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Minute virus of mice NS1 protein is a multifunctional phosphoprotein endowed with a variety of enzymatic
and regulatory activities necessary for progeny virus particle production. To regulate all of its different
functions in the course of a viral infection, NS1 has been proposed to be modulated by posttranslational
modifications, in particular, phosphorylation. Indeed, it was shown that the NS1 phosphorylation pattern is
altered during the infectious cycle and that the biochemical profile of the protein is dependent on the
phosphorylation state of the polypeptide. Moreover, in vitro approaches have identified members of the protein
kinase C (PKC) family, in particular, atypical PKC, as regulators of viral DNA replication through the
phosphorylation of NS1 residues T435 and S473, thereby activating the protein for DNA unwinding activities.
In order to substantiate these findings in vivo, we produced NS1 in the presence of a dominant-negative PKCA
mutant and characterized the purified protein in vitro. The NS1 protein produced under these conditions was
found to be only partially phosphorylated and as a consequence to be deficient for viral DNA replication.
However, it could be rescued for this viral function by treatment with recombinant activated PKCA. Our data
clearly demonstrate that NS1 is a target for PKC\ phosphorylation in vivo and that this modification is
essential for the helicase activity of the viral polypeptide. In addition, the phosphorylation of NS1 at residues
T435 and S473 appeared to occur mainly in the nucleus, providing further evidence for the involvement of

PKCA which, unlike PKC{, accumulates in the nuclear compartment of infected cells.

Minute virus of mice (MVM), an autonomous parvovirus, is
a small nonenveloped spherical particle containing single-
stranded linear DNA. This 5.1-kb DNA encodes two structural
and at least four nonstructural proteins, of which only NS1, the
83-kDa, mainly nuclear polypeptide, is essential for virus prop-
agation in all cell types. This multifunctional protein is en-
dowed with regulatory as well as enzymatic activities essential
for various processes involved in progeny virus production.
Besides regulating its own promoter, NS1 trans-activates the
promoter for capsid protein production, initiates viral DNA
amplification, and interferes with host cell physiology, thereby
allowing efficient virus propagation to occur. The capacities of
NS1 to modulate host cell transcription, translation, and post-
translational modifications and to interact physically with a
variety of host proteins are thought to contribute to the overall
cytostatic and cytotoxic effects imposed by the viral polypep-
tide on host cells (for a review, see reference 37).

In order to exert its various functions in a timely and coor-
dinated manner, NS1 was proposed to be regulated by post-
translational modifications, in particular, phosphorylation. In
fact, by monitoring NS1 phosphorylation through metabolic
labeling, it was shown that the phosphopeptide pattern of the
protein undergoes consecutive changes in the course of a viral
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infection (8). Furthermore, the biochemical functions of NS1
proved to be tightly dependent on the phosphorylation state of
the polypeptide (27). These findings argue strongly for NS1
regulation by discrete phosphorylation and dephosphorylation
events. By use of a kinase-free in vitro replication system, it was
demonstrated that the initiation of viral DNA amplification
indeed requires NS1 phosphorylation by members of the pro-
tein kinase C (PKC) family (29) and that distinct NS1 replica-
tive functions are independently regulated by phosphorylation
(7, 12, 26, 27, 29).

Unlike double-stranded DNA viruses, such as simian virus
40, parvoviruses use a rolling-circle mode of DNA replication
(RCR) similar to that described for bacteriophages and single-
stranded plasmids. Thus, replication intermediates are pro-
duced by unidirectional strand displacement synthesis starting
from single-strand nicks produced by parvovirus initiator pro-
tein NS1, which becomes covalently attached to the 5’ end of
the nicked strand. The free 3'-hydroxyl produced by this cleav-
age reaction then serves as a primer for DNA polymerase
activity (for details, see references 5 and 10). Initiation and
consecutive DNA amplification can be studied in vitro by using
plasmids containing the minimal (left-end) origins of replica-
tion in the presence of cellular extracts, deoxynucleoside
triphosphates (ANTPs), and purified NS1 (9). Recently, it was
found that this in vitro replication reaction could be reconsti-
tuted by using recombinant polypeptides of NS1, polymerase 3,
PCNA, RF-C, RPA, and nicking accessory protein PIF (5). In
order to obtain a kinase-free in vitro replication system, we
replaced the polymerase fraction with T4 bacteriophage DNA
polymerase and used a subcellular fraction consecutively puri-
fied on phosphocellulose and threonine affinity columns to
supply PIF, PCNA, and RPA. This modified in vitro system
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allowed us to study the regulation of NS1 replicative functions
through phosphorylation (29) and, as a consequence, to show
that recombinant PKCA and an additional phorbol ester-stim-
ulated component are sufficient to render dephosphorylated
NS1 active for RCR (12).

