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Abstract The phosphoprotein P of paramyxoviruses is

known to play more than one role in genome transcription

and replication. Phosphorylation of P at the NH2 terminus

by cellular casein kinase II has been shown to be necessary

for transcription of the genome in some of the viruses,

while it is dispensable for replication. The phosphorylation

null mutant of rinderpest virus P protein, in which three

serine residues have been mutated, has been shown earlier

to be non-functional in an in vivo minigenome replication/

transcription system. In this work, we have shown that the

phosphorylation of P protein is essential for transcription,

whereas the null mutant is active in replication of the

genome in vivo. The null mutant P acts as a transdominant

repressor of transcriptional activity of wild-type P and as

an activator of replication carried out by wild-type P pro-

tein. These results suggest the phosphorylation status of P

may act as a replication switch during virus replication. We

also show that the phosphorylation null mutant P is capable

of interacting with L and N proteins and is able to form a

tripartite complex of L-(N-P) when expressed in insect

cells, similar to wild-type P protein.

Introduction

The non-segmented negative-strand RNA genome of

paramyxoviruses is tightly encapsidated by the nucleo-

capsid protein (N) to form a helical nucleocapsid [14, 26].

The N-RNA serves as a template for both mRNA synthesis

and genome replication by the associated viral polymerase.

In infected cells, the nucleocapsid core first directs tran-

scription to generate mRNAs, catalysed by L in association

with P protein, which are translated to produce viral pro-

teins required for replication. During replication, a full-

length complement (called antigenome) of the genomic

RNA is synthesized, which gets encapsidated by the newly

synthesized N protein, which in turn acts as the template

for the synthesis of genomic nucleocapsid [25]. It is gen-

erally believed that the same polymerase complex performs

both transcription and replication of the virus genome.

However in vesicular stomatitis virus (VSV), two distinct

polymerase complexes perform transcription and replica-

tion [17, 32]. The phosphoprotein of paramyxoviruses

plays multiple roles in both transcription and replication,

being an indispensable subunit of the viral polymerase

complex. The P protein transactivates the L protein for

transcription similar to what has been observed for

eukaryotic transctivators. It interacts with the N protein,

maintaining it in a form that is competent to support effi-

cient RNA encapsidation during replication [10, 27]. It

interacts with the L protein and stabilizes it against pro-

teolytic degradation [5, 6, 10] and places the polymerase

complex (L-P) on N-RNA template as L alone is unable to

interact with the the N-RNA [18, 29]. The P protein is

found in phosphorylated form inside the virion [8, 19].

The role of phosphorylation of P protein in viral tran-

scription and replication is being studied in detail by

several groups. The P protein of VSV, Chandipura virus,
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respiratory syncytial virus (RSV) and measles virus (MeV)

have been shown to be phosphorylated by CKII [7, 28, 12].

In VSV (NJ), phosphorylation of serine residues 59 and 61

within the acidic domains of P protein by recombinant

Casein Kinase II is necessary for transcription activity [34],

while the viral replication is not affected [31]. In hPIV3,

addition of a pseudosubstrate specific for PKC-f, which

phosphorylates P protein, completely inhibited the repli-

cation of the virus, thereby demonstrating the importance

of phsophorylation of P protein [13, 20]. In Chandipura

virus, it has been shown that phosphorylation is important

for transcription but not for replication [3]. It has been

demonstrated previously for rinderpest virus, that P protein

is phosphorylated by cellular casein kinase II at three serine

rersidues: S49, S88 and S151; phosphorylation at S49 and

S88 is required for its function in the transcription and

replication process, using a viral minigenome system for

RPV [21]. This work did not clearly distinguish the effect

of P protein phosphorylation on transcription versus rep-

lication. The present work has utilized both processes using

a different approach. Virus-infected cells were transfected

with phosphorylation null mutant P (Ptm) or wild-type P

plasmid, and the synthesis of viral mRNA transcripts as

well as replicated RNA was measured. When present in the

same cell along with the wild-type P, the null mutant P

behaves as a dominant negative repressor of transcription

while allowing increased replication to occur with an

increasing amount of null mutant P made in the cell. In

addition, an in vitro transcription reconstitution system has

also been used to study the effect of unphosphorylated P

protein expressed in E. coli on transcription carried out by

a suboptimal concentration of phosphorylated P.

