS1 is essential for progeny particle produc-
tion in all cell types (for a review, see reference 8). NS1 is a
multifunctional polypeptide with endonuclease and directional
helicase activities that are important to drive rolling-circle-like
replication of the viral DNA (5, 28). In addition to these
enzymatic functions, NS1 serves as a transcription factor for
the regulation of viral, as well as cellular, promoters (19). NS1
also interferes with the host cell physiology and morphology
through its ability to directly interact with and/or induce post-
translational modifications in specific host cell proteins (3,
31–33). This involvement of NS1 in multiple facets of the
parvoviral life cycle, in conjunction with host cell factories/
proteins, implies that the various functions of the viral proteins
are tightly regulated, in particular, through phosphorylation
and subcellular (re)distribution (25).

In keeping with this view, NS1 becomes differentially phos-
phorylated during infection (7, 9). So far, we have identified
two members of the protein kinase C (PKC) family, PKC� and
PKC�, as being able to activate NS1 for viral DNA amplifica-
tion (10, 18, 26, 30). Interestingly, mutagenesis at consensus
PKC phosphorylation sites dissociated NS1 functions neces-
sary for virus amplifications, interactions with cellular proteins,

and induction of host cell perturbations, death, and lysis (6, 9,
10, 26).

The activity of PKCs is also tightly regulated by phosphory-
lation (23). During activation, PKCs undergo a variety of con-
formational changes that allow their interaction with small
ligands or regulatory proteins and facilitate translocation of
the kinase to specific compartments in which substrates be-
come available. In the course of this sequence of activation
steps, PKCs undergo changes in their affinities for cellular
scaffold and membrane structures (17). ERM (ezrin [Ez], ra-
dixin [Rdx], moesin [Moe]) family proteins are known to be
mediators between cellular scaffold (actin) and membrane
structures (14) and by analogy have also been proposed to
serve as anchoring proteins for PKC (15). This is in agreement
with reports showing an interaction of PKC� with ezrin in vivo
(24) and with the identification of ERM proteins as anchoring
molecules for cyclic AMP-dependent kinase (11).

ERM proteins contain an N-terminal FERM (4.1-ezrin-
radixin-moesin) domain that binds to phosphatidylinositol-
(4,5)phosphate and cellular membrane proteins (37). Similarly to
PKC, ERM proteins become phosphorylated at their conserved
C-terminal threonines upon ligand binding, thereby undergoing
conformational alterations. This leads to exposure of the actin
binding site at the C terminus and allows ERM binding to the
cellular cytoskeleton (35). The C-terminal phosphorylation of
ERM proteins can be achieved by a variety of candidate kinases
in vitro. Additional regulatory functions have been described for
conserved tyrosine and S/T residues located in the N-terminal
FERM and the central �-helical domains of ERM proteins (14).

During purification of NS1-activating kinases, we consis-
tently found ERM proteins as “contaminants” in preparations
of PKC� derived from HeLa cells. For the above-mentioned
reasons, we hypothesized that these proteins might control
PKC(�) in vivo through their adaptor function. To test this
possibility, functional knockouts of Ez, Rdx, and Moe were
designed and tested for their effects on minute virus of mice
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(MVM) DNA replication, NS1 phosphorylation, capsid phos-
phorylation, and virus spread. In addition, since ERM proteins
themselves are subject to regulation, we analyzed the impact of
MVM infection on ERM modification, intracellular distribu-
tion, activity, and colocalization with PKC�. The present re-
sults indicate that Rdx modulates the PKC�-driven phosphor-
ylation, not only of NS1, but also of capsids in vivo, correlating
with the stimulation of virus DNA replication and spreading,
respectively. Furthermore, we show that Rdx is also a substrate
for in vivo and in vitro phosphorylation by the recently de-
scribed NS1/CKII� complex (32). This regulation may contrib-
ute to retarget Rdx, thereby switching Rdx-dependent phos-
phorylation from an early (viral DNA replication) to a late
(spreading) event of the MVM life cycle.

MATERIALS AND METHODS

Antibodies and reagents. Antibodies specific for Ez (H-276), Rdx (C-15), and
PKC� (C-15) were purchased from Santa Cruz; antibody for actin (C-4) from
MP-Biomedicals; antibody for tubulin � (B-5-1-2) and Flag tag (M2) from
Sigma; and antibody for BrdU from Biogenesis. Rdx P564 phosphospecific an-
tibodies were kindly provided by S. Tsukita (37). The rabbit antisera �NS1C and
�VP2 were generated using specific peptides from corresponding proteins (4).
Monoclonal anti-capsid antibodies (B7) were kindly provided by J. M. Almen-
dral. Horseradish peroxidase-conjugated anti-rabbit and anti-mouse antibodies
were purchased from Promega. Fluorescent-dye-labeled secondary antibodies
were from Dianova and Alexis and protein G-Sepharose beads from Pharmacia
Amersham. Specific short interfering RNAs (siRNAs) to knock down expression
of ERM proteins (E1, MmVil2.1, no. si00185416; E2, MmVil2.2, no. si00185423;
R1, Mm Rx5, no. si02668603; R2, MmRx6, no. si02688434; M1, MmMsn3, no.
si0131945; M2, MmMsn4, no. si01319052) and control oligonucleotides
(AllStarsNeg siRNA, no. 1027281) were purchased from Qiagen. Recombinant
CKII�� was obtained from Roche.

Cells and viruses. A9 fibroblasts and derivatives thereof were maintained as
monolayers in Dulbecco’s modified Eagle medium containing 10% fetal calf
serum (FCS). HeLa-S3 cells were grown as suspension cultures in minimal
Eagle’s medium containing 5% FCS. MVM was propagated in adherent A9 cells,
and virus stocks were prepared from infected cultures by repeated freezing and
thawing in 10 mM Tris, pH 8.7, 1 mM EDTA. When indicated, full (DNA-
containing) MVM particles were separated from empty capsids, on the basis of
their buoyant density, by CsCl gradient centrifugation.