Biochemical analyses of NS1 and site-directed mutants of
NS1 have been performed to investigate the mechanisms of
replication initiation at the protein level. NS1 is endowed with
multiple enzymatic activities, such as ATP binding and hydro-
lysis (17), oligomerization (32), site-specific interaction with
the origin (11, 21), site- and strand-specific endonuclease ac-
tivity (6, 28), and helicase function (17, 26, 28), all of which
proved to be essential for parvovirus DNA replication (26, 28).
These developments allowed us to characterize the phospho-
rylation-dependent regulation of NS1 replicative functions on
the biochemical level. Two NS1 target sites for atypical PKC\
or PKC{ phosphorylation, mapping at residues T435 and S473,
were found to be essential for MVM DNA replication (7, 12).
Phosphorylation of these residues appears to control two spe-
cific NS1-dependent events: (i) initiation of viral DNA repli-
cation through origin unwinding prior to nicking and trans-
esterification (26) and (ii) viral DNA amplification through a
processive helicase function in front of the replication fork (12,
26), ensuring polymerase 3-driven strand displacement synthe-
sis.

All investigations performed so far regarding the involve-
ment of PKCs in the regulation of MVM DNA replication
have been based on either in vitro phosphorylation or the use
of NS1 mutants to target PKC phosphorylation sites. The
present investigation was performed to elucidate the role of
PKC phosphorylation of NS1 under in vivo conditions and to
analyze its impact on NS1 replicative functions. To obtain NS1
deprived of atypical PKC phosphorylation, we expressed the
protein in mouse A9 cells in the presence of a dominant-
negative PKCN mutant. This strategy resulted in a partially
phosphorylated NS1 protein which specifically lacked atypical
PKCA\-induced modifications and which could be further puri-
fied and analyzed for its activities in vitro. In addition, we
compared the pattern of phosphorylation of a purely cytoplas-
mic NS1 variant with that of the mainly nuclear wild-type
protein, in relation to the subcellular distributions of atypical
PKCs in mock- and MVM-infected A9 fibroblasts. The data
presented here show that NS1 is a target for atypical PKC\ in
vivo and that the resulting modifications control the replicative
functions of NS1 at the level of its helicase activity. PKC\
phosphorylation of NS1 takes place predominantly in the nu-
clear compartment, in keeping with the accumulation of this
kinase in the nucleus of the host cell. However, a significant
fraction of PKCA is still present in the cytoplasm, suggesting
that additional factors mediate the compartmentalization of
NS1 phosphorylation and activation.

MATERIALS AND METHODS

Viruses and cells. Recombinant vaccinia viruses were generated in CV-1 cells,
propagated in monolayer cultures of BSC-40 or HeLa cells, and purified over a
sucrose cushion as previously described (25, 28). If no suitable antibodies were
available for the detection of a recombinant protein (e.g., VADN), recombinant
vaccinia viruses harboring the appropriate gene were identified by PCR with a
rightward primer located within the encephalomyocarditis virus leader sequence
(5'-GATGCCCAGAAGGTACCCCATTG-3') and a leftward primer specific
for the coding sequence of the appropriate gene. Vaccinia virus vIF7-3 has been
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described elsewhere (15). The production of wild-type and mutant His,-tagged
NS1 as well as PKC\ has been reported elsewhere (7, 12, 28). Wild-type MVM
was propagated in A9 cells. A9 and BSC-40 cells were grown as monolayer
cultures in Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum.
HeLa-S3 cells were grown in suspension in Joklik’s medium containing 10% fetal
calf serum in Spinner bottles.

NSland PKC mutants. (i) NS1 variants. The nucleotide binding site mutant
K405R (25), the cytoplasmic deletion mutant d/158 (24), and the phosphoryla-
tion site mutants T435A and S473A (7, 12, 26) have been described and char-
acterized elsewhere.

(i) PKC\ dominant-negative mutant. The PKCX-DN clone, encoding the
regulatory domain of PKCN (amino acids 27 to 236), was generated from the
corresponding wild-type ¢cDNA clone (12) by PCR with the primer pair 5'-AT
ACCATGGTAACACACTTTGAGCCTT-3' and 5'-ATGCTCGAGCGACGC
TTTACCACTCTCC-3' and subcloned into pCR2.1 (Invitrogen, Groningen,
The Netherlands) prior to transfer into pTMHis1.

Expression vectors and substrate plasmids. Plasmids pTM-1 (20) and pTHis-1
(27), used to generate recombinant vaccinia viruses, have been described else-
where. Plasmids containing the active and inactive left-end origins of MVM
DNA replication (pL1-2TC and pL1-2GAA, respectively) have been described
by Cotmore and Tattersall (9).