Materials and methods

Cells and viruses

A549, a human lung carcinoma cell line was obtained from

ATCC, USA, and maintained in DMEM supplemented

with 10% newborn calf serum (NBCS) (GIBCO-BRL,

USA). Vero and BSC 1 cells (used for maintenance and

propagation of the VTF7-3) were obtained from the

National Center for Cell Science, Pune, India, and main-

tained in DMEM supplemented with 10% fetal calf serum

(GIBCO-BRL, USA) at 37�C. Spodoptera frugiperda

(Sf21) insect cells were obtained from the National Center

for Cell Sciences, Pune, India, and were maintained in TC-

100 medium (Life Technologies, USA) with 10% fetal calf

serum. A tissue-culture-adapted vaccine strain of RPV

(RBOK, the original attenuated Kabete ‘O’ strain of RPV)

was obtained from the Institute of Animal Health and

Veterinary Biologicals, Bangalore, India. The virus was

propagated in Vero cells as described previously [16].

VTF7-3, a recombinant vaccinia virus expressing the

bacteriophage T7 RNA polymerase in mammalian cells

was a kind gift from Dr. Bernard Moss, NIH, USA [15]. A

recombinant baculovirus expressing RPV N protein was

generated using the cDNA clone of N (pKSN1; 1],

employing a BAC-to-BAC cloning kit (GIBCO-BRL,

USA). Recombinant baculoviruses expressing wild-type P

and L were generated as described before [6]. The bacu-

lovirus expressing phosphorylation null mutant P was made

previously in the laboratory (Rahman and Shaila,

unpublished).

The oligonucleotides used in this study were purchased

from Sigma-Genosys. For the detection of viral (+) sense N

gene readthrough (2.5 kb), the PCR primers used were 50

ATG GCT TCT CTC TTG AAG AGC TTA 30 (N gene nt

1–24) and 50 GAT CCT TGG TTT ATT GCC TGG A 30 (P

gene nt 729–750), viral leader-specific primer 50 CTG GGT

AAG GAT CGT TCT 30 (nt 12–30) and bacterial chlor-

amphenicol acetyl transferase (CAT) ORF-specific primer

50 GGA TAT ACC ACC GTT GA 30 (upstream) and 50

GGG ACG GTG AGT AGC GTC ATG 30 (downstream).

The actin control primers used were 50 GCG CCC CAG

GCA CCA GGG 30 (upstream) and 50 AGG ATG GCA

TGG GGG GGA 30 (downstream).

Plasmids

The cloning of full-length P (pCMXP), phosphorylation

triple mutant P (pCMX Ptm), N (pCMX N) and L (pCMX

L) under a CMV promoter in the eukaryotic vector

pCMXPL2 has been described [21]. The RPV minige-

nome, pMBD8A and the cDNA clones of N (pKSN-1),

and L (pPOL10) were kind gifts from Dr. M. Baron,

Institute of Animal Health, Pirbright Laboratory, UK

[1, 2]. pRP6 (pRSETB plasmid carrying the full-length P

gene) and Ptm, phosphorylation null mutant P gene

cloned in the pRSETB vector have been described earlier

[21]. For expression of null mutant P protein with a Flag

tag, P mutant gene ORF was PCR amplified using a

pRK8 plasmid carrying a P mutant gene generated earlier

in the laboratory and cloned into pGEMT EASY Vector

and subsequently subcloned into eukaryotic expression

vector pFLAG-CMVTM-4 (SIGMA) at the Not I and

EcoRV sites.

Antibodies

Rabbit polyclonal antibody against bacterially expressed

purified RPV P [21] and RPV L [6], made previously in the

laboratory, were used.
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Infection-transfection

For infection-transfection experiments, A549 cells grown

in DMEM supplemented with 10% FCS in a 35-mm dish

were transfected at 90% confluency with different con-

centrations of pCMX constructs of wild-type and P mutants

using Fugene 6 (Roche) in 1 ml OPTI-MEM medium. At

12 h post-transfection, cells were infected with rinderpest

virus at an m.o.i of 5. Cells were harvested 36 h after

infection, and the total RNA was isolated.

RT-PCR analysis

Twelve or 36 h postinfection, A549 cells were washed

twice with PBS and trypsinized, and total RNA was iso-

lated using Trizol reagent (Life Technologies). Reverse

transcription was carried out using oligo (dT)18 (SIGMA)

for the transcription product and a P-gene-specific 30

primer for the replication product using Superscript

(GIBCO-BRL) reverse transcriptase maintaining 5 lg of

total cellular RNA per reaction.

