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Display of Disparate Transcription
Phenotype by the Phosphorylation
Negative P Protein Mutants of Vesicular
Stomatitis Virus, Indiana Serotype,
Expressed in E. coli and Eucaryotic Cells
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The phosphoprotein (P) of vesicular stomatitis virus (VSV) is a subunit of the RNA polymerase (L) that
transcribes the negative strand genome RNA into mRNAs both in vitro and in vivo. We have recently
shown that the P protein of VSV, New Jersey serotype (Py;), expressed in E. coli, is biologically inactive
unless phosphorylated at specific serine residues by cellular casein kinase II (CKII). In the present work,
we are studying the role of phosphorylation in the activation of the P protein of Indiana serotype
(Pnp), Which is highly nonhomologous in amino acid sequence yet structurally similar to its New Jersey
counterpart. Despite the fact that E. coli-expressed P,y p required phosphorylation by CKII for activation,
the phosphorylation negative P protein mutants generated by altering the phosphate acceptors S and T to
alanine, surprisingly, showed transcription activity similar to wild-type in vitro. Alteration of S and T
residues to phenylalanine, similarly, supported substantial transcription activity (approx. 60% of wild-
type), whereas substitution with arginine residue abrogated transcription (approx. 5% of wild-type). In
contrast, the same mutants, when expressed in eucaryotic cells, exhibited greatly reduced transcription
activity in vitro. This disparate display of transcription phenotype by the P, mutants expressed in
bacteria and eucaryotic cells suggests that these mutants are unique in assuming different secondary
structure or conformation when synthesized in two different cellular milieu. The findings that, unless
phosphorylated by CKII, the bacterially expressed unphosphorylated (PO) form of Py, as well as the
phosphorylation negative mutants expressed in eucaryotic cells, demonstrates transcription negative phe-
notype indicate that, like Py,, phosphorylation of P,y is essential for its activity.

Vesicular stomatitis virus P protein Phosphorylation Casein kinase 1]

THE 29-kDa phosphoprotein (P) of vesicular sto- both needed to transcribe the linear, single-
matitis virus (VSV), a negative strand RNA virus, stranded viral RNA genome, which is tightly
is an essential regulatory component of the virion- wrapped with the nucleocapsid (N) protein (N-

associated RNA polymerase complex (1,2). The P RNA template) (1,2). Genetic and biochemical
protein and the 241-kDa RNA polymerase (L) are studies have suggested that the L protein encodes
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all the basic transcriptional activities, whereas the
P protein serves as an auxiliary component in both
transcription and replication of the genome RNA
(1,2,11,39). The N-RNA complex, the P protein,
and the L protein, which form the transcribing
ribonucleoprotein (RNP) core, can each be sepa-
rately isolated and purified from the virions and
effective mRNA synthesis occurs when these com-
ponents are mixed in vitro (11-13).

Initial studies with P protein of Indiana sero-
type (P\p) isolated either from the virions or
VSV-infected cell lysates indicated that the protein
exists in a variety of phosphorylated states and
that phosphorylation of P protein is important for
the transcriptional activity of L protein (20,21,23,
27,28). Recently, the study of the P protein of
New Jersey serotype (Py;) expressed in E. coli in
an unphosphorylated form (PO) provided the op-
portunity to explore, for the first time, the biologi-
cal role of phosphorylation of P using an in vitro
transcription-reconstitution system with L protein
and N-RNA template. Barik and Banerjee (3)
showed that purified PO is transcriptionally inac-
tive unless phosphorylated in vitro by cellular ca-
sein kinase II (CKII), which converted PO to a
transcriptionally active P1 form (4). A second
phosphorylation event also took place presumably
near the C-terminal end, domain II (6), which was
mediated by an L protein associated protein ki-
nase activity (31) (designated LAK), which con-
verted P1 to P2 form (5). Alteration of Ser236 and
Ser242 residues within domain II to alanine was
shown to abrogate transcription in vitro (6).
Moreover, the conversion of P1 to P2 occurred
sequentially for Py, (5) (i.e., prior conversion of
P1 was obligatory to P2 formation). The CKII-
mediated phosphorylation occurred at Ser59 and
Ser61 within the N-terminal acidic domain I in Py,
(36), which activated the P protein and facilitated
oligomerization with substantial increase in its a-
helical structure, which may be involved in im-
parting its biological function (8). Interestingly,
phosphorylation of P protein is found not to be
required for N-P complex formation (37); the lat-
ter is implicated in the replication of the genome
RNA (9,18,19,25,30,37).