Production and purification of recombinant proteins. PKCA and NSI
polypeptides were produced from recombinant vaccinia viruses in suspension
cultures of HeLa-S3 cells (27) by using vT'F7-3 and the appropriate recombinant
vaccinia virus containing the NS1 or the PKCA gene under the control of the T7
promoter at 15 PFU/cell each. When needed, vaccinia virus expressing
PKCA\-DN (or either of the control proteins NS2 and PKC\) at 15 PFU/cell was
added to achieve a dominant-negative effect directed against endogenous PKCA.
Infected cultures were harvested 18 h postinfection, whole (PKC\) or nuclear
(NS1) extracts were prepared, and His-tagged recombinant proteins were puri-
fied by using Ni>*-NTA-agarose (Qiagen) columns (28). Protein preparations
were analyzed by discontinuous sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) and Coomassie blue staining and tested for distinct
biochemical properties.

NS1 metabolic labeling, purification, and phosphopeptide analyses. Metabolic
labeling of NS1 and tryptic phosphopeptide analyses were performed essentially
as previously described (27). A9 cell cultures (107 cells) were infected with
recombinant vaccinia viruses (15 PFU/cell each) and incubated for 3 h before the
labeling medium (complete medium lacking phosphate and complemented with
1071 Ci of [*?P]orthophosphate [ICN]/cell) was added. After 4 h, the labeled
cells were harvested directly in 1 ml of radioimmunoprecipitation assay buffer (20
mM Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% sodium
deoxycholate, 1% Triton X-100) containing protease and phosphatase inhibitors.
NS1 immunoprecipitation was carried out with 10 pl of anti-NSy antiserum (27)
for 2 h at room temperature. Immune complexes were precipitated with protein
A-Sepharose, washed with radioimmunoprecipitation assay buffer, and further
purified by SDS-10% PAGE. 3?P-labeled proteins were revealed by autoradiog-
raphy after blotting on polyvinylidene fluoride membranes, and the band corre-
sponding to NS1 was excised. Digestion of membrane-bound NS1 was performed
with 50 U of trypsin for 18 h at 37°C. Tryptic peptides contained in the super-
natant were recovered by lyophilization and analyzed on thin-layer cellulose
plates in two dimensions, first by electrophoresis with pH 1.9 buffer and then by
chromatography with phosphochromatography buffer.

Subcellular localization of PKCs. For determination of the subcellular local-
ization of endogenous PKC isoforms, A9 cells were grown on “spot slides.”
Infections with MVM (30 PFU/cell) were performed for various periods of time.
Cells were then fixed with paraformaldehyde, immunostained with various PKC-
specific antibodies, and stained with either fluorescein isothiocyanate-, Cy2-,
Texas red-, or Cy3-conjugated secondary immunoglobulin G (IgG) antibodies
directed against the respective immunoglobulins (see legends to figures). Anal-
yses were performed by standard immunofluorescence microscopy and by laser
scanning confocal microscopy (Leica TCS SP laser fitted to a Leica IMRBE
microscope).

Helicase assays. Helicase assays were carried out as described previously (28).
M13-VAR was used as a substrate and was prepared by annealing the M13rev
primer (Amersham) to M13 single-stranded DNA followed by extension for 5
min at room temperature in the presence of T7 polymerase and dNTPs, includ-
ing [a-3?P]dATP. 3*P-labeled fragments of various lengths were obtained by the
addition of ddGTP and further incubation for 20 min. Purified NS1 was incu-
bated with 20 ng of substrate for 40 min in the presence of 2 mM ATP. The
reactions were stopped by the addition of SDS and EDTA, and the products
were analyzed by 7% nondenaturing PAGE in the presence of 0.1% SDS.
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Replication assays. Replication assays were carried out as described previously
(29) in the presence of subcellular fraction P1-Thr, 3 U of T4 DNA polymerase,
and approximately 200 ng of His-tagged vaccinia virus-produced NS1 (as deter-
mined by Coomassie blue staining after SDS-PAGE). P1-Thr consists of the
flowthrough fraction of 293 cell extracts purified on phosphocellulose columns
and relieved of endogenous serine-threonine kinases by L-Thr affinity chroma-
tography. This fraction contains the replication factors RPA, PCNA, and PIF.
The assays were carried out with a 20-p.l total volume containing 20 mM HEPES-
KOH (pH 7.5), 5 mM MgCl,, 5 mM KCI, 1 mM dithiothreitol, 0.05 mM each
dNTP, 2 mM ATP, 40 mM creatine phosphate, 1 g of phosphocreatine kinase,
10 p.Ci of [a->?P]dATP (3,000 mCi/mmol), and 20 ng of the appropriate DNA
template (pL1-2TC or pL1-2GAA) (12). After incubation at 37°C for 2 h, the
reaction was stopped by the addition of 60 ul of 20 mM Tris (pH 7.5)-10 mM
EDTA-0.2% SDS and incubation at 70°C for at least 30 min. The reaction
products were analyzed by agarose gel electrophoresis after immunoprecipita-
tion with anti-NSy antiserum and digestion with HindIIIL.