Plasmid constructs. (i) Isolation of mouse Ez, Rdx, and Moe cDNAs. A9
cDNA libraries were generated from mRNA preparations using a Smart PCR
cDNA synthesis kit. Full-length cDNAs were isolated essentially as described pre-
viously (18) in a single PCR from the mouse fibroblast library using the following
primers corresponding to the published mouse sequences: Ez (NCBI NM 009510),
N-terminal (5�-ATGCCCAAGCCAATCAACGTCCGGGTGACCACCATGGA
T-3�) and C-terminal (5�-CTACATGGCCTCGAACTCGTCAATGCGTTGCTTG
GTGTTG-3�); Rdx (NCBI NM 009041), N-terminal (5�-ATGCCGAAGCCAATC
AATGTAAGAGTAACTACAATGGACG-3�) and C-terminal (5�-TCACATGGC
TTCAAACTCATCGATGCGCTGCTTCGTATTG-3�); and Moe (NCBI NM
010833), N-terminal (5�-ATGGATGCAGAGCTGGAGTTTGC-3�) and C-termi-
nal (5�-CTACATGGACTCAAACTCAT-3�). PCR fragments of the appropriate
lengths were isolated from agarose gels, cloned directly into pCR2.1 (Invitrogen),
and subjected to sequencing (Microsynth GmbH, Balgach, Switzerland).

(ii) Production of Flag-tagged wild-type or mutant ERM clones. Site-directed
mutagenesis was performed by single or chimeric PCR (33). PCRs were performed
with an N-terminal primer (consisting of a unique restriction site generating blunt
ends, followed by the Flag tag sequence and the first 40 nucleotides of Ez, Rdx, or
Moe) and a C-terminal reverse primer (consisting of a unique NotI site followed by
the respective coding sequences). Mutations altering the ERM C-terminal threonine
phosphorylation sites in the actin-binding domain were performed by single PCR
using C-terminal primers harboring the appropriate mutations, followed by �15
wild-type nucleotides: EzT566A, 5�-…CAGCGCCTT…-3�, and EzT566E, 5�-…CA
GCTCCTT…-3�; RdxT564A, 5�-… AAGCCCCTT…-3�, and RdxT564E,
5�-…AAGGTCCTT…-3�; MoeT547A, 5�-…CAGGGCCTT…-3�, and MoeT547E,
5�-…CAGCTCCTT…-3�. Internal substitutions and deletions were performed by
chimeric PCR using two complementary internal primers harboring the mutations:
RdxY146F, 5�-AGTCTGTCATTAGCCAGAAAGCCTGGTTTTCTGGCTAAT
G-3� and 5�-CATTAGCCAGAAAACCAGGCTTTCTGGCTAATGACAGACT-

3�; Rdxdl[P], 5�-TAAAAACTGTGATGTCTGCGdlGTCATCCTCCAACGGAG
AA-3� and 5�-TTCTCCGTTGGAGGATAGACdlCGCAGACATCACAGTTTTT
A-3�, where mutated codons are indicated by italics, with the changed nucleotides in
boldface; deletions are indicated by dl; ellipses indicate variable numbers of wild-
type nucleotides which are not shown in the sequence. The Flag-tagged mutants
were subcloned into pCR2.1, sequenced, and transferred as PmeI/NotI restriction
fragments into HpaI/NotI-cleaved pP38 (18), yielding pP38-FlagEzT566A, pP38-
FlagEzT566E, pP38-Flag-RdxT564A, pP38-FlagRdxT564E, pP38FlagRdxY146F,
pP38-FlagRdxdl[P], pP38-FlagMoeT547A, and pP38-FlagMoeT547E, respectively.

Expression constructs for the bacterial production of recombinant proteins.
The sequence encoding Rdx was transferred after SmaI and HindIII digestion in
frame into SmaI- and HindIII-cleaved pQE-32 (Qiagen), generating pQE-Rdx.

Purification of HA-2 fractions by affinity column chromatography. The puri-
fication and identification of NS1-activating PKC� and PKC� from HeLa cellu-
lar extracts by consecutive column chromatography (phosphocellulose, DE52,
protamine chloride, and hydroxyl apatite [HA]) have been described previously
(18, 26). The presence of ERM proteins at the final purification step (i.e., in the
PKC�-containing, NS1-activating fractions from HA-2) was determined by an-
alyzing HA-bound proteins eluting at 116 mM (Fig. 1A), 164 mM (Fig. 1B), 212
mM (Fig. 1C), 260 mM (Fig. 1D), and 500 mM (Fig. 1E) KPO4, pH 7.5.

Knockdown of ERM expression using siRNA treatment. A9 cells grown on
spot slides were transfected with 300 ng of the respective siRNA with 1 �l
Lipofectamine 2000 (Gibco BRL). After 24 h, the treated cells were infected with
30 PFU/cell CsCl-purified MVM and analyzed for the presence of Ez, Rdx, Moe,
and NS1 by immunofluorescence. Viral DNA replication was measured upon
addition of 1 �M bromodeoxyuridine (BrdU) for 2 h, followed by immunoflu-
orescence determination of BrdU incorporation using specific antibodies (18).
Statistical evaluation was performed based on three individual experiments, each
analyzing 	200 cells.

Generation of stably transfected A9 cell lines. Stable transfectants were gen-
erated with pP38-Flag ERM (using the above-mentioned mutants of Ez, Rdx,
and Moe) and the selection plasmid pSV2neo at a molar ratio of 25:1 (18).

FIG. 1. Detection of ERM proteins in cell fractions activating de-
phosphorylated NS1 for viral DNA amplification. (Top) Purification
scheme used to identify PKC�/PKC� as NS1-activating protein kinases
to drive viral DNA amplification (18, 26). The presence of PKC� and
PKC� in low-affinity (HA-1) and high-affinity (HA-2) fractions from
HA chromatography, respectively, is indicated. (Bottom) Analysis of
HA-2 fractions by Coomassie blue staining (Prot) and Western blot
detection of Ez, Rdx, and Moe. Activation of dephosphorylated NS1
(NS1O) in the presence of recombinant PKC� was achieved to a
significant extent using HA-2 fractions C (���) and D (��), while
only minor (�) or no (0) replication activity (Rep) was measured with
fractions B and A, respectively. nd, not determined.
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Colonies were pooled after growth under selection, and frozen stocks were
prepared. Experiments were performed in the absence of G418. Transfectants
were kept in culture for less than 25 passages. Use was also made of previously
established A9 cell lines stably containing P38-FlagPKC�T512A (18), P38-
FlagCKII:E81A, or P38-FlagCKIImATP (32).

