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The phosphoprotein P of Borna disease virus (BDV) is an essential cofactor of the viral RNA-dependent RNA
polymerase. It is preferentially phosphorylated at serine residues 26 and 28 by protein kinase C € (PKCe) and,
to a lesser extent, at serine residues 70 and 86 by casein kinase II (CKII). To determine whether P phosphor-
ylation is required for viral polymerase activity, we generated P mutants lacking either the PKCe or the CKII
phosphate acceptor sites by replacing the corresponding serine residues with alanine (A). Alternatively, these
sites were replaced by aspartic acid (D) to mimic phosphorylation. Functional characterization of the various
mutants in the BDV minireplicon assay revealed that D substitutions at the CKII sites inhibited the poly-
merase-supporting activity of P, while A substitutions maintained wild-type activity. Likewise, D substitutions
at the PKC sites did not impair the cofactor function of BDV-P, whereas A substitutions at these sites led to
increased activity. Interestingly, recombinant viruses could be rescued only when P mutants with modified
PKCe sites were used but not when both CKII sites were altered. PKCe mutant viruses showed a reduced
capacity to spread in cell culture, while viral RNA and protein expression levels in persistently infected cells
were almost normal. Further mutational analyses revealed that substitutions at individual CKII sites were,
with the exception of a substitution of A for S86, detrimental for viral rescue. These data demonstrate that, in
contrast to other viral P proteins, the cofactor activity of BDV-P is negatively regulated by phosphorylation.

Phosphoproteins (P) of nonsegmented negative-strand RNA
viruses are subunits of the viral polymerase complex and
known to be extensively phosphorylated by host kinases (15).
The impact of P phosphorylation on viral transcription and
replication is best described for vesicular stomatitis virus
(VSV). VSV-P is phosphorylated in two distinct regions, des-
ignated domains I and II (10). Phosphorylation in domain I
was shown for both serotype VSV Indiana and New Jersey to
be essential for the transcriptional activity of the P protein (2,
3, 10, 12, 32, 43, 45), but it seems to have no effect on repli-
cation (32). Domain II phosphorylation affects the viral repli-
cation of VSV Indiana (23) and was shown recently to be
indispensable for viral growth (13). For other nonsegmented
RNA viruses, the role of P phosphorylation in the viral life
cycle is less clear. Although the bulk of phosphorylation of the
human respiratory syncytial virus P protein is not essential for
either RNA transcription or replication (31, 48, 49), it contrib-
utes to efficient viral growth in vivo (28). In contrast, for Sendai
virus (SV), the major constitutive phosphorylation site of P is
dispensable for viral replication in vivo (8, 21, 24). Although
the phosphate acceptor sites of human parainfluenza virus type
1 P protein and measles virus have been mapped, their func-
tional significance remains to be shown (7, 14).

Borna disease virus (BDV) causes a persistent infection in
the central nervous system of a broad range of warm-blooded
animals, resulting in immune-mediated neurological diseases
causing behavioral abnormalities (18, 44). In contrast to other
Mononegavirales, BDV replicates in the nucleus of infected
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cells and uses the host cell splicing machinery for maturation of
viral transcripts (4, 11, 35). Besides P protein, BDV encodes
other proteins, namely, the nucleoprotein (N), protein X, ma-
trix protein (M), glycoprotein (G), and polymerase (L) (5, 51).
Whereas M and G are involved in particle formation, P, N, L,
and X are components of the polymerase complex (46) in
which P acts as a scaffold protein (36). P forms homo-oli-
gomers via a leucine zipper motif located in the C-terminal half
of this protein and can interact with all other components of
the viral polymerase complex (37, 42). The interaction domain
for X is localized to the N-terminal half of P (25), whereas the
overlapping L- and N-binding domains are confined to the
C-terminal half (37, 42). The function of X in the BDV life
cycle is not completely understood. It is a nonstructural protein
(40) that is not essential for polymerase activity, as N, P, and L
are sufficient to replicate and transcribe artificial minigenomes
(33, 38). However, X can negatively modulate the polymerase
activity by binding to P (34, 38).

BDV-P is phosphorylated predominantly by protein kinase
C ¢ (PKCe) and weakly by casein kinase II (CKII) at various
serine residues (41). Mapping of the corresponding phosphor-
ylation sites of BDV-P in vitro revealed that replacement of
526 and S28 (S26/28) with alanine (A) residues abrogated
PKCe phosphorylation completely, whereas substitutions at
S70 and S86 (S70/86) prevented CKII phosphorylation (41).
Using the BDV minreplicon assay (33, 38, 52) and the recently
established technique for generating BDV entirely from cDNA
(29, 39), we investigated whether BDV-P phosphorylation sup-
ports polymerase activity and viral growth, as in the case of
VSV-P, or whether these modifications are dispensable. To
this end, we generated P mutants lacking either the PKCe or
the CKII phosphorylation sites by replacing the corresponding
serine residues with A or aspartic acid (D) to abrogate or
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mimic phosphorylation at these sites (17, 22). Functional char-
acterization of these mutants in the BDV minireplicon assay
revealed that D substitutions at the CKII sites inhibited the
polymerase activity of P, while mutants with A substitutions
showed no reduction. Unimpaired activity was also observed
with mutants harboring D substitutions at the PKCe sites,
whereas A substitutions led to increased activity. Furthermore,
initial attempts to generate recombinant viruses were success-
ful only using P mutants with modified PKCe sites. These
mutant viruses revealed a delayed spread in cell culture. Vi-
ruses expressing BDV-P mutants with substitutions at both
CKII sites could not be rescued, but substitutions of the indi-
vidual CKII sites allowed the generation of recombinant BDV
when S86 of BDV-P was replaced by A.

MATERIALS AND METHODS

Plasmid construction. Site-directed mutagenesis on the pCAGGS expression
vector encoding the P open reading frame (ORF) (pCA-P) (38) was performed
with Turbo Pfu polymerase (Stratagene) employing the assembly PCR technique
(27). In the first two separate PCRs, one of the internal overlapping reverse and
forward primers containing the desired mutations was combined with an external
primer harboring either a Notl site upstream of the translation initiation codon
or a BgllI site downstream of the stop codon, respectively. The two resulting
PCR fragments were linked in a second PCR using only the external primers.
The Notl/BgllI-restricted product was ligated into a NotI/BglII-linearized
pCAGGS vector.