RESULTS

NS1 phosphorylation and regulation by PKCA in vivo.
MVM NS1 is a multifunctional phosphoprotein that is thought
to be primed for its various tasks by differential phosphoryla-
tion events in a timely coordinated manner exerted by distinct
cellular protein kinases (8). In fact, a variety of in vitro analyses
have shown that PKCs (29), particularly PKC\ (12, 26), are
able to activate NS1 for its replicative functions, regulating the
DNA unwinding activity of the viral product by phosphoryla-
tion at residues T435 and S473. However, the relevance of this
kinase for NSI1 regulation under in vivo conditions has re-
mained elusive.

To rule out the possible involvement of alternative, as-yet-
undefinded cellular protein kinases with the same substrate
specificity as atypical PKCA in NS1 phosphorylation in vivo, we
designed a specific knockout strategy for living cells based on
the genuine regulatory properties of PKCs. Atypical PKCs in
the inactive state are thought to be in a closed conformation, in
which the substrate binding site is blocked due to its interac-
tion with the N-terminally located pseudosubstrate region.
Upon interaction with acidic lipids, such as phosphatidylserine
(PS), or the appropriate membranes in the cellular environ-
ment, a conformational switch disconnects the pseudosubstrate
region from the catalytic center of the enzyme, thereby allow-
ing binding and phosphorylation of the substrate to occur (22).
In order to specifically inactivate endogenous PKC\, we de-
cided to supply the regulatory domain containing the
pseudosubstrate region in excess to block the catalytic site of
the enzyme. This complex of PKCA with the artificially pro-
duced peptide, mimicking a closed conformation, is unable to
respond to stimulation with the cofactor PS. The PKC\ regu-
latory region should thus behave in a dominant-negative man-
ner, hence, its designation here as PKC\-DN.

To produce the PKCA\-DN mutant, the cDNA fragment cod-
ing for the regulatory domain of this kinase was expressed by
means of recombinant vaccinia viruses in mammalian cells. It
should be noted that although PKC\ and PKC{ pseudosub-
strate sites are identical, it is likely that differences within the
sequences surrounding the regulatory domain, particularly
around the zinc finger region, are sufficient to discriminate
between the two atypical PKCs in vivo. Thus, the greater part
of the PKCA regulatory domain, corresponding to amino acids
27 to 236, was cloned into pTM-1, and recombinant vaccinia
viruses expressing this PKCA variant under the control of the
bacteriophage T7 promoter and an encephalomyocarditis virus
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leader sequence were generated. For comparison, the NS1
protein was also coexpressed with wild-type PKC\ or the par-
vovirus NS2 protein in order to rule out side effects due to
randomly expressed polypeptides.

To investigate the involvement of PKCA in NS1 phosphor-
ylation in vivo, NS1 was expressed either alone or in the pres-
ence of PKCA\-DN or wild-type PKCA, metabolically **P la-
beled, and processed for tryptic phosphopeptide analyses. As
shown in Fig. 1B versus Fig. 1A and C, the coexpression of
PKCN-DN correlated with the suppression of a major spot in
the NS1 phosphopeptide map, while allowing the other phos-
phorylation events to occur. Since this spot was previously
obtained upon in vitro phosphorylation of NS1 by recombinant
PKCA and was assigned to NS1 peptides harboring the phos-
phorylation sites T435 and S473 (7, 12), we were able to dem-
onstrate that these two regulatory sites in NS1 are indeed
targeted by PKCM in vivo. Interestingly, an additional NS1
phosphopeptide became apparent upon inhibition of PKCA
(Fig. 1B), illustrating the interconnection of different phos-
phorylation pathways. It should also be noted that no increase
in NS1 phosphorylation was observed upon overexpression of
recombinant wild-type PKC\ (Fig. 1C), indicating that the
amount of endogenous PKCA present in the cells was not
limiting for NS1 phosphorylation.