Biochemical fractionation of cell extracts. The association of proteins with
cellular scaffolds and membrane structures was determined as previously de-
scribed (31). Briefly, extracts were prepared, and the insoluble material was
separated from the soluble fraction by low-speed centrifugation. (i) The insolu-
ble pellet was extracted with 1% Triton X-100 and separated by centrifugation
into insoluble scaffold proteins (iS fraction; pellet) and nuclear-membrane-asso-
ciated proteins (nM fraction; supernatant). (ii) The soluble components were
further fractionated by high-speed centrifugation, yielding the cytosolic constit-
uents (C fraction) in the supernatant and a pellet that was extracted with Triton
X-100 and further separated by centrifugation into soluble scaffold proteins (sS
fraction) and postnuclear membrane proteins (pM fraction). All volumes were
adjusted to the equivalent original cell numbers, making it possible to compare
the relative amounts and distributions of selected proteins in differently treated
cells.

Immunofluorescence microscopy. Cells were grown on spot slides (Roth),
mock or MVM infected, and further incubated for the appropriate times. The
cultures were fixed with 3% paraformaldehyde and permeabilized with 0.1%
Triton X-100. Specimens were preadsorbed with 20% FCS, incubated with pri-
mary antibodies, and stained with specific Alexa Fluor 594-, CY2-, CY3-, or
rhodamine-conjugated anti-species antibodies. After being mounted with Elva-
nol, the cells were analyzed by laser scanning microscopy with a Leica DMIRBE
apparatus (63
 lens; red laser, 543 nm; green laser, 488 nm) and Powerscan
software or by spinning-disk confocal microscopy with a Perkin-Elmer ERS
6Line microscope (100
 lens; red laser, 568 nm; green laser, 488 nm) presenting
a single slice of a stack. Quantitative analyses were performed on all slices of a
stack, and mean colocalizations were calculated with ImageJ software (4).

Western blotting analyses. Protein extracts were fractionated by discontinuous
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
blotted onto nitrocellulose membranes. Proteins of interest were detected by
incubation with appropriate primary antibodies in 10% dry milk/phosphate-
buffered saline or with phosphospecific antibodies in 2% bovine serum albumin,
10 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100 for 18 h
and staining with horseradish peroxidase-conjugated secondary antibodies for
1 h, followed by chemiluminescence detection (Amersham).

MVM DNA replication in infected cells. Accumulation of MVM DNA was
determined by Southern blotting (7). Cells were harvested in Tris-EDTA buffer
and digested with proteinase K, and total DNA was sheared by passage through
a syringe. Viral DNA was analyzed by agarose gel electrophoresis and detected,
after being blotted onto nitrocellulose membranes, with a 32P-labeled probe
corresponding to nucleotides 385 to 1885 of the NS1-encoding region of MVM
DNA.

Metabolic labeling, purification, and phosphopeptide analyses. Metabolic la-
beling and tryptic phosphopeptide analyses were essentially performed as previ-
ously described (27). A9 cell cultures were infected with MVMp, kept for 24 h
before being incubated for 4 h in labeling medium (complete medium lacking
phosphate and supplemented with [32P]orthophosphate). The labeled cells were
harvested directly in 800 �l of immunoprecipitation buffer (20 mM HEPES-
KOH, pH 7.5, 300 mM NaCl, 1 mM EDTA, 0.2% NP-40). Immunoprecipitations
were carried out using 10 �l of antiserum (NS1, �NS1C; capsids, �VP2�B7) and
protein G-Sepharose. 32P-labeled proteins were separated by 10% SDS-PAGE
and blotted on polyvinylidene difluoride membranes, and the bands correspond-
ing to NS1 or VP protein were excised. Membrane-bound proteins were digested
with trypsin and analyzed by two-dimensional thin-layer electrophoresis/chroma-
tography.

In vitro kinase reactions. In vitro kinase reactions and tryptic phosphopeptide
analyses were performed as described previously (4) using recombinant CKII��
(Roche) and, when indicated, purified glutathione S-transferase-tagged wild-type
NS1 protein (33). Rdx used as substrates was produced in bacteria and purified
as described previously (32). Assays were performed for 40 min at 37°C with 30
�Ci [�-32P]ATP in 50 �l of 20 mM HEPES-KOH, pH 7.5, 7 mM MgCl2, 150 mM
NaCl, 1 mM dithiothreitol. The reactions were stopped, and the reaction prod-
ucts were analyzed after immunoprecipitation by 10% SDS-PAGE and semidry
transfer onto polyvinylidene difluoride membranes (Millipore). The phosphola-
beled proteins were then digested with trypsin and analyzed by two-dimensional
thin-layer electrophoresis/chromatography (electrophoresis at pH 1.9/phospho-
chromatography).

Plaque assays. To determine the formation and release of progeny virions, A9
cultures or derivatives thereof were infected with serial dilutions of CsCl-purified

MVMp. The number and morphology of the lysis plaques were determined as
described previously (9). Briefly, cell monolayer cultures were seeded at a con-
centration of 105 cells per 60-mm2 dish, infected 24 h later, and covered with a
Bacto agar overlay. After incubation for 6 days, the cultures were stained for 18 h
by addition of neutral-red-containing Bacto agar. The stained cells were fixed on
the plates with formaldehyde after the agar overlay was removed.

RESULTS

Rdx is required for MVM DNA replication. Reconstitution
experiments have identified PKC� (10) and PKC� (18) as
being sufficient to activate dephosphorylated NS1 polypeptides
for MVM DNA amplification in a kinase-free in vitro replica-
tion system (29). As illustrated in Fig. 1, ERM proteins were
consistently found to become copurified with NS1-activating
PKC� during chromatographic fractionation. To investigate
whether these cellular proteins, known for their mediator func-
tions, play a role during parvovirus replication, we performed
functional knockdown experiments using siRNAs specific for
Ez, Rdx, or Moe. As determined by confocal laser scanning
microscopy after immunolabeling with appropriate antibodies,
transfection of A9 cultures with selected siRNAs led to a
significant reduction of the fraction of cells expressing the
targeted ERM protein without affecting the levels of the other
proteins (Fig. 2A). Single cells were then analyzed for the
ability to sustain viral DNA replication by measuring BrdU
incorporation 24 h after infection with MVM (Fig. 2B and C).
While MVM replication in cells lacking Ez or Moe was similar
to that observed in the scrambled siRNA-treated control,
knockdown of Rdx led to a significant reduction of BrdU
incorporation into viral DNA, suggesting a specific require-
ment for the protein in viral DNA amplification in A9 cells.