It has been known for some time that Py,
bears only 25% amino acid sequence similarity
with respect to Py,; nevertheless, both proteins are
structurally similar with regard to having a highly
acidic. N-terminal domain and a conserved basic
C-terminal domain (16). Because VSV Indiana
serotype has been widely used in many labora-
tories for studying virus gene expression, it is of
interest to study the role of phosphorylation, if
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any, in P\, function. Recently, Gao and Lenard
(15), using the PO protein of Py, have confirmed
the essential role of phosphorylation by CKII in
its biological activity. However, in their studies
LAK-mediated phosphorylation appeared not to
be required because LAK-free L protein purified
from the virion supported transcription in vitro
(15). Nevertheless, alteration of Ser227 and Ser233
(the presumptive Py, counterpart of LAK phos-
phorylation sites) to alanine abrogated transcrip-
tion (14), similar to Py,, suggesting that these
phosphorylation sites may have a separate role in
VSV life cycle. Jackson et al. (22) and Spadafora
et al. (34) have also recently analyzed the phos-
phorylated states of Py, protein in vitro and in
vivo. Their studies, in contrast, showed that phos-
phorylation negative P,y mutant (S60A/S64A)
(the presumptive CKII sites), when expressed in
BHK cells, supported transcription in vitro by
about 28% compared to the wild-type when cell
extracts containing expressed mutant P and L pro-
teins were used in a transcription reconstitution
reaction. This transcription activity of the P mu-
tant was decernible only at a higher concentration;
at a lower concentration, however, the mutant was
much less active (< 5% of wild-type). These au-
thors concluded that for Py, constitutive phos-
phorylation may not be essential for VSV RNA
synthesis but may have a role in multimerization
or complex formation with the L protein.

Recently, we initiated a detailed study of Pyyp
with respect to both the phosphorylated states of
the protein and the role of phosphorylation in the
transcriptive process. We have mapped the CKII-
mediated phosphorylation sites in P,y at Ser60,
Thr62, and Ser64 using recombinant CKII and
bacterially expressed PO (7). In contrast, using
BHK cell extract as the source of CKII or P pro-
tein expressed in COS cells, the phosphorylation
sites are mapped at Ser60 and Ser64 only. These
results are similar to the findings of Jackson and
Perrault (21), but not in accordance with the PO
phosphorylation data in vitro of Gao and Lenard
(14), who mapped the phosphorylation sites only
at S60 and T62. We further confirmed that P1
(CKII-mediated phosphorylation) is identical to
the previously reported NS1 species and P2 (LAK-
mediated phosphorylation) is identical to the NS2
species (7). The latter phosphorylation is mapped
at Ser226 and Ser227 within domain II (7). Inter-
estingly, in contrast to Py, (5), the P1 to P2 con-
version in Py, was not sequential (i.e., P2 can be
obtained without prior conversion to P1). These
data strongly suggested that Py, and P, are
structurally different.
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In this report, we present evidence that Py,
expressed in E. coli is indeed structurally different
from similarly expressed Py, with regard to the
transcriptive properties of the phosphorylation
defective mutants. We demonstrate here that,
whereas bacterially expressed PO is transcription-
ally inactive unless phosphorylated by CKII, sur-
prisingly, the alanine-substituted Py, mutants are
as active as the wild-type in the transcription reac-
tion. In direct contrast, when these mutants are
expressed in eucaryotic cells they demonstrate
transcriptionally inactive phenotype, indicating
that E. coli-derived P, mutants are perhaps
structurally and conformationally different from
eucaryotic cell-expressed mutants, and phosphor-
ylation of P,yp, like Py, is indeed essential for its
activity.