For semi-quantitative analysis, preliminary experiments

were done to determine the optimum PCR cycle number

within the linear range of amplification for each gene being

measured. RT products were subjected to PCR with dif-

ferent primer pairs corresponding to the following: (1) N-

gene-specific upstream and downstream primer to detect

the N-gene-specific transcript, (2) N-gene-specific

upstream and P-gene-specific downstream primer to iden-

tify the replication product. The RT-PCR products were

electrophoresed on a 1% agarose gel and visualized by

staining with ethidium bromide.

Co-immunoprecipitation

For P-L immunoprecipitation, A549 cells were plated in

60-mm tissue culture dishes at a density of 5 9 106 cells in

10 ml of DMEM supplemented with 10% FCS (GIBCO-

BRL, USA). When the cells were 70% confluent, cells

were transfected with 5 lg of wild-type P or phosphory-

lation null mutant P plasmids in combination with the same

amount of either wild-type N or L plasmid (pCMX con-

structs). At 24 h post-transfection, the cells were washed

twice with ice-cold PBS and lysed in 100 ll of RIPA

buffer (100 mM Tris–Cl, pH 7.4, 150 mM NaCl, 1% Tri-

ton X-100, 1% sodium deoxycholate, 0.1% SDS and 2 mM

PMSF). The whole-cell lysate (300 lg) was precleared by

incubating with rabbit pre-immune serum and protein

sepharose beads for 1 h at 4�C. Rabbit anti-N or anti-L

antibody was incubated with a 10% suspension of protein-

A Sepharose beads for one hour at 4�C. The beads were

washed twice with RIPA buffer and added to the precleared

supernatant. After 4 h of incubation at 4�C, the beads were

washed twice with RIPA wash buffer (100 mM Tris–Cl,

pH 7.4, 300 mM NaCl, 1% Triton X-100, 1% sodium

deoxycholate and 0.1% SDS) and once with RIPA buffer.

SDS-PAGE loading dye was added to the beads, and the

sample was boiled for 5 min before loading onto a 10%

SDS-Polyacrylamide gel.

In vivo interaction of P or P mutant, N and L proteins

in insects cells

Sf 21 cells at 80% confluency (6.0 9 106) were infected

singly, doubly or triply with the recombinant baculovirus at

an m.o.i ratio of 1:5:5. After 72 h of infection, cells were

washed with PBS and lysed in hypotonic buffer (20 mM

Tris, pH 7.5, 20 mM NaCl). After lysis, the extract was

adjusted to a final concentration of 150 mM NaCl, 1 mM

DTT, 5% glycerol, followed by centrifugation at

100,0009g. The soluble supernatant (S100) was subjected

to co-immunoprecipitation with either anti P or anti N

antibody, and the interacting proteins were detected by

western immunoblotting with anti-L antibody.

In vivo minigenome replication transcription product

analysis

The in vivo minigenome replication/transcription were

carried out as described previously [2]. Total RNA was

isolated 36 h after transfection and analysed. To detect the

transcription product, RT-PCR was carried out with a CAT

ORF-specific upstream primer and an oligo (dT)18 down-

stream primer. For the replication product, RT-PCR was

carried out with a leader-RNA-specific upstream and CAT

ORF-specific downstream primer.

Partial purification of polymerase (L-P) complex

from insect cells

Partial purification of L-P complex from insect cells was

carried out according to Curran [9] with some modifica-

tions. Sf21 cells (1 9 107) were co-infected with

recombinant baculoviruses expressing RPV L and RPV P

at an moi of 2 and 10, respectively. Cells were collected

96 h after infection and washed once in PBS. Cells were

suspended in 4 ml of lysis buffer containing 50 mM Tris-

HCl (pH 8.0), 500 mM NaCl, 0.5% Triton X 100, 2 mM

DTT, 5 mM MgCl2 and 1X protease inhibitor cocktail.

After lysis, the clarified lysate was layered onto a linear 5–

20% glycerol gradients prepared in buffer containing
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100 mM HEPES-KOH (pH 8.0), 150 mM NH4Cl, 5 mM

magnesium acetate, and 1 mM DTT. Gradients were cen-

trifuged at 29,000 rpm in an SW41 rotor for 36 h at 4�C.

Gradient fractions (1.2 ml) were collected from the top of

the tube. Fractions containing active L-P complex were

analyzed by western blotting detection of L and P proteins

and co-immunoprecipitation analysis (data to be published

elsewhere).