These data raised the possibility that Rdx is an essential
component in the DNA replication complex and/or acts as a
mediator for phosphorylation and activation of the viral repli-
cator protein NS1. This was tested by generating stably trans-
fected cell lines in which the activities of ERM proteins were
selectively modulated in the presence of NS1, due to overex-
pression of (dominant) negative mutants under the control of
the parvoviral P38 promoter (18). Figure 3A depicts the do-
main structure of Rdx (14) with the motifs that were targeted
for mutagenesis in our approach highlighted: (i) the conserved
threonine in the actin binding domain (Ez, T566; Rdx, T564;
Moe, T547), (ii) the conserved tyrosine phosphorylation site at
position Y146 in the FERM domain, and (iii) the polyproline
region, which is rather heterogeneous among ERM proteins.
Phosphorylation of the conserved C-terminal threonine con-
trols the overall activity of ERM proteins through conforma-
tional alterations of the polypeptide (35). This threonine was
mutated to either alanine or glutamic acid in all three polypep-
tides. While replacement of the (phospho)threonine by inert
alanine should give rise to a dominant-negative phenotype, the
glutamic acid substitution at this position was expected to
generate a constitutively active protein. Substitution of Y146F
and the deletion of the polyproline region were sought to
generate an intermediate inhibitory effect on endogenous Rdx,
due to a partial functional knockout and/or aberrant subcellu-
lar distribution caused by this mutagenesis. This was confirmed
by fractionation experiments monitoring endogenous Rdx in
MVM-infected cell lines (Fig. 3B). As previously reported for
active ERM proteins (35), besides its soluble cytosolic (C)

5856 NÜESCH ET AL. J. VIROL.



form, endogenous Rdx was found to be associated with mem-
branes (nM and pM) and scaffold structures (iS and sS) in both
MVM-infected parental A9 cells and derivatives expressing
RdxT564E. In contrast, expression of the inactive RdxT564A
mutant led to reduction of membrane-associated Rdx and to

an almost complete disappearance of scaffold-associated Rdx.
Intermediate phenotypes were observed upon expression of
RdxY146F or Rdxdl[P]. While only a little reduction of “ac-
tive” Rdx was caused by RdxY146F, Rdxdl[P] exerted a strong
dominant-negative effect, leaving only a low proportion of “ac-
tive” Rdx associated with membrane/scaffold structures.

The expression and subcellular localization of the variant
proteins were first examined by confocal laser scanning micros-
copy using monoclonal �M2 antibodies, specifically recogniz-
ing the recombinant proteins due to their N-terminal Flag
epitopes. As shown in Fig. 3C, all variant proteins were ex-
pressed to comparable levels upon MVM infection, while no
signal was detected in the parental A9 cells (data not shown).
Interestingly, while active polypeptides seemed to accumulate
in the perinuclear area with only minute amounts entering the
nuclear compartment, the inactive polypeptides were found in
both nuclear and cytoplasmic compartments. We then tested
these cell lines for the ability to sustain viral DNA amplifica-
tion and production of progeny virions, as evidenced by the
accumulation of replicative forms (RF) and the displacement
of progeny single-stranded genomes, respectively. A9 cells or
derivatives thereof expressing variant ERM proteins were in-
fected with MVMp, harvested at the indicated times postin-
fection (p.i.), and analyzed for the production of monomeric
and dimeric RF, as well as single-stranded virion DNA
(ssDNA), by Southern blotting (Fig. 3D). As expected from the
BrdU incorporation experiments with cells depleted of ERM
proteins (cf. Fig. 2), inactivation of endogenous Ez and Moe
only marginally affected the production of RF and ssDNA. In
contrast, expression of RdxT564A dramatically impaired viral
DNA synthesis, which could hardly be detected after pro-
longed exposure. Partial inhibition of viral DNA replication
was also seen upon expression of Rdxdl[P], while the
RdxY146F mutant failed to interfere with endogenous Rdx-
dependent MVM DNA production. Unexpectedly, overexpres-
sion of constitutively active RdxT564E did not further promote
viral DNA amplification, which underwent, instead, a slight but
significant reduction. This inhibition may possibly result from
side effects of disregulated Rdx activation, e.g., on cell survival.

Rdx mediates phosphorylation of NS1 by PKC�. Parvoviral
DNA amplification is strongly dependent on specific phosphor-
ylation of NS1 (18, 29, 30). As mentioned above, ERM pro-
teins ended up in PKC� preparations during purification, rais-
ing the possibility of ERM also becoming associated with and
controlling the activity of PKC� in the cellular context. To
investigate this possibility, we first compared the phosphoryla-
tion patterns of NS1 extracted from parental A9 cells and
derivatives that either expressed mutant ERM proteins or were
impaired for PKC� activity. A9 and A9:P38-PKC�T512A,
-EzT566A, -MoeT547A, -RdxT564A, -RdxY146F, -Rdxdl[P],
and -RdxT564E were infected with MVMp and metabolically
labeled with [32P]orthophosphate at 24 h p.i. Radiolabeled
NS1 was then isolated from cellular extracts by immunopre-
cipitation, purified by SDS-PAGE, and subjected to tryptic
phosphopeptide analysis. As illustrated in Fig. 4a and b, pre-
senting wild-type A9 versus A9 with inactivated PKC�, and in
agreement with our previous finding (18), PKC� drove the
phosphorylation of several peptides migrating in the center of
the NS1 phosphopeptide map, characteristic of the replicative
phase of infection (7). Upon expression of EzT566A,