MATERIALS AND METHODS
Cells, Cultures, and Virus

COS-1 and BHK-21 cells were grown as mono-
layers in Dulbecco’s modified Eagle medium sup-
plemented with 10% FBS, penicillin (50 U/ml),
and streptomycin (50 pg/ml). The BHK-21 cells
were infected with VSV (Indiana serotype) (Mudd-
Summers strain), at a multiplicity of infection of
0.05, and the virus was purified as described pre-
viously (8). The recombinant baculovirus Bac-
PAK®6-L containing the L gene of VSV was propa-
gated in spodoptera frugiperda cells (IPLB-sf-21).
Sf21 cells were grown in a monolayer culture at
27°C in TNM-FH medium supplemented with
10% FBS, 50 U of penicillin per ml, and 50 ug of
streptomycin per ml (29).

Construction of Plasmids

The site-directed mutagenesis within domain I
of P gene was carried out by megaprimer PCR
method (7). The plasmid pET-3a-P containing P
gene was used as a template in all PCR amplifica-
tions. In the first step two primers, where one con-
tains the mutation, were used to create a mega-
primer product, which was then used along with a
third primer in the second step PCR to obtain
the full-length mutant P gene. The PCR-amplified
products were restricted with Ndel and BamHI
and ligated into a pET-3a vector DNA at the Ndel
and BamHI sites. All mutations were confirmed
by dideoxy sequencing.

For expression in COS cells the wild-type and
mutant P genes were subcloned into mammalian
expression vector pECE at Sa/l and Sacl sites, by
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PCR method using primers encoding appropriate
restriction sites. pSV-VSL1, which contains the L
gene of the Indiana serotype of VSV under the
transcriptional control of the Simian virus 40 late
promoter in the transient expression vector pJC119
(35), was generously provided by Manfred Schu-
bert, National Institutes of Health (32). The L
gene was subcloned into pECE for expression in
COS cells.

Purification of Recombinant
P Protein From E. coli

Various recombinant P mutant proteins cloned
in pET-3a were expressed in E. coli and purified
from the inclusion bodies using guanidine hydro-
chloride denaturation method as described pre-
viously (3). To obtain the soluble P protein from
cytoplasmic extract, DE-3 cells were freshly trans-
formed with the P plasmid at room temperature
for 16 h. Colonies were scraped and inoculated
into LB/amp and allowed to grow at 25°C up to
0.3 OD. Cells were then induced with 0.4 mM
IPTG for 16 h at 25°C. Cells were suspended in a
buffer containing 5 mM imidazole, 500 mM so-
dium chloride, 20 mM Tris-HCI, pH 7.0, and
treated with 100 ug/ml lysozyme, 0.1% Triton-X-
100, and incubated at room temperature for 15
min. MgCl, was added up to 10 mM followed by
DNase treatment at room temperature for 20 min.
The lysate was then centrifuged at 39,000 x g for
20 min. The supernatant was passed through 0.45
pm filter and purified by nickel affinity column
according to the manufacturer’s protocol (Nova-
gen).

Purification of VSV Transcription Components

The N-RNA template and L protein were iso-
lated and purified as described previously (10).
Purified VSV (10 mg) was disrupted in a buffer
containing 0.4 M NaCl, 10 mM Tris-HCI, pH 8.0,
5% glycerol, 2% Triton X-100, | mM DTT, by
incubation on ice for 90 min with occasional stir-
ring. The viral RNP was then purified by centrifu-
gation onto a 100% glycerol cushion through 30%
glycerol containing 10 mM Tris-HCI, pH 8.0, 10
mM NaCl, 2 mM MgCl,, 1 mM DTT for 2 h at
200,000 x g in SW 60 rotor at 4°C. RNP was
collected from the top of the glycerol cushion and
was treated with the same buffer containing 1 M
NaCl and 0.5% Triton X-100 to dissociate L and
P proteins from N-RNA template. The N-RNA
was purified by centrifugation through 30% glyc-
erol onto a 100% glycerol cushion in the same
manner as described above. The high salt superna-
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tant containing L and P proteins was stored at
—80°C until further use. N-RNA was further pu-
rified by an additional high salt wash, centrifuged
through 15% renographin onto a 76% reno-
graphin cushion followed by three serial banding
in CsCl gradient. N-RNA was finally dialyzed
against Tris-EDTA. The purity of N-RNA tem-
plate was determined initially by silver staining of
gels after SDS-PAGE and finally by reconstitution
of transcription in vitro with recombinant (29)
or viral L protein and bacterially expressed P pro-
tein (3).