Reconstitution of in vitro RNA synthesis

Polymerase-free RPV genomic N-RNA was isolated from

virus-infected cells by cesium chloride density gradient

centrifugation as per Curran [9]. Viral transcription was

reconstituted in a 50-ll total volume with buffer containing

100 mM HEPES-KOH (pH 8.0), 150 mM NH4Cl, 5 mM

MgCl2, 1 mM DTT, 40 U/ml of creatine phosphokinase,

1 mM creatine phosphate, 1 mM each of ATP, CTP, GTP

and spermidine, 50 lM of UTP and 10 lCi of a-32P-UTP

25U of human placental RNase inhibitor, 5 lg of actino-

mycin D per ml, 2 lg of N-RNA (with respect to N

protein) template, 6 lg of glycerol gradient fraction con-

taining L-P complex and the indicated amounts of

unphosphorylated P protein (wild-type P0 or Ptm purified

from E. coli) or phosphorylated P (P purified from insect

cells or E. coli P0 phosphorylated in vitro with CKII). The

transcription reaction was carried out at 30�C for 3 h. The

mRNA products were subjected to Northern blot with anti-

sense probe against N-mRNA.

Results

Phosphorylation null mutant P protein forms P-L, P-N0

and N-P-L complexes

Phosphorylation of at least two of the three (S49 & S88)

serine residues located at the N-terminal part of the P

protein of RPV has been shown to be necessary for its in

vivo function, using a minigenome replication/transcription

system [21]. The impairment of the P function could be at

the level of formation of complexes with L protein or with

unassembled N0 (encapsidation complex). Therefore, for-

mation of P-L and P-N0 complexes was assessed in vivo

using the phosphorylation null mutant P or wild-type P

plasmids with either L or N plasmids by transfecting A549

cells in combination or alone. Proteins in the cell extracts

were immunoprecipitated with N antibody or L antibody,

and proteins were separated electrophoritically. The pro-

teins were immunoblotted with P antibody. The result

shown in Fig. 1a, b demonstrates that the phosphorylation

null mutant P interacts with both L and N0 protein and thus

forms complexes which are necessary to carry out tran-

scription and replication. The complexes so formed are

specific, since triple mutant P (having 3 serine mutated to

alanine) when expressed alone is not immunoprecipitated

either with N antibody or L antibody. In the VSV system, it

has been shown that P forms a complex with L (tran-

scription complex) and a separate tripartite complex

L + P + N0 (replication complex), which performs repli-

cation [17]. The existence of these two distinct complexes

(A)

P
tmN P
tm

+
N

IP :  N-Ab
WB : P-Ab

L P
tm

P
tm

+
 L

IP: L-Ab
WB: P-Ab

(B)

P (78 kDa)

P (78 kDa)

Fig. 1 In vivo interaction of P mutant with N and L protein. A549

cells were co-transfected with recombinant pCMX plasmids express-

ing mutant P (Ptm) with either N or L protein. 300 lg of lysate was

immunoprecipitated with anti-N antibody (a) or anti-L antibody (b)

and the immunoprecipitate electrophoresed on 10% SDS-PAGE and

western immunoblotted with anti-RPV P antibody after transferring

the protein to a nitrocellulose membrane. Lanes Ptm + N and

Ptm + L depict proteins immunoprecipitated with the anti-N or anti-

L antibody from extracts of cells transfected with Ptm plasmid and

either N or L plasmid. The positions of the P protein are indicated by

arrows. As a control, only Ptm-, N- and L-transfected cell lysate was

immunoprecipitated with anti-N and anti-L antibody and immunode-

tected with anti-P antibody
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in VSV-infected cells has also been demonstrated, and

these complexes were responsible for transcription or

replication activity, but not both [32]. Therefore it was of

interest to look for the presence of an L-P-N complex in

RPV and to test if the null mutant P has the ability to form

such a complex. To test this, recombinant baculoviruses

expressing L, P and phosphorylation null mutant P were

employed [6, Rahman and Shaila, unpublished), and a

recombinant baculovirus capable of expressing RPV N

protein in insects cells was generated. This virus expressed

authentic RPV N protein (Mr 62 kDa) in Sf21 cells (data

not shown). Insects cells (Sf21) were co-infected with these

recombinant baculoviruses, and the S-100 extracts from

infected cells were immunoprecipitated with ether N or P

antibody and western immunoblotted with L antibody. The

results shown in Fig. 2a, b demonstrate that the tripartite

complex is formed when L, P and N proteins are co-

expressed in the same cell. It has been shown earlier [17]

that L by itself cannot form a complex with N protein, and

the interaction is through P protein. Expression of L alone

or with N does not result in its immunoprecipitation with N

antibody (Fig. 2a, lane L & L-N) whereas co-expression of

all three proteins result in the immunoprecipitation of the

L + P + N complex, which was shown by immunoblot-

ting with anti-L antibody (Fig. 2a, lane L-N-P). This result

was also obtained using P antibody for immunoprecipita-

tion and western blotting with L (Fig. 2b) and N antibody

(Fig. 2c). When this experiment was repeated with the null

mutant P, it retained the ability to form the complex of L-P-

N (Fig. 3a, b). Therefore, the null mutant P is not defective

in forming either the P-L or N-P-L complex required for

transcription and replication, respectively.