FIG. 2. MVM replication after depletion of individual ERM pro-
teins by siRNA treatment. A9 cells grown on spot slides were trans-
fected with siRNAs designed to specifically target mRNAs of Ez, Rdx,
and Moe. Treated and mock-treated cells were infected (or not) after
24 h with CsCl-purified MVM (30 PFU/cell), fixed 24 h p.i., and
analyzed by confocal laser scanning microscopy. (A) Knockdown of
ERM protein production through siRNA treatment. Individual ERM
proteins were detected after being labeled with specific antisera. The
numbers of fluorescent cells are expressed relative to mock-treated
(control oligonucleotide) cultures. (B and C) Impact of siRNA treat-
ment on MVM DNA replication. MVM infection was revealed
through NS1 expression and detected by �NS1C antiserum. Viral DNA
amplification was detected by measuring BrdU incorporation for 2 h
under conditions in which cellular DNA was not labeled (insets, non-
infected cell populations). (C) Statistical evaluation of the proportion
of MVM-infected (NS1-positive) cells sustaining viral DNA amplifica-
tion (BrdU incorporation), as determined from three independent
experiments (	200 cells each). Blue, E1 and E2, treatment with
siRNA specific for Ez; red, R1 and R2, treatment with Rdx siRNAs;
green, M1 and M2, Moe.

VOL. 83, 2009 ERM PROTEINS DURING PARVOVIRUS REPLICATION 5857



MoeT547A, and RdxY146F, no significant differences in the
NS1 phosphopeptide patterns were seen compared to A9 cells
(Fig. 4c, d, and f versus a), in keeping with wild-type levels of
MVM DNA amplification (Fig. 3D). In contrast, there were
significant differences in NS1 phosphorylation upon expression

of the Rdx mutants RdxT564A and Rdxdl[P], correlating with
an impairment of viral DNA synthesis in these cell lines (Fig.
3D). In A9-RdxT564A cells (Fig. 4e), NS1 phosphorylation
was almost completely inhibited, being restricted to a single
prominent phosphopeptide that most likely does not represent
a genuine NS1 phosphorylation site and may reflect aberrant
processing of the protein. On the other hand, the selective loss
of the PKC�-specific phosphopeptides in Rdx[P] cells is more
relevant, as all other NS1 phosphorylations were retained (Fig.
4g). The loss of this specific subset of phosphopeptides points
to the involvement of Rdx in the control of PKC�-driven
phosphorylation. Interestingly, expression of constitutively ac-
tive RdxT564E led to the generation of a new NS1 phos-
phopeptide (Fig. 4h). In agreement with previously published
data, this phosphopeptide may reveal a “late” phosphorylation
event taking place during the postreplicative phase of MVM
infection. This observation suggests that ERM activation may
contribute to the alteration of the NS1 phosphorylation pat-
tern, which is known to occur in the course of a parvovirus
infection (7, 9).

MVM infection induces distribution of ERM proteins. The
above observations indicate that ERM proteins, and in partic-
ular Rdx, participate in the interplay between parvoviral NS
proteins and regulation of PKCs. Ongoing MVM infection is
associated with changes in the subcellular distribution of both
the NS (25) and PKC (17) proteins, raising the question of
whether ERM trafficking may also become altered during the
viral life cycle. The recruitment of ERM proteins to distinct

FIG. 3. MVM replication in cell lines expressing ERM variant proteins. (A) Schematic representation showing the various domains of ERM
proteins: N-ERMAD/FERM (dotted); �-helical (hatched); polyproline (poly[P]), aa 470 to 477 (black); C-ERMAD (white); and F-actin binding
(checkered). The amino acids targeted for mutagenesis in Rdx are indicated. The threonine residues T564 (Rdx), T566 (Ez), and T547 (Moe) are
involved in ERM protein activation through phosphorylation. (B) Impact of mutant Rdx expression on the subcellular distribution of endogenous
Rdx. A9 cells or derivatives expressing RdxT564A (dominant negative), RdxT564E (constitutively active), RdxY146F, or Rdxdl[P] under the
control of the NS1-induced P38 promoter were infected with MVM (30 PFU/cell). Cells were harvested 24 h p.i., and the affinity of endogenous
Rdx for cellular membranes and scaffold structures was measured through biochemical fractionation. The distribution of Rdx between the
individual fractions was determined by Western blotting using Rdx-specific antiserum. (C) Subcellular localization of ERM mutant proteins in
MVM-infected cells. A9 cells or derivatives thereof expressing ERM variants were infected with MVM (30 PFU/cell) and fixed 24 h p.i.
Recombinant proteins were specifically detected by means of their Flag epitopes using �M2 antibodies and were analyzed by confocal laser
scanning microscopy. Endogenous proteins are not recognized by �M2 (data not shown). (D) MVM replication in the presence of ERM variants.
A9 cells or derivatives thereof were infected with MVM (30 PFU/cell) and harvested at the indicated times p.i. (in hours, shown above the lanes).
Monomeric and dimeric RF (mRF and dRF) and ssDNA were detected by Southern blotting using a 32P-labeled probe corresponding to the NS1
coding region. RdxT564A* shows a prolonged exposure.

FIG. 4. Impacts of ERM proteins on NS1 phosphorylation. A9 cells
or derivatives thereof were infected with MVM (30 PFU/cell), meta-
bolically labeled 24 h p.i., and processed further for determination of
the NS1 phosphorylation pattern by two-dimensional tryptic phos-
phopeptide analysis. The dotted ovals mark peptides whose phosphor-
ylation is PKC� dependent. White ovals, phosphorylation pattern of
NS1 produced in parental A9 cells; black ovals, patterns lacking spe-
cific phosphopeptides; black arrow, additional phosphopeptide.
PKC�-TA, PKC�T512A.
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cell compartments was investigated in MVM- versus mock-
infected A9 cells using confocal laser scanning microscopy,
biochemical fractionation (for the measurement of associa-
tions with cellular scaffold and membrane structures), and
Western blotting (for the detection of proteins activated
through specific phosphorylation). As illustrated in Fig. 5A, the
distributions of ERM and PKC� were visualized by double-
immunofluorescence labeling of mock- and MVM-infected A9
cells at 24 h p.i. Few changes in Ez localization were observed
between mock-treated and MVM-infected A9 cells. In con-
trast, as previously reported for PKC� (17), MVM induced
redistribution of Rdx and Moe, which accumulated in the pe-
rinuclear area, showing a strong colocalization with PKC�.