The high salt fraction containing L and P was
dialyzed against phosphocellulose (PC) buffer (20
mM Tris-HCI, pH 7.5, 10% glycerol, 1 mM DTT)
and loaded onto a 2.0-ml phosphocellulose col-
umn preequilibrated with the same buffer. The
column was washed with PC buffer and the bound
L protein was eluted with a 0.1-1.0 M NaCl gradi-
ent in the same buffer. Fractions in which L was
completely free of P protein (as identified by silver
staining) were pooled and further chromato-
graphed twice onto a phosphocellulose column to
remove any contaminating CKII (as checked by
phosphorylation of bacterially expressed VSV P
protein as substrate). t

Expression of Recombinant
Baculovirus L Protein

The recombinant L protein was expressed in
spodoptera frugiperda cells infected with recombi-
nant baculovirus BacPAK6-L containing the L
gene under the control of a polyhedrin promoter
and cycloplasmic extracts containing L activity
were prepared as described in detail earlier (29).

Expression of Recombinant L and
P Proteins in COS Cells

COS cells were transfected with L or P contain-
ing plasmids at a confluency of 50-70% in 60-mm
culture dishes. Supercoiled DNA (3 pg of L and 1
pg of P) was either cotransfected or transfected
separately using lipofectamine (Gibco-BRL) via
the proprietary protocol. Cells were incubated for
24 h in opti-MEM (Gibco-BRL) medium to allow
uptake of transfected DNA and then incubated
in Dulbecco’s modified Eagle media supplemented
with 10% FBS for additional 24 h to allow expres-
sion of L and P proteins.

Preparation of Cytoplasmic Extracts

Cytoplasmic extracts of COS cells containing
recombinant L and P proteins were prepared as
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described previously (33). Cells were washed three
times with phosphate-buffered saline and then in-
cubated on ice for 5 min in 500 ul of ice-cold
hypotonic homogenization buffer [20 mM N-2-
hydroxyethylpiperazine-N’-2-ethane sulfonic acid
(HEPES, pH 7.4), 25 mM KCl, 1.5 mM MgCl,, 1
mM dithiothreitol (DTT)]. Cells were scraped and
transferred to a dounce homogenizer and dis-
rupted by 50 strokes. The lysate was centrifuged
at 12,000 x g at 4°C for 3 min. The supernatant
was analyzed for the presence of L or P protein by
Western blot analysis and stored at — 80°C.

PAGE and Western Blot Analyses

Proteins were subjected to 10% SDS-poly-
acrylamide gel electrophoresis as described by
Laemmli (24). The resolved proteins were trans-
ferred to nitrocellulose membrane by electroblot-
ting. After blocking and probing with primary an-
tibody raised against a synthetic peptide of the L
protein of VSV (generously provided by Manfred
Schubert, N.I.H.), or anti-P antibody, the mem-
brane was probed with peroxidase-linked goat
anti-rabbit immunoglobulin G, and the complex
was detected by the procedure described by Tow-
bin et al. (38).

Transcription Reconstitution In Vitro

Transcription reaction in vitro was carried out
as described earlier (3). The reaction mixture (25
pl) contained 50 mM Tris-HCI1, pH 8.0, 0.1 M
NaCl, 5§ mM MgCl,, 4 mM DTT, 100 mM UTP,
1 mM (each) ATP, GTP, and CTP, 10 uCi of
[a-¥PJUTP (specific activity, 800 Ci/mmol, Du-
Pont), 0.1 ug P protein, 0.2 ug of N-RNA, 1-10
ug of insect cell cytoplasmic extract containing L,
40 U of RNase inhibitor, and 50 ng of actinomycin
D. The reaction mixture was incubated at 30°C
for 2 h, 200 ng of oligo(dT) and 0.5 U of RNase H
were added, and the reaction mixture was further
incubated at 37°C for 15 min to remove the
poly(A) tail. The transcripts were extracted with_
phenol-chloroform and precipitated with 2.5 vol-
umes of ethanol at —80°C. The RNA products
were visualized by autoradiography following
electrophoresis in a 5% polyacrylamide gel con-
taining 7 M urea. The transcripts were quantitated
by densitometric scanning of the autoradiogram.
The transcription levels for mutants were calcu-
lated based on P WT as 100%.