The inhibition of distinct NS1 phosphorylation events
caused by the coexpression of PKCN-DN prompted us to fur-
ther characterize partially phosphorylated NS1 for its biochem-
ical activities. Wild-type NS1 was expressed in the presence of
PKCA-DN in HelLa cells by means of recombinant vaccinia
viruses. For the sake of comparison, the NS1 protein was also
coexpressed with either wild-type PKCN or the parvovirus NS2
protein, serving as a negative control for the specificity of the
dominant-negative effect exerted by the N-terminal PKC\
polypeptide. His-tagged NS1 protein was purified by using
Ni**-NTA columns and was further characterized in various in
vitro assays. As previously reported (12, 26) and shown in Fig.
2, lanes 1 to 7, PKCA is able to regulate NS1 DNA unwinding
activities in vitro. Therefore, we first tested purified NS1
polypeptides, which were generated in the presence of the
above-mentioned regulatory proteins, in standard helicase as-
says. As shown in Fig. 2, lane 12, NS1 coexpressed with
PKCN-DN was devoid of detectable helicase activity. This de-
fect could be assigned to the lack of in vivo phosphorylation of
NS1 by PKC (as observed in Fig. 1), since the partially phos-
phorylated polypeptide recovered its helicase activity upon the
addition of activated recombinant PKCA\ (Fig. 2, lane 13). In
contrast, the PKC\ phosphorylation site mutants T435A and
S473A could not be rescued by recombinant PKCA (Fig. 2,
lanes 8 and 9). No inhibition of NS1 helicase activity was
observed upon coexpression of NS1 with NS2 or wild-type
PKCA (Fig. 2, lanes 10 and 11), indicating that this inhibition
was due to the dominant-negative effect of PKCN-DN. Alto-
gether, the data demonstrate the relevance of PKC\ phosphor-
ylation of NS1 in vivo and its concomitant regulation of a major
function of the viral product, namely, DNA unwinding activity.

While PKCA is sufficient to activate NS1 for helicase activity,
at least one additional member of the PKC family appears to
be required for NSI1 to initiate RCR under in vitro conditions
(12, 29). Accordingly, PKC\ and the subcellular fraction HA-2
(containing a tetradecanoyl phorbol acetate-responsive PKC)
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FIG. 1. In vivo phosphorylation of NS1 in the presence and absence of active PKCA. Wild-type NS1 was expressed either alone (A) or in the
presence of PKCA\-DN (B) or recombinant PKC\ (C) by infecting A9 cells with recombinant vaccinia viruses. After metabolic **P labeling, NS1
was purified by immunoprecipitation and SDS-PAGE. Phosphorylation of the individual NS1 polypeptides was determined by tryptic phosphopep-
tide analyses with two-dimensional thin layer electrophoresis and chromatography and was revealed by autoradiography. Arrows indicate spots
which showed a reduced intensity after the coexpression of NS1 with PKC\-DN, while the asterisk indicates a phosphopeptide which was induced

under these conditions.

were both necessary to rescue fully dephosphorylated NS1 for
RCR (Fig. 3, lanes 8 to 13). This result allowed us to test the
specificity of the dominant-negative effect of PKCA\-DN by
determining whether NS1 produced in the presence of this
inhibitor was still phosphorylated by the HA-2 component and
needed only PKCA to become competent for RCR. The par-
tially phosphorylated NS1 protein produced in the presence of
PKCA-DN [NSI(N-DN)] was tested for its ability to initiate
viral DNA amplification in a kinase-free in vitro replication
system (29). As expected from its lack of helicase activity,
NS1(\-DN) proved to be deficient for RCR in the absence of
any further treatment (Fig. 3, lanes 1 to 5). In contrast to
alkaline phosphatase-treated NS1°, which required both HA-2
and PKC\ for reactivation (Fig. 3, lane 12), NSI(\-DN) re-
covered its RCR function upon the addition of activated PKC\
only (lanes 6 and 7), demonstrating the specificity of our dom-
inant-negative approach for PKC\ inhibition.

NS1 phosphorylation at residues T435 and S473 is achieved
mainly in the nucleus. NS1 is a multifunctional phosphopro-
tein that is thought to be primed for its various tasks by dif-
ferential phosphorylation events, as suggested by its modula-
tion of biochemical activities or its modification by multiple
protein kinases in vitro (27). This information raises the pos-
sibility that NS1 may be targeted by different kinases depend-
ing on its location within the cell. NS1 may be primed for
distinct functions according to the cellular compartment in
which it is located. To test this possibility, we determined
whether differences in phosphorylation patterns could be de-
tected between the mainly nuclear wild-type NS1 and a cyto-
plasmic variant lacking the nuclear localization signal. Previous
investigations showed that the phosphorylation of NS1 ex-
pressed from recombinant vaccinia viruses closely mimics the

pattern observed during the replicative phase of a normal
MVM infection (8). This result allowed us to use the vaccinia
virus expression system in order to compare the tryptic phos-
phopeptide maps of wild-type NS1 (the greater part of which is
nuclear) and cytoplasmic mutant d/158 (lacking amino acids 98
to 256) (24) after metabolic **P labeling in A9 cells. The
patterns of phosphorylation of wild-type NS1 (Fig. 4B) and the
cytoplasmic form, d/158 (Fig. 4C), could be distinguished only
by the suppression of a few phosphopeptides in the cytoplasmic
polypeptide. Interestingly, one of these suppressed spots was
previously shown to contain two comigrating NS1 peptides
harboring PKCA phosphorylation sites T435 and S473 (7, 12).
These results provided evidence to suggest that the majority of
NS1 phosphorylation occurred in the cytoplasm of A9 cells,
irrespective of nuclear translocation, while atypical PKC\
phosphorylation at T435 and S473 was achieved mainly in the
nuclear compartment. These results are especially interesting
because the latter phosphorylation events both target the NS1
helicase domain and regulate the NS1-dependent initiation of
viral DNA replication (26), an activity confined to the nuclei of
MVM-infected cells (1).