As previously reported (35), and modulated through the
expression of dominant-negative versus constitutively active
Rdx mutants (Fig. 3B), ERM proteins show affinity for (cellu-
lar) scaffold and membrane structures. To test whether MVM
infection interferes with the ability of ERM proteins to bind
their ligands and partner proteins, we performed biochemical
fractionation of MVM- versus mock-treated A9 cell extracts.
The proportions of ERM proteins associated with cellular scaf-
fold structures (iS and sS) and membranes (nM and pM),
relative to the soluble cytosolic fraction (C), were determined
by Western blotting using actin as a loading control. As shown
in Fig. 5B, MVM infection resulted in an increase in both the
total amounts of all three ERM species and their binding to
membranes and cellular scaffold structures. Besides confirming
the ERM redistribution induced by MVM, these results argued
for a (in)direct effect of viral products on the properties of
ERM proteins.

To further substantiate this hypothesis, we measured the
activity of Rdx, as evidenced by its threonine 564 phosphory-
lation (35), in time course experiments using a phosphoryla-
tion-specific antibody (37). As shown in Fig. 5C, the amount of
phosphorylated Rdx increased early after infection, indicating
that the protein became activated upon MVM infection. Sur-
prisingly, this activation was biphasic, with a more slowly mi-
grating phosphorylated species becoming prominent from 16 h
p.i. onward. In contrast, after an early increase at 2 h p.i., the
total amount of Rdx remained constant over the time course.
Therefore the late phosphorylation-dependent activation and
further modification of Rdx were likely induced by viral prod-
ucts. The viral NS1 protein was a good candidate for triggering
these effects, since its production started slightly before and
persisted during the second wave of Rdx activation. Further-
more, infection of A9 cells with empty capsids resulted in an
initial increase in the (activated) Rdx level but failed to induce
major T564 phosphorylation-dependent activation of Rdx at 16
to 48 h p.i. The marked activation and further modification of
Rdx at late stages of infection led us to speculate that, aside
from facilitating viral DNA amplification (see above), ERM
proteins may control subsequent steps in the MVM life cycle,
such as packaging of ssDNA, virus egress, or induction of cell
death and lysis.

Rdx is phosphorylated by the NS1/CKII� complex in vivo
and in vitro. It was recently shown that NS1 is able to physi-
cally interact with CKII� (32), thereby modulating the sub-
strate specificity of the cellular kinase (33). To investigate
whether this complex of a parvoviral protein with a cellular
protein kinase could mediate the activation of ERM proteins

FIG. 5. Impact of MVM infection on the subcellular distribution of
ERM proteins. (A) A9 cells grown on spot slides were infected (or not
[Mock]) with CsCl-purified MVM (30 PFU/cell) and analyzed for the
localization of individual ERMs (green) and PKC� (red) by confocal
laser scanning microscopy at 24 h p.i. Colocalization appears yellow in
the merge and was quantified using Image J software. (B) A9 cells
were infected (or not [A9]) with MVM (30 PFU/cell) and harvested at
the indicated times p.i. Association of ERMs with scaffold and mem-
brane structures was determined by fractionating cell extracts and
measuring the protein contents of individual fractions by Western
blotting using specific antisera. Actin served as a control. (C) Asyn-
chronously grown A9 cells were infected (or not) with CsCl-purified
MVM (30 PFU/cell) or an equivalent amount of empty capsids (EC).
Total cellular extracts were prepared at the indicated times p.i. and
analyzed for their indicated protein contents by Western blotting.
pRdx denotes the Rdx species activated through phosphorylation at
residue T564 and detected by means of phosphospecific antibodies
(37). �-Tubulin (Tub�) served as a loading control.
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during MVM infection of A9 cells, we made use of A9 deriv-
ative cell lines expressing dominant-negative mutant forms of
CKII� under the control of the NS1-inducible P38 promoter.
To this end, MVM-infected A9 cells and derivatives containing
P38-CKIImATP or P38–CKII-E81A, were analyzed at the in-
dicated times p.i. for (i) Rdx phosphorylation at T564 (West-
ern blotting) and (ii) overall ERM protein phosphorylation
(metabolic 32P labeling followed by tryptic phosphopeptide
analyses). As shown in Fig. 6A, Rdx-pT564 was readily de-
tected in A9 cells at 24 and 48 h p.i. In contrast, the species was
hardly detectable in the derivative cell lines expressing the
dominant-negative CKII mutants mATP and E81A, while the
total amount of Rdx protein was not reduced in comparison
with control cells. Likewise, as was apparent from incorporated
[32P]orthophosphate, the overall phosphorylation of Rdx was
much reduced in the presence of dominant-negative CKII (Fig.
6B). This result was confirmed by 2D tryptic phosphopeptide
analysis of Rdx in which only one of the two resolved phos-
phopeptides was detected in samples from dominant-negative
CKII-expressing cells (Fig. 6C). No differences could be seen
for Ez and Moe, whose overall phosphorylation was reduced to
the level of that of Rdx in the absence of CKII activity (Fig.
6B). Therefore, these two polypeptides did not appear to be
targets for NS1/CKII� in vivo. To confirm that NS1/CKII�
were able, on the other hand, to target Rdx for phosphoryla-

tion, we subjected recombinant, bacterially expressed Rdx to in
vitro phosphorylation by either CKII�� alone or NS1/CKII�.
As shown in Fig. 6D, in the presence of wild-type NS1, Rdx
became strongly phosphorylated at two additional locations
compared to Rdx treated with CKII�� alone, becoming re-
solved in three distinct phosphopeptides. These data argue for
the ability of the NS1/CKII� complex to directly phosphorylate
and eventually modulate Rdx in MVM-infected A9 cells.