In Vitro Synthesis of P Proteins

[**S]Methionine-labeled P proteins were made
using TNT system according to the manufacturer’s
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protocol (Promega) (17). The proteins were
checked by SDS-PAGE and then loaded on to
30% glycerol and centrifuged at 100,000 x g for
3 h. The protein was collected from the top of
the 30% glycerol and verified by SDS-PAGE. The
reticulocyte lysate made P protein was then used
in an in vitro transcription reaction as described
earlier (17).

RESULTS
Role of CKIl in P/NDProtein Activation

We have shown previously that phosphoryla-
tion of PN protein by CKII is essential for its
ability to function as a transcriptional activator in
VSV transcription reaction reconstituted with L
protein and viral N-RNA template free of cellular
protein kinase activity (4). We wanted to establish
and confirm the role of CKII-mediated phosphor-
ylation of PINDprotein in VSV transcription. To
achieve a kinase-free transcription reaction in
vitro, we purified viral L free of cellular kinase
as described previously (5). The N-RNA template
devoid of protein kinase activity was obtained by
banding three times in CsCl. Bacterially expressed
wild-type P was then tested for transcriptional ac-
tivity using kinase-free viral L and N-RNA tem-
plate. As shown in Fig. 1, bacterially expressed P
protein (PO) was virtually inactive in supporting
transcription. However, transcription was re-
stored when recombinant CKIl was included in
the reaction mixture, and, as expected, addition
of heparin (a specific inhibitor of CKII) inhibited
transcription. These results demonstrate that, like
PNJ, phosphorylation of bacterially expressed P,ND
protein by CKII is essential for its activation and
in this respect our data confirm the findings of
Gao and Lenard (15).

Transcriptional Ability of Bacterially
Expressed P Mutants

Next, we wanted to carry out mutational analy-
ses of P,NDto directly link phosphorylation to its
activation by altering CKII phosphorylation sites,
Ser60, Thr62, and Ser64 (7), within the acidic do-
main | to different amino acids. First, we deter-
mined whether a negatively charged amino acid
(e.g., glutamic acid) substituting for Sand T resi-
dues can mimic the function of phosphorylated P
protein in transcription reaction. For this and
other subsequent experiments, we used recombi-
nant baculovirus-expressed L protein (29) in the
transcription reconstitution reactions. As shown
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FIG. 1. Role of CKII in VSV transcription. In vitro VSV tran-
scription reaction contained bacterially expressed P protein
(P0), host kinase-free N-RNA template and viral L protein.
After incubation for 2 h at 30°C, the poly(A) tails of nascent
transcripts were removed by treatment with RNase H, and the
transcripts were purified by phenol-chloroform extraction and
precipitation with ethanol. [P]JUTP-labeled transcripts were
visualized by autoradiography of 5% polyacrylamide gel con-
taining 7 M urea. Transcripts of different genes are indicated
by G, N, and P/M. CKII (0.01/mU) and heparin (5 /xg/ml)
were added as indicated.

in Fig. 2, single glutamic acid-substituted P,NDmu-
tants (P60E, P62E, P64E) demonstrated almost
the same transcriptional activity as wild-type. Sim-
ilarly, doubly substituted mutants (P60E/62E,
P62E/64E, P60E/64E) as well as triple mutant
P3E were all active as wild-type P protein; the
triple mutant P3E was most active in transcription
(167% wild-type). We conclude that glutamic acid-
substituted PINDmutants are transcriptionally ac-
tive, suggesting that the negative charge imparted
by the glutamic acid substitution must have pro-
vided the similar acidic environment and structure
as the phosphorylated P protein and thus favored
transcription.