Subcellular localization of atypical PKCs in A9 cells. In a
variety of systems, PKCs are redistributed within cells upon
activation, leading in many situations to the nuclear transloca-
tion of activated PKC isoforms (16). This compartmentaliza-
tion of PKCs, together with our data concerning the nuclear
location of NS1 phosphorylation by PKCA in A9 cells,
prompted us to investigate the subcellular distributions of en-
dogenous atypical PKCs in the presence and absence of MVM.
The above-mentioned results obtained with the dominant-neg-
ative kinase variant strongly argued for a role of PKCA, rather
than the related PKC{ isoform, in NS1 regulation under in vivo
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FIG. 2. The helicase activity of NS1 depends on its phosphorylation by PKCA. The unwinding activity of purified NS1 polypeptides was
determined in standard helicase assays in the presence of 2 mM ATP by using M13-VAR as a substrate. The reaction products were analyzed by
7% PAGE in the presence of 0.1% SDS. Lanes: 1 and 2, native and heat-denatured input substrates, respectively; 3, NS1 mutant K405M
(nucleotide binding site mutant), serving as a negative control; 4, wild-type fully phosphorylated NS1; 5 and 6, wild-type NS1 dephosphorylated
by treatment with alkaline phosphatase; 7, PKCA alone; 8, NS1 mutant S473A; 9, NS1 mutant T435A; 10, NS1 produced in the presence of NS2;
11, NS1 produced in the presence of recombinant PKC\; 12 and 13, NS1 produced in the presence of PKCA-DN. Reactivation reactions shown
in lanes 6 to 9 and 13 were performed in the presence of activated recombinant PKC\.

conditions. It was therefore interesting to test whether this not infected with MVM for 24 h, and fixed with paraformal-
conclusion was consistent with the respective intracellular dis- dehyde. Individual PKCs were then identified with isoform-
tributions of the two atypical PKCs. specific antibodies. NS1 was detected by polyclonal antiserum

To this end, A9 cells were grown on spot slides, infected or NS1, raised against the C-terminal 16 amino acids of NS1
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FIG. 3. Reactivation of dephosphorylated NS1 in replication assays. NS1-dependent RCR of plasmids containing the left-end active (T) or
inactive (G) origin was determined in a kinase-free in vitro system based on P1-Thr and T4 DNA polymerase (29). The reaction products were
analyzed by 0.8% agarose gel electrophoresis after immunoprecipitation with anti-NSy antiserum, HindIII restriction digestion, and deproteina-
tion. The migration positions of the linearized plasmid (a), a replication intermediate produced by dephosphorylated NS1 (b), and higher-
molecular-weight species that represent replication products with displaced single-stranded tails (c) are indicated on the right. Lanes: 1, mutant
Y210F (linkage tyrosine mutant), serving as a negative control; 2 and 3, fully phosphorylated NS1; 4 to 7, NS1 produced in the presence of
PKCN-DN; 8 to 13, fully dephosphorylated NS1 (alkaline phosphatase treatment). Reactions in lanes 6, 7, 10, 12, and 13 were performed in the
presence of activated recombinant PKC\; reactions in lanes 11 to 13 were performed in the presence of activated subcellular fraction HA-2.

(24). The subcellular distributions of the PKCs and NS1 were
then determined by using standard and confocal laser scanning
microscopy. Figure 5 shows confocal images of representative
cells (>80% of the cell population) obtained repeatedly after
independent infections. PKCN was found in both the cytoplas-
mic and the nuclear compartments of both mock- and MVM-
infected cells. However, MVM-infected cells could be distin-
guished from controls by the nuclear localization of the PKC\
signal, which colocalized at least in part with the NS1 signal