Effect of phosphorylation null mutant P protein on viral

transcription and replication

Virus transcription and replication in infected cells were

measured in the presence of transiently expressed phos-

phorylation null P protein by RT-PCR analysis of

specific products of transcription and replication

employing specific primers described in ‘‘Materials and

methods’’. As can be seen from Fig. 4a, lane 5, the

transcription of N gene by the viral polymerase was

significantly lower (35%) in the infected cells transiently

expressing the phosphorylation-null mutant, compared to

the amount of N transcript made by the virus polymerase

in the presence of transiently expressed wild-type P

protein (over and above the wild-type P expressed in

infected cells). In contrast, the synthesis of plus-sense

antigenomic RNA as measured by RT-PCR was greatly

increased (300%) in cells expressing the phosphorylation

null mutant (Fig. 4b, lane 12). There was no difference

in the levels of expression of a house keeping cellular

(A)

IP: P- Ab
WB: L-Ab

IP: N- Ab
WB: L-Ab

(B)

L L
-N

L
-N

-P

NL L
-N

L
-N

-P

N

(C)

IP: P- Ab
WB: N- Ab

L P
-N

L
-N

-P

N

N (60kDa)

L (240kDa)

L (240kDa)

Fig. 2 Tripartite complex

formation by rinderpest virus N,

P and L proteins.

Immunoprecipitation of Sf21

soluble (S100) extracts. Cells

expressing different viral

proteins either alone or in

combination (marked on top of

each lane) were

immunoprecipitated either with

anti-N antibody (a) or anti-P

antibody (b, c), followed by

SDS-PAGE and western

blotting using anti-L (a, b) or

anti-N (c) antibody. The

positions of the L and N

proteins are indicated by arrows
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gene, actin, which served as a control for the amount of

RNA used for RT-PCR (bottom panel of Fig. 4a, b). The

transcription of other genes such as F also was decreased

in infected cells in the presence of transiently expressed

null mutant P protein (data not shown). Since the

phosphorylation null mutant P protein modulates tran-

scription and replication of the RPV genome in vivo, we

tested whether the plasmid-derived P tm protein interacts

with the N protein expressed by the virus in infected

cells. As shown in Fig. 4c, when the lysate from cells

infected with rinderpest virus and subsequently transfec-

ted with phosphorylation null mutant P plasmid was

immunoprecipitated with anti-N antibody and immuno-

detected the mutant P with anti-FLAG antibody, plasmid-

derived Ptm protein showed interaction with viral N,

indicating that mutant P has not lost its ability to interact

with the viral proteins. A similar result was seen with the

L protein expressed by the virus in infected cells (data

not shown).

When the above experiments were repeated with vary-

ing concentrations of the triple mutant plasmid DNA for

transfection of infected cells, a dose-dependent decrease in

the synthesis of viral mRNA (Fig. 5a) and a dose-depen-

dent increase in the replication of (+) sense viral RNA

(Fig. 6a) were seen. This effect is clearly due to increased

expression of the triple mutant protein P as seen on the

western blot (bottom panel of Fig. 5a).The wild-type P

protein expression was almost constant compared to the

triple mutant P protein (middle panel, Fig. 5a). The

increase in the replication of the virus genome was

observed with increasing amounts of mutant P protein

expression in infected cells (Fig. 5b). Thus, the phosphor-

ylation null mutant exhibits a dual effect on transcription

and replication; the mutant behaves as a dominant negative

effector for virus transcription and as an activator for

replication, indicating that it works as a dual-function

switch.