Unexpected results were obtained when we de-
termined the effect of alanine substitution in PIND
protein and measured their activities in vitro. As
shown in Fig. 3, bacterially expressed P mutants
in which single amino acid Ser60, Thr62, or Ser64
was altered to alanine were as active as P wild-
type, suggesting that the remaining unaltered resi-
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FIG. 2. Transcriptional ability of glutamic acid-substituted P
mutants. In vitro transcription reconstitution was carried out
using 0.2 /xg N-RNA template, 0.1 ~g of recombinant P pro-
tein, and ~ 1.0 fig of cytoplasmic extract from Sf21 cells ex-
pressing the L protein. mMRNAs were processed as described
above and separated on a 5% polyacrylamide gel containing 8
M urea. PO stands for bacterially expressed unphosphory>ated
P wild-type. The various mutants are P3E (Ser60, Thr62, and
Ser64 mutated to Glu), P60E/62E (Ser60, Thr62 mutated to
Glu), P62E/64E (Thr62, Ser64 mutated to Glu), P60E/64E
(Ser60, Ser64 mutated to Glu). P60, P62E, and P64E are single
mutants in which Ser60, Thr62, or Ser64 is mutated to Glu,
respectively.

dues have been fully phosphorylated (7) to yield
active P protein. Surprisingly, double Ala-sub-
stituted mutants (P60A/64A, P60A/62A, P62A/
64A) were also similarly active in transcription.
More important, even the phosphorylation defec-
tive triple mutant (P3A) is fully active in transcrip-
tion. These observations are in direct contrast to
that obtained for PN where mutation of Ser59,
Ser61 to Ala completely abolished transcription
(36). Thus, it seems that whereas unphosphory-
iated P protein (i.e., PO) is transcriptionally inac-
tive unless phosphorylated by CKII, substitution
of all three residues with Ala somehow preserves
the full activity of P protein in an in vitro tran-
scription-reconstitution assay. These unexpected
results suggested to us that Ala substitution must
have retained the overall structure of the P protein
in a manner that behaves like phosphorylated P.
Next, we addressed the possibility that P-Ala mu-
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tants may have assumed altered structure due to
their extraction from the inclusion bodies in E.
coli during extraction by guanidine-HCI denatur-
ation followed by renaturation. To avoid this
drastic step, we modified the induction step by
which the expressed mutant proteins were ob-
tained in a soluble form (see Materials and Meth-
ods). As shown in Fig. 3B, the P3A purified from
E. coli in a soluble form is also transcriptionally
active, indicating that both soluble and guanidine-
HCI-solubilized P mutants are equally active in
transcription. To explore further the possibility
that the observed activity of P3A mutant may be
due to using a high concentration of the mutant
protein (34), we measured its activity over a wide
range of concentration ranging from 5 ng up to
100 ng in a transcription reconstitution experi-
ment. As shown in Fig. 4, both Pwt and P3A
displayed a linear increase in transcription with
increasing concentration of P, indicating that P3A
indeed behaves like the Pwt at all concentrations
used.

We then examined whether alteration of CKII
sites to some other amino acids may have any ef-
fect on their biological activities. Accordingly, we
altered the three residues Ser60, Thr62, Ser64 to
Thr (a phosphate acceptor), Arg (a basic amino
acid), or Phe (an aromatic amino acid). As shown
in Fig. 5, substitution by Thr (P3T) and Phe (P3F)
yielded approximately 30% and 60% of wild-type
transcriptional activity, respectively. However,
substitution of all three residues by Arg (P3R) vir-
tually abolished its transcriptional ability (approx.
5%). These results indicate that substitution by a
positively charged amino acid disrupts the struc-
ture to an extent that it is inactive in transcription.
However, substitution with T and F maintains the
active structure, albeit, improperly. These results
underscore the point that the Sand T residues in
PINDcan accommodate other amino acids without
drastically affecting its structure. However, un-
phosphoryiated PINDremains inactive unless phos-
phorylated at these crucial acceptor sites.