(Fig. 5, left column). Since no increase in the total protein
content of PKC\ was observed upon MVM infection of A9
cells (8), this intensification of nuclear staining likely reflected
the association of the kinase with membranes (or other nuclear
structures) as a consequence of activation processes. Surpris-
ingly, PKCA did not appear to concentrate in distinct nuclear
structures, such as the autonomous parvovirus-associated rep-
lication (APAR) bodies, which were recently shown to consti-
tute parvovirus DNA replication centers (1). Therefore, the
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FIG. 4. Tryptic phosphopeptide analyses of wild-type NS1 and cytoplasmic NS1 variant d/158. (A) Schematic pattern. (B and C) Peptide
analyses. Wild-type NS1 (B) and mutant d/158 (C) were expressed by means of recombinant vaccinia viruses in A9 cells, metabolically **P labeled,
and purified by immunoprecipitation and SDS-PAGE. Tryptic phosphopeptide maps were obtained by two-dimensional thin-layer electrophoresis
and chromatography and were revealed by autoradiography. Arrows indicate a spot that was significantly reduced in intensity in the d/158 map and
that was previously assigned to NS1 peptides harboring the phosphorylation sites T435 and S473 (7, 12), as indicated by filled dots in the schematic

pattern.

sites at which NS1 becomes phosphorylated and activated by
atypical PKCs may be spatially dissociated from those at which
NS1 initiates viral DNA replication, even though both events
take place in the nuclear compartment.

In contrast to PKC\, endogenous PKC{ was detected pre-
dominantly in the cytoplasm of both mock- and MVM-infected
A9 cells (>70% of a representative cell population) (Fig. 5,
right column). Similarly, a recombinant constitutively active
mutant form of PKC{ was found to be predominantly located
in the cytoplasm of MVM-infected A9 cells (data not shown).
These observations suggest that if PKC{ is active or becomes
activated during MVM infection, its regulatory impact con-
cerns cytoplasmic steps of the viral life cycle. Together with the
PKCA-DN data described above, the concordance of PKCA but
not PKC{ subcellular localization with NS1 phosphorylation at
residues T435 and S473 strongly argues for the involvement of
the PKCA isoform in NS1 regulation through these modifica-
tions under in vivo conditions.

It is worth mentioning that the subcellular distributions of
PKC\ and PKC{ were also characterized after the expression
of these isoforms by means of recombinant vaccinia viruses.
These analyses confirmed both the specificity of the antibodies
for the respective PKC isoforms and the genuine intracellular
distributions of these kinases (data not shown). Together with
the similarity of the intracellular NS1 phosphorylation patterns
in recombinant vaccinia virus- and MVM-infected cells (8),
these observations support the use of the vaccinia virus expres-
sion system to investigate the interplay between NS1 and atyp-
ical PKCs.

DISCUSSION

Previous in vitro studies showed that phosphorylation of
MVM major nonstructural protein NS1 is involved in the mod-
ulation of its biochemical activities (27). In consequence, dis-
tinct phosphorylation events are essential to endow the viral

protein with properties enabling it to achieve distinct functions
required for progeny virus production (8, 12, 29). In particular,
atypical PKC\ was found to control NS1 DNA unwinding
functions, i.e., enzymatic activities involved in viral DNA rep-
lication at both the initial nicking reaction and the subsequent
strand displacement synthesis (12, 26, 27, 29). Although sup-
ported by investigations with NS1 variants obtained by site-
directed mutagenesis at consensus PKC phosphorylation sites
(7, 12, 26), the relevance of PKC-driven NS1 phosphorylation
and regulation for MVM DNA replication remained to be
demonstrated under in vivo conditions. This question was ad-
dressed in this work by using a dominant-negative construct to
generate partially dephosphorylated NS1 in vivo and subse-
quently analyzing the purified protein in vitro. The data pre-
sented provide direct evidence for NS1 phosphorylation by
PKCA\ under in vivo conditions and, moreover, the regulation
of NS1-dependent viral DNA replication by modulation of its
helicase activity through these modifications. In addition, our
results exemplify the interconnection between the activation of
PKCs and their compartmentalization inside host cells.
PKCA was shown to play an important role in the organiza-
tion of the cell. Recently, PKCA and its homologue in Cae-
norhabitis elegans, PAR3, were identified as signaling compo-
nents regulating the shape and polarity of epithelial and
neuronal cells (13, 23, 30, 35); they are involved in the regu-
lation of the disassembly of actin stress fibers in ras-trans-
formed cells (36). Furthermore, PKC\ proved able to trigger
signaling cascades involving its own PDK-1/PKC pathway (31)
or the signaling cascade of MEK/ERK protein kinases (2, 34).
Hence, the experimental modulation of PKCA may have sig-
nificant consequences for cell physiology and thereby addi-
tional indirect influences on progeny virus production. There-
fore, we used a PKCA knockout approach in which the lack of
in vivo phosphorylation of NS1 was further analyzed for its
effect on the biochemical activities of the viral polypeptide
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FIG. 5. Subcellular localization of endogenous atypical PKC\ and PKC{ in mock- and MVM-infected A9 cells. A9 cells were grown on spot
slides, infected or not infected with MVM (30 PFU/cell), and fixed 24 h postinfection with paraformaldehyde. PKC\ was detected by using an
isoform-specific mouse monoclonal antibody (Becton Dickinson P22520) and revealed with Cy3-conjugated anti-mouse IgG. PKC{ was detected
by using a specific goat polyclonal antiserum (Santa Cruz) and revealed with fluorescein isothiocyanate-conjugated anti-goat IgG. For double-
immunofluorescence staining, NS1 was detected with rabbit antiserum NS1 (7). Subcellular localization of PKCs and NS1 was analyzed by using
laser scanning confocal microscopy. (a and b) Uninfected A9 cells. (¢ to h) MVM-infected A9 cells. (a and c) Anti-PKCX (red). (e) Anti-NS1
(green). (g) Merge. (b and d) Anti-PKC{ (green). (f) Anti-NS1 (red). (h) Merge. Bars, 10 pm.
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outside the cellular environment. The recombinant vaccinia
virus expression system makes this strategy possible, since it
allows NS1 to be produced in mammalian cells both in suffi-
cient amounts and with a phosphorylation pattern highly sim-
ilar to that of the genuine NS1 polypeptide produced by MVM
in mouse cells (8, 28). Thus, NS1 produced in the presence of
a dominant-negative mutant, PKC\-DN, was found to be only
partially phosphorylated and to lack helicase and replication
activities, defects that could be restored by supplementation of
the in vitro assay mixtures with activated PKC\. These exper-
iments clearly demonstrated the direct involvement of this
atypical PKC isoform in the phosphorylation of NS1 and the
regulation of its replicative functions. This complementation in
vitro excludes possible indirect effects of the PKC\ knockout
through alterations of host cell physiology.