Phosphorylation-null mutant P protein participates

in minigenome replication in vivo

The null-mutant P retained its ability to interact with L

and N0 protein in vivo and is able to form the tripartite

complex. Furthermore, in the presence of wild-type P, it

inhibited transcription in virus-infected cells in a dose-

dependent manner, while the reciprocal effect was seen

on replication of viral RNA in vivo. Together with the

previous observation [21] that in vivo minigenome rep-

lication/transcription is inhibited in the presence of

mutant P protein, we tested its effect on the replication

step of the minigenome system. RT-PCR analysis of the

replication product using specific primers described in

‘‘Materials and methods’’ showed that a 740-bp genomic

sense CAT RNA is made in the cells (Fig. 7a) transfected

with the mutant P along with N, L and minigenome

plasmids. The amount of replication product made in the

cells increased as a function of the concentration of

transfected null mutant P (Fig. 7b). These results con-

firmed that the earlier results [21] are due to a block at

the transcription step (which follows the replication step),

and the replication step is unaffected. To further sub-

stantiate this, RNA from the same in vivo minigenome

replication/transcription system was subjected to reverse

transcription with oligo (dT)18 and PCR with CAT-spe-

cific 50primer and oligo (dT)18 primer. The data shown in

Fig. 7c indicates that transcription is blocked at any

concentration of null mutant P plasmid used for trans-

fection. A similar result was observed when we analysed

RT-PCR products of N-gene-specific transcripts with

purified viral RNP (data not shown).

In order to provide unequivocal evidence for the inhi-

bition of transcription by unphosphorylated P (E. coli

expressed) or phosphorylation null mutant P, an in vitro

reconstituted transcription system was employed (Gopinath

and Shaila, to be published elsewhere).

IP: N-Ab
WB: L-Ab

(A)

IP: P-Ab
WB: L-Ab

(B)

L L-
N

L-
P

 tm
-N

L-
P

 tm
-N

L-
 P

tm

P
tm

L (240kDa)

L (240kDa)

Fig. 3 Tripartite complex

formation with N and L proteins

by null mutant P.

Immunoprecipitation of Sf21

soluble (S100) extracts. Cells

expressing different viral

proteins either alone or in

combination, (marked on top of

each lane), were

immunoprecipitated either with

anti-N antibody (a) or anti-P

antibody (b), followed by SDS-

PAGE and western blotting

using anti-L antibody. The

positions of the L protein are

indicated by arrows
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The transcription of the N gene was monitored in this

system in the presence of increasing concentrations of

bacterially expressed P protein or in vitro-phosphorylated

recombinant P protein, or phosphorylated insect-cell-

expressed P protein or phosphorylation null mutant P

protein employing N-RNA from virus-infected cells and a

suboptimal concentration of recombinant L-P complex

(linear range), which was partially purified from insect

cells infected with recombinant L and P baculoviruses. The

N-gene-specific transcript was analysed by Northern blot

hybridization using 32P-UTP-labelled negative-sense RNA

probe specific for the N gene. Representative data from

such analysis are shown in Fig. 8a. Band intensities were

quantified from three independent experiments and plotted

against the indicated concentrations of P protein exoge-

nously added to the reaction mixture (Fig. 8b). Addition of

phosphorylated P protein in the reconstitution reaction

containing L-P complex and N-RNA results in 2.5 times

more transcription (Fig. 8a, lanes 2–5) compared to the

reaction mix where no supplemental P was added (Fig. 8a,

(A)

2.0 kb

Actin

1 2 3 4 7 8 9 10 11 12 13 1465

(C)

Actin

2.0 kb
1.5 kb

Ptm

1 2

(B)

IP: N-Ab
WB: anti-FLAG

1.5 kb

Fig. 4 Effect of null mutant P expression on virus transcription and

replication in infected cells. Total RNA was isolated from cells which

were not infected or transfected (lane 3 and lane 10), only infected

(lane 7 and lane 14), only transfected with wild-type P (lane 6 and

lane 13), infected with RPV and transfected with either construct

expressing P wt (lane 4 and lane 11) or phosphorylation null mutant P

proteins (lane 5 and lane 12). RT-PCR was done in two sets as

described in ‘‘Materials and methods’’. RT-PCR products reflecting

viral N-gene-specific transcripts of 1.6 kb (a) or a viral genome RNA

replication product of 2.5 kb in size corresponding to N-P read-

through RNA (b) were electrophoresed on a 1% agarose gel. As a

control for the amount of RNA used for RT-PCR, cellular actin

(364 bp) was amplified using actin-specific upstream and downstream

primers (bottom panel of a, b). Lanes 2 and 9 were controls (no

cDNA). Lanes 1 and 8 represent 1 kb plus DNA ladder. The results

are representative of three independent experiments. c A549 cells

were infected with rinderpest virus and transfected with triple

mutant P plsmid (lane 2) or wild-type P plasmid (lane 1). 12 hr

post-transfection, cell lysate were prepared, and the complex was

immunoprecipitated by N antibody and western blotted with anti-

FLAG antibody, which specifically detects the Ptm protein
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lane 1). In agreement with the in vivo transdominant

inhibition of transcription by the phosphorylation null

mutant (Ptm), addition of either Ptm or unphosphorylated

E.coli P (P0) protein inhibited the transcription by 50%

(Fig. 8a, lanes 6–13) in a concentration-dependent manner.