Transcriptional Ability of P Mutants
Expressed in COS Cells

Because the phosphate-defective bacterially ex-
pressed P3A PINDmutant is fully active in support-
ing transcription in vitro, we wanted to study the
transcriptional ability of the same mutant ex-
pressed in mammalian cells. To address this ques-
tion, we transiently coexpressed P mutants in COS
cells along with L protein and the L-P-containing
cell extract was then used in a transcription recon-
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FIG. 3. Transcriptional ability of Ala-substituted P mutants. (A) In vitro transcription
reconstitution was carried out as described in Fig. 2. P60A, P62A, and P64A are single
mutants where Ser60, Thr62, or Ser64 is mutated to Ala, respectively. The double mutants
are P60A/64A (Ser60, Ser64 mutated to Ala), P60A/62A (Ser60, Thr62 mutated to Ala),
and P62A/64A (Thr62, Ser64 mutated to Ala). P3A is the triple mutant where Ser60,
Thr62, and Ser64 mutated to Ala. (B) Transcription of N-RNA using soluble PO and P3A.
S stands for soluble.
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FIG. 4. Effect of P protein concentration on transcription. In vitro transcription
reconstitution was carried out using 0.2 fig of N-RNA, 1.0 fig of L extract from
Sf21 cells, and bacterially expressed P protein ranging from 5 ng up to 100 ng.
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FIG. 5. Transcriptional ability of other P mutants. In vitro
transcription reconstitution was carried out as described in Fig.
2. P3T, P3R, and P3F stand for triple mutants in which Ser60,
Thré2, and Ser64 are all mutated to either Thr or Arg.

stitution experiment. In direct contrast to the E.
co/l-expressed P mutant, the P3A expressed in
COS cells supported approx. 5% of transcrip-
tional activity compared to the wild-type P protein
(Fig. 6A). Western blot analyses showed that the
amounts of expressed L and P protein were the
same in both cases, indicating that the poor tran-
scription capability of the P mutant is not due to
the low expression of L and P proteins. We also
carried out mixing experiments in which individu-
ally expressed L and P proteins in COS cells were
mixed and the activity of the P protein assayed by
transcription-reconstitution reactions. As shown
in Fig. 6B, the activity of P3A was approx. 5%
compared to wild-type, indicating again that, un-
like the bacterially expressed P protein, the P3A,
when expressed in the eucaryotic cellular milieu,
perhaps has its structure altered, thereby exhibit-
ing a true phosphorylation negative phenotype. It
further indicates that phosphorylation indeed
plays a vital role for the P protein to attain the
appropriate structure in the cellular milieu; for ex-
ample, folding and/or oligomerization. We next
wanted to see whether increasing concentration of
P3A protein expressed in COS cells will affect its
transcriptional ability. As shown in Fig. 7, when
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FIG. 6. Transcriptional ability of P3A mutant expressed in
COS Cells. (A) In vitro transcription reconstitution was carried
out using 0.2 /xg N-RNA and 6 /xg of COS extract coexpressing
L and P, L-Pwt (coexpressed L and Pwt), or L-P3A (coex-
pressed L and P3A). Cell extract (18 /xg) coexpressing L and P
protein was subjected to SDS-10% PAGE. Western blot of L
and P proteins in each extract is shown below the transcripts.
(B) L- and P-expressing COS extract (3 /xg each) was mixed in
a transcription reconstitution experiment. Western blot analy-
sis of Pwt and P3A using P antibody is shown below the tran-
scription figure.

the concentration of Pwt was increased (from
0.25 to 5 jtig of COS extract) there was a dose-
dependent increase of transcription. In contrast,
virtually no increase in transcriptional activity was
observed when P3A concentration was similarly
increased to as high as 5 /zg extract of P3A, indi-
cating that phosphorylation negative mutant (P3A)
remains inactive at all concentrations used.

We also tested the transcriptional ability of
other P mutants, including P60A/64A, P3E, or
P3T, and coexpressed these mutants with L plas-
mid in COS cells. As shown in Fig. 8, the P mu-
tants P60A/64A, P3E, and P3T exhibited signifi-
cantly reduced activity, approx. 15%, 35%, and
20% of wild-type, respectively, compared to the
corresponding E. co/Z-expressed P mutants. West-
ern blot analyses showed that the expression levels
of L and P mutant proteins were similar in all
experiments (Fig. 8). These results indicate that
even the phosphate-defective P3E mutant, which
was transcriptionally more active than wild-type
protein when expressed in bacteria, showed de-
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FIG. 7. Effect of concentration of COS-expressed P protein on transcrip-
tion. In vitro transcription reconstitution was carried out using 0.2 fig of
N-RNA and 3 fig of COS extract expressing L protein. Various amounts of
COS extract expressing P protein are indicated.
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FIG. 8. Transcriptional ability of coexpressed L and other P
mutants in COS cells. In vitro transcription reconstitution was
carried out using 0.2 fig N-RNA and 6 fig of COS extract
coexpressing L and P mutants, as described in Materials and
Methods. Western blot of L and P protein in each extract is
shown below the figure.

creased transcriptional activity (35%) when ex-
pressed in COS cells, strongly implicating that
phosphorylation of P protein is important in tran-
scription. It is interesting to note that P60A/64A,
double mutant, exhibited activity consistently
higher than the P3A mutant (15% vs. 5%, respec-
tively), suggesting that phosphorylation of T62
may be important in P function.