The pCAGGS plasmids encoding the fusion proteins VP16-L, VP16-N,
VP16-X, VP16-P-wt (where wt is wild type), and Gal4-P-wt (pCA-VP16-L, pCA-
VP16-N, pCA-VP16-X-wt, pCA-VP16-P-wt, and pCA-Gal4-P-wt, respectively)
used in the mammalian two-hybrid assay were previously described (37). Expres-
sion vectors coding for VP16 or Gal4 fused to the P (17, 22) mutants were
obtained by digesting the corresponding pCA-P plasmids with Notl and BglII
and subsequent ligation into a NotI/BglII-linearized pCAGGS vector containing
the VP16 or Gal4 fusion tag (37). Accordingly, vectors coding for VP16 fused to
X mutants were constructed by digesting the corresponding pCA-X plasmids
with Notl and Bglll and subsequent ligation into a Notl/Bglll-linearized
pCAGGS vector containing the VP16 fusion tag (37).

To introduce point mutations into the P gene of the full-length BDV genome,
assembly PCR using the plasmid pBRPolII-HrBDVc (29) as a template was
carried out. The external primers were chosen to anneal upstream or down-
stream of the unique restriction sites Ehel or BbvCl, respectively, in order to
allow exchange of the desired DNA fragment in a single cloning step.

For the pPCAGGS expression plasmids encoding X or X mutants (pCA-X), the
X ORF was amplified by PCR from the respective pBRPollI-HrBDVc plasmid
coding for X-wt or an X mutant using primers harboring an NotI site upstream
of the translation initiation codon of X or a BgllI site downstream of the stop
codon. The NotI/BglII-restricted PCR product was ligated into an NotI/BglII-
linearized pCAGGS vector.

Similarly, the P ORF was amplified by PCR from the pBRPolII-HrBDVc
plasmid encoding P-wt or P mutants, using a primer containing the NotlI site
directly upstream of the second codon of the P ORF or a BglII site downstream
of the stop codon, respectively. The PCR product was digested with NotI and
BglII and ligated into the NotI/BglII-linearized plasmid pCA-Flag-GFP (where
GFP is green fluorescent protein) (38). In this way, pPCAGGS expression plas-
mids encoding Flag-P fusion proteins were made (pCA-Flag-P). To generate
plasmids encoding hemagglutinin (HA)-P fusion proteins (pCA-HA-P) the pCA-
Flag-P plasmids were digested with EcoRI and NotlI and ligated with a linker
containing the HA tag flanked by an EcoRI and an NotlI site. The pCA-Flag-L
expression plasmid was previously described (38).

The integrity of all PCR-derived DNA fragments was verified by sequencing.
All primers and sequences are available from the authors on request.

Cells and transfection. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 100 U of penicillin G per ml, 100 pg of
streptomycin per ml, 2 mM glutamine, and 10% fetal bovine serum (FBS) for
BSR-T7/5 (6) and HEK 293T cells and with 4% FBS for oligodendroglioma
(Oligo), rat astroglia (C6), and Vero cells. For transfection, BSR-T7/5 or HEK
293T cells were seeded in 35-mm or 22-mm dishes and grown to 80% confluence.
Plasmids were transfected using Metafectene (Biontex) according to the manu-
facturer’s recommendations.
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Virus rescue. HEK 293T cells in 35-mm dishes were transfected with 4 pg of
plasmids encoding the full-length BDV antigenome (pBRPolII-HrBDVc) or the
BDV antigenome with mutated P gene together with 0.5 pg of pCA-N, 0.05 pg
of pCA-P, and 0.1 g of pCA-L (29, 38). Three days after transfection, cells were
trypsinized and seeded onto 94-mm dishes together with 10° Vero cells. The
cocultures were kept in DMEM supplemented with 4% FBS and were split twice
a week. Rescue efficiency was monitored by immunofluorescence for at least 8
weeks. A first virus stock was made (see below) when >90% of the Vero cells
were infected. To avoid contamination with input DNA from the transfected
plasmids, the stock was used to infect Vero cells, and a second virus stock was
made when >90% of the cells were infected. This stock was used for further
experiments.

Virus stocks. Recombinant BDV was isolated from persistently infected Vero
cells. For this purpose, confluent cells in 94-mm dishes were rinsed with 5 ml of
20 mM HEPES, pH 7.4, and incubated for 1.5 h at 37°C in a 5% CO,-humidified
atmosphere with 10 ml of 20 mM HEPES, pH 7.4, 250 mM MgCl,, and 1% FBS.
The supernatant was centrifuged at 2,500 X g for 5 min to remove cell debris,
followed by centrifugation above a 20% sucrose cushion at 100,000 X g at 20°C
for 1 h. Viral pellets were resuspended in phosphate-buffered saline (PBS) and
titrated on Vero cells.

Reverse transcription-PCR and sequencing. RNA of recombinant viruses was
prepared from virus stocks with peqGOLD TriFast reagent (PeqLab) according
to the manufacturer’s instructions. Reverse transcription-PCR was performed
with random hexamer primers using a RevertAid H Minus First Strand cDNA
Synthesis Kit (Fermentas). A total of 2 pl of cDNA was used to amplify the P
ORF, and the PCR product was sequenced at GATC Biotech AG.