Further confirmation for the role of P phosphorylation in

activating viral transcription was observed by the ability of
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Fig. 5 Effect of increasing concentration of null mutant P DNA on

virus transcription. Total RNA was isolated from cells infected with

RPV and transfected with either wild-type P (lane 3) or different

concentrations of plasmids expressing phosphorylation null mutant

P. RT-PCR was carried out as described in ‘‘Materials and

methods’’. a RT-PCR products reflecting the N-gene-specific

transcript in the presence of 1, 2, 3 and 4 lg (lanes 4, 5, 6 and

7, respectively) of phosphorylation null mutant plasmid DNA were

analyzed on 1% agarose gel. Lane 2 corresponds to control for

cDNA. DNA molecular weight marker (1 kb plus DNA ladder)

loaded into lane 1. The transient expression of phosphorylation null

mutant protein with 4 different concentrations of plsmid (1–4 lg)

were detected by western immunoblotting with anti-FLAG antibody

(bottom panel) and wild-type P expression by anti-RPV P antibody

(upper panel). b The band intensities of the transcription products

were quantitated using Image Gauge software version 2.54 (Fuji

Film). Data presented here are an average of three independent

experimental sets
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Fig. 6 Effect of increasing concentration of null mutant P DNA on

virus replication. Total RNA was isolated from cells infected with

RPV and transfected with either wild-type P (lane 3) or different

concentrations of plasmids expressing phosphorylation null mutant P.

RT-PCR was carried out as described in ‘‘Materials and methods’’.

a RT-PCR products reflecting replication product in presence of 1, 2,

3 and 4 lg (lanes 4, 5, 6 and 7, respectively) of phosphorylation null

mutant plasmid DNA were analyzed on a 1% agarose gel. Lane 2
corresponds to the control for cDNA and lane 3 corresponds to only

the infection control. DNA molecular weight marker (1 kb plus DNA

ladder) loaded into lane 1. b The band intensities of the replication

products were quantitated using Image Gauge software version 2.54

(Fuji Film). Data presented here are an average of three independent

experimental sets
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in vitro-phosphorylated E. coli P to augment viral tran-

scription more than twofold (Fig. 8a, lanes 14–17).

Discussion

The phosphoprotein of paramyxoviruses is a multifunc-

tional protein. It is an essential component of the viral

RNA polymerase complex (P-L) and is thought to mediate

the interaction of the L protein with the viral nucleocapsid

template for transcription and replication. It also interacts

with N protein to form an N-P complex, which is required

for encapsidation of the nascent RNA chain during repli-

cation [24, 25]. In the virus-infected cells as well as in the

virion core, the P protein has been shown to exist in mul-

tiple phosphorylated forms [4, 8]. In the present work, the

role of phosphorylation of P protein of rinderpest virus in

transcription and replication has been examined in vivo and

in vitro. It has been shown earlier that the phosphorylation-

negative mutant of the P protein of rinderpest virus in

which all three phosphate acceptor sites (S44, S89 & S151)

were replaced with alanine is not able to carry out its

function in vivo, as tested using a minigenome replication/

transcription assay [21]. Semiquantative RT-PCR analysis
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Fig. 7 In vivo minigenome replication function of null mutant P.

A549 cells in 35-mm plates were infected with VTF7.3 (1 p.f.u per

cell) and subsequently transfected with 1 lg of N (pKSN1), 100 ng of

L (pPOL10) and either 1 lg of wild-type P (lane 3) or 1, 2, 3, 4 (lanes
4, 5, 6, and 7, respectively) lg of phosphorylation null mutant

plasmid along with 1 lg of RPV minigenome, pMDB8A plasmid.

Total RNA was isolated 36 h after transfection. a RT-PCR was

carried out to detect the minigenome replication product of 740 bp in

size using leader-specific 50 primer and CAT-gene-specific 30 primers.