Impacts of ERM proteins on MVM maturation and spread.
The virus-induced modulation of Rdx properties and, more
particularly, the biphasic activation of this polypeptide during
MVM infection of A9 cells suggested that ERM proteins may
have an additional function(s) besides regulation of viral DNA
amplification. As a modulator of PKC�-driven phosphoryla-
tion, Rdx may conceivably affect the modification of parvoviral
capsids. This possibility was tested by metabolic 32P labeling
and tryptic phosphopeptide analyses of MVM capsids. To this
end, A9 cells or derivatives expressing dominant-negative
PKC�T512A, Rdxdl[P], or EzT566A were infected with
MVMp and metabolically labeled at 24 h p.i. MVM virions
were isolated by immunoprecipitations, and 32P-labeled VP2
was purified by SDS-PAGE. Tryptic phosphopeptide analyses
were then performed as previously described for NS1. Despite
the reduction of overall production and phosphorylation of
MVM virions in the cell lines expressing dominant-negative
PKC� (PKC�T512A) (18) or Rdx (Rdxdl[P]) (Fig. 3D), it is
possible to monitor qualitative differences in the two-dimen-
sional phosphopeptide patterns derived from different cell
lines by comparing the relative intensity of the individual spots
to each other. As shown in Fig. 7A, trypsin-digested VP2 de-
rived from virions produced in either EzT566A (which was
shown in our preceding experiments to have no impact on
MVM propagation) or A9 cells resolved into five to seven
distinct phosphopeptides. The phosphorylation of five of these
peptides (b�, b�, d�, d�, and e) appeared to depend on PKC�
activity, since it was drastically reduced in the presence of
PKC�T512A. In addition, four of these peptides (b�, d�, d�, and
e) were also missing in the phosphopeptide pattern of Rdx-
dl[P]-treated cells, further supporting the role of a functional
Rdx/PKC� complex in the phosphorylation of parvoviral pro-
teins.

Although little is known about the impact of capsid phos-
phorylation on virus egress and spreading, this result prompted
us to investigate whether ERM proteins are involved in the
control of second-round infections. To this end, cell lines ex-
pressing variant ERM proteins were compared to parental A9
cells for the ability to sustain plaque formation after MVM
inoculation. Readouts consisted of plaque numbers and mor-
phology. As shown in Fig. 7B, Rdx activity had a major effect
on the development of MVM lysis plaques. No plaques could
be seen after inoculation of ERM-deficient A9:P38-Rdxdl[P]
cells with MVMp. The cell line expressing RdxY146F allowed
the formation of pinpoint plaques at a only 50-fold-reduced
efficiency compared to parental A9 cells. While overexpression
of constitutively active RdxT564E resulted in a normal number
but much reduced size of plaques, activated EzT566E pro-
moted virus spread, giving rise to a large-plaque phenotype.
No significant effects were seen with constitutively active
MoeT547E and dominant-negative EzT566A or MoeT547A,
although plaque sizes were somewhat reduced in cultures ex-

FIG. 6. Phosphorylation and activation of Rdx by the NS1/CKII�
complex. (A to C) A9 cells or derivatives thereof expressing dominant-
negative CKII� (dnCKII) under the control of the NS1-inducible P38
promoter were infected with MVM (30 PFU/cell) and analyzed for
Rdx phosphorylation. (A) At the indicated times, cellular extracts were
prepared and analyzed by Western blotting for the amounts of total
Rdx (Rdx) or Rdx activated through phosphorylation at residue T564
(pRdx). �-Tubulin (Tub�) served as a loading control. Dominant-
negative CKII� was mutated either in the ATP-binding pocket
(mATP) or at the conserved glutamic acid in position 81 (E81A).
(B) Metabolic 32P labeling was performed at 24 h p.i. in A9 cells
expressing (�) or not expressing (
) CKII�E81A. Individual 32P-
labeled ERM proteins were isolated by immunoprecipitation and SDS-
PAGE (pERM). The total amounts of the respective proteins in cel-
lular extracts were determined by Western blotting (ERM). �-Tubulin
served as a loading control. (C) Tryptic phosphopeptide analysis of
32P-labeled Rdx produced in the presence (A9) or absence (dnCKII)
of active CKII. The arrows indicate labeled peptides that are under-
represented in the absence of active CKII (dotted oval). (D) Tryptic
phosphopeptide analysis of Rdx phosphorylated in vitro with either
CKII�� or CKII�� supplemented with wild-type glutathione S-trans-
ferase–NS1 (CKII/NS1).

5860 NÜESCH ET AL. J. VIROL.



pressing the last mutant compared to those in A9 cells. Alto-
gether, these results indicated that, besides controlling viral
DNA amplification in vivo, ERM proteins exerted additional
functions involved in virus maturation and/or spreading.

DISCUSSION

The multiple functions of the MVM nonstructural protein
NS1 are tightly regulated by its expression, modification, and
subcellular localization (25). In the present study, we showed
that the ERM family of proteins and, more particularly, Rdx
are essential for both the replication and spreading of parvo-
viruses. This could be traced back to a new function of ERM
proteins, in addition to their known roles as mediators between
the actin cytoskeleton and cellular membranes. Besides their
general impact on viral fitness (as is apparent from MVM’s
ability to form lysis plaques), Rdx, a member of this protein
family, was found to modulate PKC� activity in A9 cells, re-
sulting in changes in the phosphorylation patterns of both the
replicator viral protein NS1 and progeny virions. Interestingly,
this modulator is itself subject to a feedback control consisting
of phosphorylation by the NS1/CKII� complex.

Since the PKC canonical recognition motif is rather nonspe-

cific (22), it was proposed that adaptor proteins might serve to
target these kinases selectively to their substrates (15, 21).
Increasing numbers of PKC interaction partners have been
identified. In keeping with this view, it was shown that atypical
PKCs achieve their regulatory functions in a complex with
multiple cellular proteins (34). In this study, we showed that
the family of ERM proteins is involved in the modulation of
PKC� activity in the cellular context. Upon MVM infection,
Rdx not only is modified through phosphorylation, but also
colocalizes with PKC�, correlating with the PKC�-driven
phosphorylation of both NS1 and progeny virions. Considering
that ERM proteins function as mediators between the (actin)
cytoskeleton and membrane structures (35), this finding is not
surprising, since activation of PKCs is associated with changes
in their affinity from cellular scaffold to membrane association
(17).

NS1 was shown to be regulated in its various functions dur-
ing productive virus infection by selected phosphorylation
events (6, 10, 27). Indeed, some of the changes in the NS1
phosphorylation pattern observed during infection (7) are
thought to contribute to the dissociation of NS1 functions
necessary for progeny particle production from activities in-
volved in cytolysis and virus release (9). The current finding
that Rdx is involved in PKC�-driven phosphorylations of viral
proteins provides a possible clue to the mechanism of NS1
modulation during infection. As ongoing parvovirus infection
has an impact on ERM protein modification and colocalization
with PKC�, ERM proteins may be instrumental in regulating
the substrate targeting or specificity of PKC�, resulting more
particularly in changes in the phosphorylation patterns of viral
proteins. This would be in agreement with the reported control
of ERM proteins over PKC�-driven phosphorylation of both
NS1 and VP proteins.