In vivo labeling of proteins. To analyze phosphorylation of transiently ex-
pressed P mutants, HEK 293T cells in 22-mm dishes were transfected with 0.3 pg
of the pCA-P construct coding for P-wt or the various P mutants or with an
empty pCAGGS vector as a control. To analyze phosphorylation of P from
recombinant BDV, semiconfluent Vero cells persistently infected or uninfected
(control) were seeded on 22-mm dishes. Twenty hours after transfection or after
seeding, cells were rinsed with 1 ml of DMEM without sodium phosphate and
sodium pyruvate (Gibco) and kept for 15 min in DMEM lacking phosphate. Cells
were incubated with 100 mCi of [*?PJorthophosphate per ml for either 4 or 22 h.
After the labeling step, whole-cell extracts were prepared. Therefore, cells were
washed with ice-cold PBS, lysed with 120 pl of radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris HCI, pH 8, 150 mM NaCL, 1% NP-40, 0.25% sodium
deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1 wM dithiothreitol, and 10
M phenylmethylsulfonyl fluoride) supplemented with 1% (vol/vol) phosphatase
inhibitor cocktail (Calbiochem) and incubated on ice for 15 min, followed by
centrifugation for 15 min at 16,000 X g at 4°C. For immunoprecipitation, 100 pl
of the supernatant was incubated with 1 pl of P-specific polyclonal rabbit anti-
serum (38) for 1 h at 4°C. A total of 12.5 pl of packed protein A-Sepharose beads
(Amersham) was added, followed by incubation for 1 h at 4°C and four washing
steps with RIPA buffer. Finally, beads were taken up in Laemmli buffer (26).

Immunoprecipitation. For the analysis of the interaction between P and N as
well as for P oligomerization, HEK 293T cells seeded in 22-mm dishes were
transfected either with 0.25 ug of a pCA-HA-P mutant and 0.25 pg of pCA-N or
with 0.25 pg each of a pCA-HA-P construct and the corresponding pCA-Flag-P
mutant. For the analysis of the P/L and P/X interactions, HEK 293T cells were
seeded into 35-mm dishes and transfected either with 0.2 pg of a pCA-HA-P
construct and 2 pg of a pCA-X mutant or with 0.5 ug of a pCA-HA-P construct
together with 2.5 ug of pCA-Flag-L, respectively. In the following, the given
amounts of solutions correspond to 22-mm dishes, and double amounts were
used for 35-mm dishes. Twenty-four hours after transfection, cells were washed
with ice-cold PBS and lysed with 200 wul of RIPA buffer or, for the interaction
between P and X, with 200 pl of coimmunoprecipitation lysis buffer (20 mM
Tris-HCI, pH 7.5, 100 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, 1% [vol/vol]
protease inhibitor G [Serva], and 1 mM dithiothreitol). After incubation for 15
min at 4°C, cell extracts were centrifuged for 15 min at 16,000 X g at 4°C, and
10% (vol/vol) of cell extract was removed to analyze protein expression. The
remaining supernatant was used for immunoprecipitation. For the interaction
between P mutants, or P and X, 7.5 pl of packed monoclonal anti-HA-agarose
(Sigma) was added to the cell extract and incubated for 2 h at 4°C, followed by
four washing steps with the corresponding lysis buffer. For the immunoprecipi-
tation of Flag-L or N, 1 pl of polyclonal anti-Flag antibody (Sigma) or 1 pl of
N-specific polyclonal rabbit antiserum (39) was added to the cell extract and
incubated for 1 h at 4°C. Ten microliters of packed protein A-Sepharose beads
(GE Healthcare) was added, followed by incubation for 1 h at 4°C and four
washing steps with RIPA buffer. Finally, proteins were eluted by boiling the
beads in Laemmli buffer (26).
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FIG. 1. Phosphorylation and cofactor activity of BDV-P mutants lacking the major or minor phosphate acceptor sites. (A) BDV-P mutants
harboring amino acid substitutions at the major (S26/28) and minor (S70/86) phosphorylation sites. (B) To determine the extent of phosphorylation
of P-wt and P mutants, these proteins were transiently expressed in HEK 293T cells in the presence of **P-labeled orthophosphate, immunopre-
cipitated, separated by SDS-PAGE using a 15% gel, and transferred to a nitrocellulose membrane. The upper panel represents an autoradiography
showing the levels of radioactive labeled P (**P-lab. P). The lower panel shows the detection of total P by P-specific antiserum. The immunoglobulin
G (IgG) heavy chain detected by the secondary antibody is indicated. Numbers give the ratio of **P-labeled P proteins (**P) to levels of total P
detected by Western blot analysis. The ratio of *?P/total P observed with P-wt was set to 1. —, no transfection of expression plasmids. (C) To
determine the activity of the P mutants in supporting viral polymerase, a T7-based BDV minireplicon assay was performed. BSR-T7/5 cells were
transfected with the BDV minigenome CAT reporter construct, the expression constructs for N and L, and plasmids encoding P-wt or mutant
proteins as well as a plasmid constitutively expressing luciferase, which served to normalize variation in transfection efficiency. Minireplicon activity
was analyzed by CAT enzyme-linked immunosorbent assay. Mean values of at least four independent assays are shown. —, complete reaction
mixtures without P served as a negative control reaction.

Immunofluorescence and Western blot analysis. Inmunofluorescence analysis enzyme-linked immunosorbent assay kit (Roche). Polymerase activity with P-wt
was performed as previously described (38), using N-specific or P-specific poly- was arbitrarily set to 1. Mean values of at least three independent experiments
clonal rabbit antiserum (39) in a 1:1,000 dilution or an anti-X antibody (40) in a and standard error of the mean were calculated.

1:200 dilution. Mammalian two-hybrid assay. Mammalian two-hybrid assays were performed

For direct Western blot analysis, BDV-infected or uninfected Vero cells in as previously described (37). Briefly, HEK 293T cells in 22-mm dishes were
35-mm dishes were resuspended in Laemmli buffer (26) and sonicated. Western transfected with 0.3 pg of pCA-VP16-N, -VP16-X, -VP16-P-wt, or -VP16-P-