DNA molecular weight marker (100 bp DNA ladder, lane 1). In lane
2, there is no addition of P and N plasmids along with the

minigenome, and lane 8 corresponds to the product in the absence

of N, P and L plasmids. b The band intensities of the replication

products were quantitated using Image Gauge software version 2.54

(Fuji Film). Data presented here are an average of three independent

experimental sets. c RT-PCR analysis of in vivo minigenome

transcription. Total RNA isolated from the same cells as described

above and RT-PCR was carried out to detect the minigenome

transcription products of 780 bp in size using CAT-specific upstream

primer and oligo (dT)18 downstream primer. DNA molecular weight

marker was (100 bp DNA ladder, lane 1). Lane 2 corresponds to the

PCR product in the absence of L plasmid. The result is representative

of three independent experiments
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of viral mRNA as well as replicated products in cells

infected with virus and transfected with phosphorylation

null mutant P or wild-type P plasmid showed that phos-

phorylation of P protein is critical for transcriptional

activity but not essential for replication of the genome. In

VSV, employing either a replicating DI genome with

support plasmids or a transfected DI genome with support

plasmids of L, N and Pwt, or P mutant genes for in vivo

replication or a VSV minigenome with support plasmids

for in vivo transcription, Pattanik et al. [31] have shown

that phopshorylation of domain I residues has little or no

effect on replication of DI RNA, while phosphorylation

within domain I is important for transcription activity of

the P protein. These authors further showed that the domain

I null mutant P, when co-expressed with wt P protein, did

not inhibit in vivo transcription or replication, thereby

showing that null mutant P is not a transdominant repres-

sor. In contrast to these results, the null mutant P protein of

RPV acts like a transdominant repressor of transcription in

vivo. When expressed along with viral P (wt) in cells

(Fig. 4a) and with increasing concentration of null mutant

P plasmid used for transfection of infected cells (Fig. 5a),

there was progressive inhibition of transcription, whereas a

reciprocal effect was seen on replication, leading to

increased replication as a function of increased mutant P

expression (Fig. 6a). Similar results were obtained in an in

vitro reconstitution system with L-P complex and viral

genomic N-RNA in which addition of Ptm or unphos-

phorylated P (P0) results in inhibition of transcription, and

this is reversed when in vitro-phosphorylated P is added to

the reaction (Fig. 8a, b). Phosphorylation null mutant P

may be acting in a dual fashion––as a transdominant

repressor of transcription and as a transdominant activator

of replication––when present in the same cell. This novel

property supports the view that P protein is a candidate to

function as a transcription-replication ‘‘switch’’ instead of

the long-held role hypothesized for the N protein [22, 23].

In infected cells, phosphorylated P protein may get

dephosphorylated by a virus-induced phosphatase in a

temporal fashion. This may result in the accumulation of

unphosphorylated P protein. The monomeric units of this

protein can then easily exchange with those of

(B)
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Fig. 8 Effect of P phosphorylation in in vitro-reconstituted transcrip-

tion. Viral transcription was reconstituted in vitro with a suboptimal

amount of L-P complex (6 lg) and 2 lg of N-RNA in the absence (L-

P) or presence of increasing amounts (1, 2, 3 and 5 lg) of either

phosphorylated P (P from insect cells or E . coli P0 phosphorylated in

vitro with CKII) or unphosphorylated P (wild-type or Ptm purified

from E. coli) as mentioned in ‘‘Materials and methods’’. a Transcrip-

tion products were extracted with phenol:chloroform and subjected to

northern blotting with radioactive labeled N-mRNA-specific anti-

sense probe made in vitro. N-mRNA was detected by subjecting the

blot to autoradiography. b Band intensities were quantitated using

Multiguage version 2.3 (Fuji Film) in terms of arbitrary units and

plotted against the indicated concentrations of exogenously added P

protein. L-P refers to the reaction mix where no exogenous P or P0 was

added. The band intensity for the reaction mix with L-P alone was

considered as 100% transcription
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phosphorylated P protein [33], thereby rendering it inactive

in transcription function. As the concentration of unphos-

phorylated tetrameric P increases, the transcription process

gets inhibited. However, it is not clear how unphosphory-

lated P protein could function as a transdominant activator

of replication of genomic RNA. Further work is needed to

demonstrate a role for unphosphorylated P protein in rep-

lication. An in vitro-reconstituted replication system may

provide an explanation for this tantalizing observation.

Since it has been demonstrated in the VSV system that

the transcription complex is associated with cellular pro-

teins, and the tripartite complex of N-P-L, which performs

the replication, is devoid of cellular proteins [32], it is

tempting to speculate that unphosphorylated P protein has

an additional role in inhibition of transcription by modu-

lating the activity of one of the cellular proteins needed for

transcription. This may then act as a signal for the repli-

cation complex to proceed with replication with the

genome RNA. Since the replication complex is devoid of

cellular proteins, its function may not be dependent on the

phosphorylation status of the P protein.

It would be very useful to identify the cellular proteins

associated with the transcription complex in RPV and to

investigate the role played by unphosphorylated P protein

in modulating the cellular protein in such a way that

transcription does not proceed.
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