PKC� was found to participate in multiple processes in-
volved in cell proliferation (2, 12), differentiation (16), survival,
and death (1). It was shown that the activity of PKC� is reg-
ulated by phosphorylation/dephosphorylation events, interac-
tion with small molecules (diacylglycerol and acid lipids), and
ubiquitin-dependent degradation (13). The present study re-
vealed an additional mode of PKC� regulation, through direct
or indirect interaction with ERM proteins. In addition to tar-
geting PKC� to a distinct microenvironment in the cell, this
interaction may contribute to the activation and/or substrate
specificity of the kinase. This possibility is supported by
the known function of ERMs as adaptor proteins between the
actin cytoskeleton and membrane structures (35). On one
hand, such interaction between ERMs and PKCs might induce
conformational changes to the kinase necessary for the activa-
tion process (13). On the other hand, local changes in the
substrate recognition site of PKCs might influence the sub-
strate specificity. It should be stated in this regard that ERMs
are a family of similar but functionally distinct proteins. This
diversity further increases the potential of these adaptor pro-
teins for fine tuning of cellular kinases.

ERM proteins, and particularly Rdx, are subject to regula-
tion by posttranslational modifications (14, 35). This was sub-
stantiated by the present study, which showed that Rdx is a
substrate of cellular kinases in MVM-infected cells, resulting in
Rdx (and consequently PKC� [17]) activation. Moreover, our
data indicate that the main phosphorylation of Rdx at later

FIG. 7. Impacts of ERM proteins on late stages of MVM infection.
(A) A9 cells or derivatives thereof expressing dominant-negative
PKC�T512A (A9:dnPKC�), dominant-negative Ez (A9:EzT566A), or
dominant-negative Rdx (A9:Rdxdl[P]) were infected with MVM (30
PFU/cell) and 32P labeled with orthophosphate at 24 h p.i. Newly
synthesized capsids were isolated by immunoprecipitation with �B7/
�VP2 to enrich for DNA-containing virions and analyzed for the
tryptic phosphopeptide pattern of VP2. (B) Impacts of ERM proteins
on the capacity of MVM to form lysis plaques in parental A9 cells (A9)
or derivatives expressing variant ERM proteins: Rdxdl[P] (RdxP),
RdxT564E (RdxE), RdxY146F (RdxY), EzT566A (EzA), EzT566E
(EzE), MoeT547A (MoeA), and MoeT547E (MoeE). No lysis plaques
were detected in the presence of dominant-negative Rdxdl[P], while
RdxY147F reduced plaque numbers 50-fold; in the remaining cell
lines, plaque numbers were comparable to those of parental A9 cells.
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stages of infection depends on newly synthesized parvoviral
proteins, particularly arguing for the involvement of the re-
cently described NS1/CKII� complex (32). The time lag be-
tween NS1-dependent MVM DNA amplification and the ma-
jor part of Rdx activation strongly suggests a contribution of
Rdx to postreplicative steps of the viral life cycle. Although an
effect of ERM proteins on the assembly and/or maturation of
infectious virions cannot be ruled out, it is tempting to specu-
late that Rdx/PKC� activity may control virus egress and/or
cytolysis at the end of infection. Capsid phosphorylation at the
VP2 N terminus has been implicated in controlling virus egress
(20), a possibility that is facilitated by cellular vesicles shuttling
newly produced virions to the cellular periphery (4). It is worth
noting in this respect that ERM proteins, such as Ez, have been
shown to be involved in vesicle transport (36) and that MVM
capsid phosphorylation was found in the present study to de-
pend on both PKC� and Rdx. The possible role of ERM
proteins in virion release was further supported by the present
demonstration of a marked impact of ERM activity on the
capacity of MVM-infected cells to sustain the formation of
lysis plaques. Alternatively, Rdx-driven PKC� activity might
also be involved in NS1-mediated induction of cytopathic ef-
fects leading to cell lysis.

Figure 8 depicts a hypothetical model of the involvement of
ERM proteins in the MVM replication cycle and of the regu-
lation of these proteins through NS1/CKII� according to our

current knowledge. At early stages of infection, newly synthe-
sized NS1 is phosphorylated in the nucleus by PKC� at resi-
dues T435 and S473 (26), two modifications necessary for he-
licase function (10) and interaction with the catalytic subunit of
CKII, CKII� (32). In order to promote viral DNA amplifica-
tion, NS1 requires additional modifications driven by the novel
PKC� (18). Early during infection, active PKC� is found in
limited amounts in the nucleus (17) to drive the initial repli-
cation steps. As reflected by the lag period observed in the
beginning of the MVM infection cycle, this PKC�-driven phos-
phorylation of NS1 might, however, be rather inefficient. Upon
synthesis of viral (NS) proteins, PKC� translocates toward the
perinuclear area and becomes increasingly activated through
phosphoinositol-dependent kinase 1 (PDK-1) in a PKC�-de-
pendent manner (17). This boost of PKC� activation correlates
with the activation and translocation of Rdx to the perinuclear
area, where it colocalizes with PKC� (Fig. 5). This MVM-
induced activation of Rdx is dependent on active CKII� and
appears to be mediated through phosphorylation by the NS1/
CKII� complex (Fig. 6). Cooperation of Rdx with PKC� seems
to be essential for efficient phosphorylation of both NS1 (on its
way to the nucleus in order to drive viral DNA replication) and
newly synthesized MVM virions (whose active export from the
nucleus to the outside of cells is phosphorylation dependent
[20] and vesicle associated [4]) (Fig. 7A). Additional roles may
be played by ERM family proteins (e.g., Rdx or Moe) in the
loading of newly synthesized virions into vesicles, thereby con-
trolling virus egress and spread (Fig. 7B). Our current inves-
tigations aim to determine the molecular mechanisms under-
lying the modulation of parvovirus propagation by ERM
proteins and the control of PKC� activity by these proteins in
more detail.
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