blot analysis was performed using standard techniques and 15% or 8% SDS- mutant, together with 0.3 g of pCA-Gal4-P-mutant. To analyze the interaction
polyacrylamide gel electrophoresis (PAGE) gels. The N-specific and the P-specific with L, 0.4 pg of pCA-VP16-L and 0.2 ng of pCA-Gal4-P-wt or pCA-Gal4-P-
polyclonal rabbit antisera (39) were diluted 1:1,000, the M-specific antiserum was mutant were transfected. The transfection mixture also contained 0.2 pg of a
diluted 1:800 (kindly provided by K. Tomonaga), and the X/P-specific antiserum luciferase reporter construct harboring the firefly luciferase coding sequence
(kindly provided by P. Stacheli) was diluted 1:500 in 5% low-fat milk powder in downstream of the Gal4-binding site (37) and 0.1 pg of pRL-SV40 (where SV40
PBS and incubated with membranes overnight at 4°C. After samples were is simian virus 40) (Promega). At 24 h posttransfection, firefly and Renilla
washed three times (each) for 15 min with PBS-0.1% Tween-20, antibodies were luciferase expression levels were analyzed by using a Dual Luciferase Kit from
detected using horseradish peroxidase-coupled goat anti-rabbit antibodies (Jackson Promega and measuring light emission in a Lumat LB9501 luminometer
ImmunoResearch) diluted 1:1,000 in 5% low-fat milk powder in PBS, and visu- (Berthold). Expression of Renilla luciferase was used to normalize transfection
alization was performed using ECL Plus Western Blot Detection Reagents (GE efficiency. Firefly luciferase expression of samples with Gal4-P-wt was arbitrarily
Healthcare) according to the manufacturer’s instructions. set to 100%.

RNA preparation and Northern blot analysis. Total RNA was prepared from
BDV-infected or uninfected Vero cells in 25-mm dishes with peqGOLD TriFast

reagent (PeqLab). Northern blot analysis with 20 ug of total RNA was per- RESULTS
formed as previously described (38). For the detection of viral RNA derived L. .
from the N and X/P genes or the M, G, and L genes, nucleotides 976 to 1749 or Cofactor activity of BDV-P and its dependency on phosphor-

1014 to 4729, respectively, of the BDV antigenome were amplified by PCR using ylation. Previous studies have shown that BDV-P is predomi-
a plasmid encoding the full-length BDV antigenome (pBRPolII-HrBDVc) as a nantly phosphorylated at S26/28 by PKCe and weakly at S70/86
template. PCR products were radioactively labeled by using a Decal.abel DNA by CKII (41)' To study the impact of P phosphorylation on its
labeling kit (Fermentas). .. .

Minireplicon assays. Minireplicon assays were carried out according to activity to support the viral polymerase, we mutated the phos—
Schneider et al. (38). Briefly, BSR-T7/5 cells in 22-mm dishes were transfected ~ phorylation sites (Fig. 1A) by replacing the serine residues at
with 0.4 g of the BDV minireplicon chloramphenicol acetyltransferase (CAT) either positions 26 and 28 or pOSitiOIlS 70 and 86 with alanine
reporter construct (pT7-gmgA) together with 0.5 pg of pCA-N, 0.2 g of pCA-L, (A) or aspartic acid (D). While substitution with A abolishes
0.05 g of a pCA-P-construct, and 0.02 to 0.08 pg of a pCA-X-construct. The . . ..
transfection mixture also contained 0.1 pg of an expression plasmid encoding the phosp ho'rylatlop, replagement Wlth. D. CaI.l mimic phosphory-
firefly luciferase gene under control of a T7 promoter to normalize transfection lated serine residues by its charge distribution (17’ 22)‘ We first

efficiency. At 60 h posttransfection CAT expression was analyzed, using a CAT analyzed the phosphorylation status of the P mutants after
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FIG. 2. Binding efficiency of BDV-P mutants to themselves, N, and L. Binding efficiencies of BDV-P mutants to themselves (A), N (B), and
L (C) were determined by using the mammalian two-hybrid analysis (graphs) or coimmunoprecipitation studies. To study protein-protein
interactions in the mammalian two-hybrid system, HEK 293T cells were transfected with a plasmid mix containing the indicated pCA-Gal4 and
pCA-VP16 constructs, a luciferase reporter construct harboring the firefly luciferase coding sequence downstream of the Gal4 binding site, and
pRL-SV40 expressing constitutively the Renilla luciferase. One day posttransfection the cells were lysed and analyzed for firefly and Renilla
luciferase expression. Expression of Renilla luciferase was used to normalize for transfection efficiency. The normalized firefly luciferase expression
observed with P-wt was set to 100%. For coimmunoprecipitation (Co-IP) studies, cell extracts were prepared 24 h posttransfection and subjected
to immunoprecipitation using anti-HA-agarose («HA), polyclonal anti-N serum (aN), or anti-Flag antibody (aFlag). Precipitated material was
separated on a 15% SDS-PAGE and analyzed by Western blotting (WB) for the presence of the indicated HA- and Flag-tagged proteins and

BDV-N using specific antibodies.

transient expression in HEK 293T cells in the presence of
32P-labeled orthophosphate. As expected, P mutants with mu-
tations of the S26/28 residues (P-AASS and P-DDSS) were
only weakly phosphorylated (<3%) compared to P-wt, dem-
onstrating that S26/28 are indeed the major phosphorylation
sites (Fig. 1B). In contrast, P mutants with substitutions at
residues S70/86 (P-SSAA and P-SSDD) were efficiently phos-
phorylated (Fig. 1B). P-DDDD or P-AAAA were as poorly
phosphorylated as P-DDSS or P-AASS (Fig. 1B), indicating
that the latter mutants are phosphorylated at very low levels at
residues other than S70/86.

We next tested the ability of the P mutants to support the
viral polymerase using the BDV minireplicon system (38). For
this purpose, BSR-T7/5 cells were transfected with L, N, and P
expression constructs coding for either wt or mutant P proteins
and a plasmid expressing a BDV minireplicon CAT reporter

construct. Based on the results obtained with VSV-P (17, 32),
we assumed that the BDV-P mutants with D substitutions
would support the viral polymerase, since they mimic phosphor-
ylated serine residues, whereas the P mutants with A sub-
stitutions should be inactive due to the destruction of the
phosphorylation sites. As expected, P-DDSS showed activity
similar to that of P-wt. However, to our surprise P-SSDD and
P-DDDD were completely inactive (Fig. 1C). Furthermore, all
mutants with A substitutions were active (Fig. 1C); notably,
P-AASS and P-AAAA were fourfold more active than P-wt
(Fig. 1C). The differences in the cofactor activity of the P
mutants are not due to expression levels, which were compa-
rable to P-wt (data not shown).