In vitro reactivation of NS1 helicase activity can be achieved
with either one of the atypical PKCs, PKC\ or PKC{ (12).
Although the involvement of PKC{ in general cannot be ruled
out, it is not supported by the differences shown for the kinases
in our experiments. (i) The differences in the primary structure
between the regulatory domains of PKCN and PKC{ imply
specific inhibition of PKC\ by our dominant-negative mutant.
(ii) The intracellular distributions of the two kinases are dif-
ferent. Nuclear phosphorylation of regulatory sites T435 and
S473 likely is targeted by nuclear PKC\, while mainly cytoplas-
mic PKC{ is a very doubtful candidate for these phosphoryla-
tion events.

During the course of an MVM infection, viral protein NS1
not only drives viral DNA replication but also is directly re-
sponsible for cell disturbances that eventually lead to cell lysis
and release of progeny particles (4). To ensure the optimal
production of viruses, NS1 functions are thought to become
temporally regulated so that cytotoxic activities are delayed
and do not interfere with virus replication. This regulation
could be achieved by time-dependent changes in the pattern of
phosphorylation of the viral polypeptide (8). However, some
NS1 modifications, such as PKC\ phosphorylation at residues
T435 and S473, activate the capacity of NS1 for both replica-
tion (12, 26) and alterations of host cell morphology (7).
Therefore, additional means to regulate NS1 activities besides
phosphorylation may be necessary to dissociate these conflict-
ing activities.

Sequential functioning of NS1 could also be achieved
through spatial regulation based on compartmentalization of
the viral product and/or its regulators within infected cells.
This possibility is consistent with results of the present inves-
tigation showing that PKCN phosphorylation at residues T435
and S473 occurs predominantly in the nucleus. This evidence
suggests that newly synthesized NS1 polypeptides remain un-
derphosphorylated until they migrate to the nucleus, in which
they are further modified and activated for their replicative
functions. Despite the finding that the same modifications en-
dow NS1 with the ability to induce alterations of host cell
morphology (7), this toxic activity becomes apparent only after
NS1 has been exported from the nucleus to interact with the
cytoskeleton. In keeping with this proposal, an NS1 mutant
with a C-terminal deletion was almost fully sequestered in the
nucleus, proved to be competent for replication (24), but had
less cytotoxic activity than the wild-type (30% cytoplasmic)
polypeptide (18). Although this scenario is only hypothetical at
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this time, it raises the intriguing possibility that NS1 priming
for distinct functions is controlled, at least in part, at the level
of nuclear-cytoplasmic transport. Again, as already well de-
scribed for DNA replication activities, the functionally related
simian virus 40 large T antigen provides an interesting prece-
dence for this type of regulation (33). Moreover, recent find-
ings concerning the regulatory properties of small parvovirus
protein NS2 also support NS1 regulation by compartmental-
ization. NS2 was recently shown to directly interact with nu-
clear export factor CRM1 (3), which proved to be essential for
the nuclear egress of newly assembled capsids (14, 19). By
analogy, NS2 could also be involved in the regulation of the
export of other cellular and viral constituents, such as NS1
polypeptides. However, whether the nuclear export of NS1 is
further subject to regulation by posttranslational modifications
remains to be shown.
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