The inactivity of the P-DDDD and P-SSDD mutants in the
minireplicon system could be explained by impaired self-oli-
gomerization of these proteins or impaired binding to other
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FIG. 3. Viral RNA and protein expression pattern in Vero cells
persistently infected with recombinant BDV expressing either wt or
the mutant phosphoproteins P-AASS and P-DDSS. (A) Northern blot
of uninfected Vero cells or Vero cells persistently infected with rBDV
(rBDV-wt) or mutant viruses expressing P-DDSS (rBDV-DDSS) or
P-AASS (rBDV-AASS). Blots were hybridized to DNA probes com-
prising nucleotides 1014 to 4729 (left panel) or 976 to 1749 (right
panel) of the BDV antigenome. Rehybridization of the membranes
with an actin probe confirmed that similar amounts of RNA were
loaded onto the gel. (B) Western blot analysis of lysates of uninfected
and persistently infected Vero cells. Proteins were separated by SDS-
PAGE using a 15% gel, and Western blot analysis was carried out to
detect the viral proteins N, P, X, and M. Detection of actin served as
a control reaction to show that equal amounts of proteins were loaded.

nucleocapsid proteins such as L and N. Therefore, we tested all
mutant proteins in a mammalian two-hybrid system as well as
in coimmunoprecipitation experiments, which were previously
shown to be suitable measurements for BDV protein interac-
tions (37, 42). All P mutants, including P-SSDD and P-DDDD,
showed no changes in the interaction with N, P, and L in the
mammalian two-hybrid system, with the exception of P-SSDD,
which interacted more strongly with N and L than P-wt protein
(Fig. 2, graphs), whereas the self-oligomerization efficiency of
P-SSDD and P-DDDD was reduced compared to P-wt (Fig. 2
A, graph). However, gel filtration analysis with cell extracts of
transiently expressed P-SSDD revealed no impairment in
formation of homo-oligomers compared to P-wt (data not
shown). In addition, coimmunoprecipitation experiments with
HA- and Flag-tagged P mutants confirmed the ability of P-
SSDD and P-DDDD to form homo-oligomers (Fig. 2 A, right).
Furthermore, these studies also revealed that the binding of
the P mutants to N and L (Fig. 2 B and C, right panels) was not
impaired. In summary, the P mutants P-DDDD and P-SSDD
which are inactive in the BDV minireplicon assay still interact
with N, L, and itself, excluding the possibility that these mu-
tants are inactive due to a failure in binding.

Generation of mutant viruses expressing BDV-P variants
with mutated phosphorylation sites. To study the effect of
BDV-P phosphorylation on viral replication and growth, we
attempted to generate recombinant BDV (rBDV) expressing
the various P mutants (Fig. 1 A), using the recently established
rescue system (29, 39). As anticipated from the minireplicon
results, the rescue of rBDV expressing the inactive P mutants
P-DDDD and P-SSDD was not possible. We also failed to
generate rBDV expressing P-AAAA or P-SSAA, which did
support high-level polymerase or wt-like activity in the BDV
mininreplicon system. However, we could successfully rescue
rBDV expressing P-AASS (rBDV-AASS) or P-DDSS (rBDV-
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FIG. 4. Phosphorylation of the viral phosphoprotein in Vero cells
persistently infected with the recombinant BDV expressing either P-
AASS or P-DDSS. Uninfected Vero cells or Vero cells persistently
infected with either rBDV-wt or rBDV-AASS or rBDV-DDSS were
labeled with [**PJorthophosphate for 4 h (left) or 22 h (right). P was
subsequently immunoprecipitated, separated by SDS-PAGE using a
15% gel, and transferred to a nitrocellulose membrane. The upper
panel represents an autoradiography showing the levels of radioactive
labeled P. The lower panel shows the detection of total P by P-specific
antibodies. The immunoglobulin G (IgG) heavy chain detected by the
secondary antibody is indicated. Numbers at the bottom give the ratio
of 3?P-labeled P (*?P) to levels of total P detected by Western blot
analysis. The ratio of **P/total P observed with P-wt was set to 1.

DDSS). Sequence analysis revealed no other mutations in the
P OREF in either mutant virus besides those intentionally in-
troduced. We next compared the viral RNA and protein levels
in Vero cells persistently infected with these mutant recombi-
nant viruses or with rBDV-wt. Levels of viral transcripts de-
rived from all three transcription units were similar among
these viruses (Fig. 3A), indicating that the viral transcription in
Vero cells infected with tBDV-DDSS or rBDV-AASS is not
impaired. The same results were obtained with persistently
infected Oligo cells (data not shown). In addition, as judged by
strand-specific hybridization using an RNA probe complemen-
tary to the viral antigenome, no differences in the amount of
antigenome between the mutant and wt recombinant viruses
were observed (data not shown), indicating that viral replica-
tion is also not affected.

The level of viral proteins N, P, and M were comparable in
both mutant and wt viruses, whereas the level of X appeared to
be reduced in mutant virus-infected cells (Fig. 3B). The X
proteins expressed from rBDV-AASS and rBDV-DDSS show
a delayed migration in SDS-PAGE gels compared to the wt X
(Fig. 3B). Since the P and X are translated from a bicistronic
mRNA with overlapping ORFs, multiple mutations were also
introduced into the X ORF. Thus, X proteins expressed in
rBDV-AASS- or rBDV-DDSS-infected cells contain either
two (I42G and V44G) or four (142G, G43W, V44G, and T45S)
amino acid substitutions, respectively, that might have caused
the atypical migration in SDS-PAGE.

To determine the phosphorylation status of P mutants in the
context of virus infection, wt- and mutant-infected Vero cells
were incubated with *?P-labeled orthophosphate and analyzed
for the incorporation of radioactive **P. As shown in Fig. 4,
P-DDSS and P-AASS were significantly less phosphorylated
than P-wt after 4 h of in vivo labeling: compared to P-wt, 31%
of P-DDSS and 23% of P-AASS were phosphorylated (left
panel). These results indicate that S26/28 represent the major
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FIG. 5. Recombinant BDV expressing P-AASS or P-DDSS is attenuated in cell culture. C6 (A), Vero (B), and Oligo (C) cells were
simultaneously infected with the indicated BDV strains using 1,000 focus-forming units. The number of infected cells was determined by
immunofluorescence using an N-specific antiserum.

phosphorylation sites of P in persistently infected cells. How- using the mammalian two-hybrid system. These studies re-
ever, compared to the phosphorylation obtained after transient vealed efficient binding of X ppss) and X aass) to P-DDSS
expression, the residual phosphorylation of the P mutants in and P-AASS (Fig. 6A), although the interaction between
Vero cells persistently infected with rBDV-AASS and rBDV- Xpss) and P-DDSS was slightly impaired. Coimmunopre-
DDSS is very high (compare Fig. 1B and 4). To exclude the cipitation experiments confirmed complex formation between
possibility that a low turnover in S26/28 phosphorylation the X mutants and the corresponding P mutants (Fig. 6B).
caused these discrepancies, we extended in vivo labeling of the These analyses also revealed that X ppssy and X sass) bind
infected cells to 22 h (Fig. 4, right panel). With the prolonged equally well to P-wt (Fig. 6B), suggesting that the mutations
incubation time, only 10% of P-DDSS and 6% of P-AASS were introduced into X do not interfere with P binding. We next
phosphorylated compared to P-wt. These results suggest that, investigated the ability of the X mutants to block viral poly-

in contrast to transiently expressed P, phosphorylation sites merase activity in the BDV minireplicon assay. Both X ppss
other than S26/28 are phosphorylated in persistently infected and X aass) inhibited the viral polymerase activity with com-
cells, most likely S70/86 (41). parable efficacy when P-wt was used in this assay (Fig. 6 C),

rBDV-DDSS and rBDV-AASS are attenuated in cell culture. demonstrating that the introduced mutations in X did not
To study the growth properties of the recombinant viruses, we change this function. Similarly, coexpression of Xpssy and
infected C6 cells, Vero cells, and Oligo cells with identical virus X(aass) efficiently reduced the polymerase activity when P-
doses (1,000 focus-forming units) of rBDV-wt, rBDV-AASS, DDSS and P-AASS, respectively, were used (Fig. 6C). Because
and rBDV-DDSS. Infection of C6 cells was most efficient, and the X mutants do bind to P and interfere with the polymerase
complete infection of the culture was achieved with rBDV-wt activity in this reporter assay at a level similar to wt X, we next
after 20 days, whereas rBDV-AASS and rBDV-DDSS showed tested whether X ppss) and Xaassy colocalize with P in the
a delay in viral spread of approximately 5 days (Fig. 5A). A nucleus of Vero cells persistently infected with rBDV-DDSS
similar phenotype was observed in Vero cells. While rBDV-wt and rBDV-AASS. As shown in Fig. 6D, immunofluorescence
needed 35 days to infect all cells, tBDV-DDSS showed a delay analysis using X- and P-specific antibodies revealed that
of about 5 days (Fig. 5B). The rBDV-AASS virus showed an X ppss) and X4 ass) do colocalize in the nucleus with P-DDSS
intermediate phenotype, and complete infection was slightly and P-AASS, respectively. These results suggest that the mu-

delayed (1 to 3 days) compared to wt virus (Fig. 5B). However, tations introduced into the X mutants abrogated neither their
the differences between mutant and wt viruses in the ability to efficiency in binding to P nor their ability to interfere with the
infect Oligo cells were even more pronounced: rBDV-wt com- polymerase activity.

pleted infection of cells within 35 days, whereas at this time Effect of single amino acid substitutions at amino acid po-

only about 5% of cells were infected by the mutant viruses sitions 70 or 86 of BDV-P. While substitutions with D residues
(Fig. 5C). In one experiment, rBDV-DDSS had not completed at amino acid residues 70 and 86 of BDV-P (P-SSDD and
infection of Oligo cells after 53 days postinfection. In summary, P-DDDD) are detrimental, substitutions with A residues (P-
these results suggest that either the absence of phosphoryla- SSAA and P-AAAA) did not abrogate the cofactor activity of
tion or constitutive phosphorylation at the PKCe sites results in these proteins in the BDV minireplicon system (Fig. 1C). Nev-
attenuated viruses with impaired efficiencies to spread in cell ertheless, we failed to rescue rBDV expressing these active P
culture. mutants. To explore the impact of single amino acid substitu-

The attenuation of rBDV-DDSS and rBDV-AASS is not due tions, we analyzed such BDV-P mutants in the BDV minirep-
to impaired binding of X to P. Both the rBDV-DDSS and licon assay for their polymerase-supporting activity. The
rBDV-AASS viruses express X mutants, designated X ppss) BDV-P mutant with an S-to-D change at amino acid residue 86
and X s ass), that harbor either two (142G and V44G) or four (P-SSSD) retained only about 10% of wt activity (Fig. 7A).
(142G, G43W, V44G, and T45S) amino acid substitutions. The Attempts to rescue rBDV-SSSD were not successful (Fig. 7B),
attenuation of these two rBDV strains might therefore be suggesting that S-to-D changes at amino acid position 86 also
caused by the amino acid substitutions in X, which may result caused the failure to rescue rBDV expressing P-DDDD or
in an impaired P binding. To test this possibility, we deter- P-SSDD. In contrast, S-to-A changes at this amino acid posi-
mined the complex formation between the X and P mutants tion (P-SSSA) did not significantly impair its cofactor activity



VoL. 81, 2007 PHOSPHORYLATION OF BDV-P 5503
1.
A 8 3 *5 1]
KO W N
200 215k
F_ 3358 %%
zg 160 3% £ 3% 5 G
%i x X * z 3 T T
120 — ——— R [/, h
; E IP; aHA
%; 80 T WB: a-X/P
_ p—————— T
- Cell extract
0 'WEB: a-X/P
Gad- P-wt P-wt P-AASS P-DDSS ST aPw - *
i P e 1 2 3 4 6§ 6 7
]
1.2
- 1
£ 08 :
§ 06 i
'g 0.4
0.2
0 & . i
no P P-wt P-AASS P-DDSS
— e — a1 —]
X-wt Xipass) Xiposs) Xnnssy Xiposs)
D rBDV-wt rBDV-DDSS rBDV-AASS

aP

FIG. 6. Functional characterization of P-DDSS and P-AASS and their corresponding X mutants. (A) Mammalian two-hybrid analysis with the
indicated pCA-Gal4 and pCA-VP16 constructs was carried out as described in the legend of Fig. 2. Expression of Renilla luciferase was used to
normalize for transfection efficiency. The normalized firefly luciferase expression observed with P-wt was set to 100%. (B) Cell extracts were
prepared for coimmunoprecipitation studies 24 h posttransfection and subjected to immunoprecipitation (IP) using anti-HA-agarose («HA).
Precipitated material was separated by 15% SDS-PAGE and analyzed by Western blotting (WB) for the presence of X and P using an X/P-specific
antibody. (C) Cofactor activity of the P mutants in the presence or absence of X mutant proteins was analyzed with the BDV minireplicon assay
as described in the legend of Fig. 1C. Increasing levels of X-expressing plasmids correspond to 20, 40, and 80 ng. Mean values of at least three
independent assays are shown. Complete reaction mixtures without P served as a negative control reaction (no P). (D) Double immunofluores-
cence analysis using polyclonal rabbit anti-P-antibodies (aP) and mouse monoclonal anti-X-antibodies («X) of Vero cells persistently infected with

the indicated recombinant viruses.

(Fig. 7A), and rBDV expressing this mutant protein could be
rescued (Fig. 7B).

We next studied P mutants with D or A substitutions at
amino acid position 70. These mutations resulted in different
cofactor activities: whereas P-SSDS retained 35% of its activity
compared to wt P, the P mutant harboring an A substitution at

this amino acid position (P-SSAS) showed almost the same
activity as wt P (Fig. 7A). We failed to rescue rBDV expressing
P-SSDS (Fig. 7B), which might be attributable to the low
cofactor activity of this P mutant. However, several attempts to
generate rBDV coding for the highly active P-SSAS also failed
(Fig. 7B), indicating that other functions of P are disturbed.
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FIG. 7. Impact of single amino acid substitutions at amino acid position 70 or 86 of BDV-P. (A) Cofactor activity of P mutants using the BDV
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using anti-HA-agarose («HA). Precipitated material was separated by 15% SDS-PAGE and analyzed by Western blotting (WB) for the presence
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of X wt or mutant proteins using the BDV minireplicon system. Mean values of at least three independent assays are shown. Complete reaction
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Since amino acid 70 of BDV-P is located near the X-binding
site of P (25), we speculated that the failure to rescue rBDV-
SSAS is due to impaired X binding by P-SSAS. We therefore
studied the interaction of P-SSAS with wt X and Xssas)s
which harbors a single amino acid substitution (I86G). As
shown in Fig. 7C, mammalian two-hybrid analysis revealed that
P-SSAS is only poorly associated with both X(ssasy and wt X
(Fig. 7C). Coimmunoprecipitation studies using X and HA-
tagged P proteins confirmed that P-SSAS inefficiently binds to
X(ssas) as well as wt X (Fig. 7D, lanes 4 and 5). Thus, the
inefficient complex formation of P-SSAS with X g5, is due to
the S-to-A change at position 70 of P. Since P-AAAA also
harbors an A at position 70, we examined its ability to interact
with wt X and X, aaa), harboring 5 amino acid substitutions
(1428, G43W, V44G, T45S, and 186G). As expected, mamma-

lian two-hybrid and coimmunoprecipitation analyses showed
that P-AAAA only inefficiently binds to wt X and X aaan)
(Fig. 7C and D, lane 7). On the other hand, efficient binding
was observed between X g5y and P-SSSA (Fig. 7C and D,
lane 6) as well as between X oss) and P-AASS (Fig. 6A and
B, lane 4). These results strongly suggest that amino acid res-
idue 70 is critical for efficient X binding.

By using the BDV minireplicon system, we next addressed
the question of whether the impaired X binding of P-SSAS and
P-AAAA also influences the inhibitory activity of Xssas) and
Xaaaay- As shown in Fig. 7E, both X mutants could block the
viral polymerase activity as efficiently as wt X when P-wt was
used in the assay. However, when P-SSAS was used for the
reconstitution of the viral polymerase complex, efficiency was
reduced by up to eightfold at the highest Xssas) plasmid
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concentrations (Fig. 7E). The failure in blocking the polymer-
ase activity was even more pronounced (>20-fold) when
Xaaaa) Was coexpressed with P-AAAA (Fig. 7E). In sum-
mary, these results suggest that the single S-to-A amino acid
change at position 70 of BDV-P interferes with X binding and
impairs the regulatory activity of X.

DISCUSSION

In this study we addressed the question of whether BDV-P
phosphorylation is necessary to support polymerase activity
and viral growth. To this end, we analyzed P mutants with
modified PKCe or the CKII phosphorylation sites by replacing
the corresponding phosphate acceptor sites with alanine (A) or
aspartic acid (D) to mimic the conditions of no phosphoryla-
tion or constitutive phosphorylation, respectively. The func-
tional characterization of these P mutants in the BDV minire-
plicon assay indicated that phosphorylation at the CKII sites
and, to a lesser extent, at the PKCe sites negatively regulates its
cofactor activity. This is based on the observation that replace-
ment of the CKII sites (S70/86) with D abrogated the poly-
merase activity completely, whereas substitutions with A had
no effect. Furthermore, P mutants with A substitutions at the
PKCe sites led to a fivefold increase in polymerase activity in
the minireplicon assay, whereas substitution with D slightly
impaired its activity. The view that phosphorylation of P neg-
atively regulates its activity is also consistent with the results
obtained by the P mutants harboring four amino acid substi-
tutions: while P-DDDD was inactive, P-AAAA was highly ac-
tive. Thus, BDV is the first example among Mononegavirales
that does not activate but exclusively downregulates its poly-
merase activity by phosphorylation of P. Clearly, for VSV,
phosphorylation of P is mandatory for efficient transcription
and replication (2, 23, 32, 45). However, hyperphosphorylation
of VSV-P can also cause the inhibition of replication, thereby
most likely promoting efficient progeny maturation during the
lytic infection cycle (9, 23). For BDV, which persistently infects
cells without causing a cytopathic effect, P phosphorylation
might be necessary to prevent uncontrolled polymerase activity
and subsequent lysis of cells.

As anticipated, we failed to rescue rBDV expressing P-
DDDD or P-SSDD, which lacked detectable cofactor activity
in the minireplicon assay. Similarly, the generation of recom-
binant viruses expressing P mutants with single D substitutions
(P-SSDS and P-SSSD) also failed, which could be attributed to
the reduced cofactor activity of these mutant proteins. How-
ever, it was also not possible to generate mutant viruses ex-
pressing P-AAAA and P-SSAA although these proteins sup-
ported polymerase activity. In principle, both A substitutions at
positions 70 and 86 may have caused this failure. In addition,
since P and X are expressed from a bicistronic mRNA, the
nucleotide exchanges introduced into the P ORF coding for
S70 also affected the X OREF, resulting in a single amino acid
substitution (I86G). Analysis of P mutants harboring single A
substitutions at amino acid position 70 (P-SSAS) or 86 (P-
SSSA) revealed no significant impairment in their cofactor
activity. However, only mutant virus expressing P-SSSA could
be rescued, whereas several attempts to rescue rBDV coding
for P-SSAS failed. We speculate that the failure to rescue
mutant virus expressing P-SSAS is caused by an impaired reg-
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ulatory activity of X since we can provide experimental evi-
dence that the single S-to-A amino acid change at position 70
of BDV-P prevents efficient binding to X. However, we cannot
exclude the possibility that the substitution in X might account
for the inability to generate the latter recombinant virus by
abrogating yet unknown functions of X. Unfortunately, this
issue cannot further be clarified, since it is not possible to
create a recombinant virus harboring the A mutation at posi-
tion 70 of P without also changing position 86 of X.

Compared to rBDV-wt, the mutant viruses rBDV-DDSS
and rBDV-AASS were impaired in their ability to spread ef-
ficiently in various cell types. The attenuation especially of the
latter strain is surprising because P-AASS was fivefold more
active than wt P in the BDV minireplicon system. Since the P
and X ORFs overlap, multiple mutations were also introduced
into the X ORF. As a consequence, rBDV-AASS and rBDV-
DDSS expressed X mutants with either two (I42G and V44G)
or four (142G, G43W, V44G, and T45S) amino acid substitu-
tions. We cannot exclude the possibility that these mutations in
X may disrupt yet unknown functions. However, functional
studies revealed that these X mutants were not impaired in
their ability to interact with the corresponding P mutants and
to block the viral polymerase activity. Alternatively, if efficient
viral spread is dependent on the regulation of the cofactor
activity of P by phosphorylation and dephosphorylation, the A
or D substitutions in P itself would have caused the attenuated
phenotype of both strains. In addition, other functions of P
could be affected too. Similar to the human respiratory syncy-
tial virus P, where phosphorylation of S54 regulates the viral
budding process by blocking the interaction of P with the viral
matrix protein (1), deregulated BDV-P phosphorylation may
affect efficient virus assembly.

We can only speculate on the cell culture-dependent differ-
ences in viral spread observed between wt and mutant viruses.
Viral replication in Vero and C6 cells is not affected by inter-
feron (IFN)-induced antiviral gene products since Vero cells
are deficient in producing IFN-a/B (16, 30) and since C6 cells
lack antiviral gene products that specifically inhibit BDV rep-
lication (19). In contrast, BDV growth in Oligo cells is pre-
vented by exogenous exposure to IFN-a/B. Therefore, the pro-
nounced delay in viral spread in Oligo cells might be due to
induction of the IFN system by the mutant viruses. As shown
by other investigators, wt BDV-P can interfere with the induc-
tion of IFN by binding to the Traf family member-associated
NF-kB activator-binding kinase 1 (TBK-1) and thereby block-
ing phosphorylation and activation of the interferon regulatory
factor 3 (IRF3) (47). By using a reporter assay system to
measure IRF3 activation through TBK-1 (47), we could show
that P mutants with A and D substitutions at the PKCe sites
showed a similar rate of inhibition of IRF3 activity to wt P (S.
Schmid and M. Schwemmle, unpublished data). These results
argue against the possibility that the delay in viral spread is due
to impaired IRF3 inhibition. However, they do not exclude the
possibility that the attenuation of both mutant viruses in Oligo
cells is caused by the innate immune system.

Transiently expressed P is mainly phosphorylated at S26/28
and inefficiently if at all at S70/86. The reason for the almost
exclusive phosphorylation at S26/28 of P when P is expressed
alone is unclear. In the context of viral infection, P is phos-
phorylated at S70/86 (41). This might explain the 6 to 10%
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phosphorylation of P mutants in rBDV-infected Vero cells
expressing P-DDSS and P-AASS. However, we cannot exclude
the possibility that these proteins are also phosphorylated at
alternative sites. Alternate phosphorylation was shown for
SV-P when the major phosphorylation site (S249) was mutated
(20, 21). However, alternate phosphorylation was found not
only in cells infected with recombinant SV but also after ex-
pression of the corresponding mutant protein alone (8). Since
the BDV-P mutants P-DDSS and P-AASS are very inefficiently
phosphorylated when expressed alone (less than 3% compared
to wt P), we speculate that in the mutant-infected cells, both
proteins are not phosphorylated at other phosphate acceptor
sites than the described CKII sites. In addition, we speculate
that proper complex formation of the P mutants P-DDSS and
P-AASS with other viral proteins is a prerequisite for S70/86
phosphorylation.

Recent reports suggest that BDV-P not only is an excellent
substrate for PKCe in neurons but also serves as a kinase
decoy, resulting in reduced phosphorylation of other PKCe
substrates such as the presynaptic vesicle protein myristylated
alanine-rich protein kinase C substrate (50). As a consequence,
the BDV-infected neurons show synaptic dysfunctions result-
ing in learning deficiencies observed in BDV-infected newborn
rats (18). With the successful generation of BDV lacking the
PKC phosphorylation sites, experiments to test this hypothesis
are now possible.
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