Finally, to confirm that eucaryotic cellular mi-
lieu indeed influences the proper structural config-
uration of P proteins, we expressed P protein (Pwt
and P3A) in rabbit reticulocyte lysate by transla-
tion in vitro of P mRNAs and the transcriptional
activity of the P protein was studied. As shown in
Fig. 9, the mutant P3A translated in vitro was
virtually inactive in supporting transcription. This
result further supports our contention that phos-
phorylation is important when the mutant P pro-
teins are expressed in a eucaryotic cellular environ-
ment and the same mutant P proteins acquire
different conformation when expressed in bacteria
similar to the phosphorylated wild-type P protein
expressed in either environment.

DISCUSSION

Availability of E. col//-expressed VSV PN in an
unphosphorylated form has greatly facilitated the
study of the role of phosphorylation in P protein
function in transcription (3). These studies have
led to the discovery of cellular CKII and elucida-
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FIG. 9. Transcriptional ability of P protein made in reticulo-
cyte lysate. In vitro transcription reconstitution was carried out
using equal amounts of in vitro rabbit reticulocyte lysate-
translated Pwt and P3A (based on densitometric scanning of
labeled P band) as described in Materials and Methods.

tion of its role in phosphorylation of specific ser-
ine residues within the N-terminal acidic domain
(domain I) of PN that are directly involved in acti-
vating the P protein (36). Alteration of the S resi-
dues (S59 and S61) to alanine completely abro-
gated PN activity in a transcription-reconstitution
reaction. Moreover, these findings led to the es-
tablishment of a cascade phosphorylation for PN
in which prior phosphorylation of serine residues
in domain | was necessary to phosphorylate spe-
cific serine residues (S236 and S242) within the
C-terminal domain 1l by an L-associated kinase
(5,6,31), recently characterized as a cellular kinase
(7). However, using E. coli-expressed P protein of
VSV Indiana serotype to study the role of phos-
phorylation in P function produced perplexing re-
sults. Here, we have presented evidence that, in
contrast to the unphosphorylated P IND expressed
in E. coli, which required CKII for activation (Fig.
1), the alanine-substituted phosphorylation nega-
tive mutants expressed in E. coli are fully active in
transcription in vitro (Fig. 3). However, the same
mutants expressed in eucaryotic cells exhibited sig-
nificantly reduced transcriptional activity in vitro
(Figs. 6, 7, and 8).

This display of disparate transcription pheno-
type by PINDexpressed in E. coli and eucaryotic
cells underscores a profound structural difference
between the same protein expressed in two differ-
ent cellular milieu. The unphosphorylated PIND
(PO) expressed in E. coli requires phosphorylation
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by CKII to manifest its biological activity presum-
ably due to its conversion to a structurally compe-
tent form. In this respect, both PN and PINDdem-
onstrate identical phenotype. Contrary to PN
mutants (36), the alanine-substituted, phosphory-
lation negative PINDmutants must have assumed a
structure or conformation that is similar, if not
identical, to the fully active wild-type phosphory-
lated form. Similarly, substituting the S residues
to F, the derived mutant still maintained the tran-
scription positive phenotype, albeit at a reduced
level, suggesting that they are structurally compe-
tent to act as a transcription factor. Interestingly,
the PXXI mutant (where S60 and S64 were altered
to T) supported transcription to approximately
30%, underscoring the importance of phosphory-
lation of the S residues in the P protein; the Pxxx
mutant is phosphorylated to approx. 80% by
CKII in vitro (data not shown). Similarly, the sin-
gle P mutants in which one of the serines was
intact for phosphorylation (P60A or P64A) sup-
ported appreciable transcription (50-60%) (data
not shown) underscoring the importance of phos-
phorylation in P protein function. Substitution
with R, a basic amino acid, on the other hand,
drastically altered the structure of the P protein to
convert it into inactive form. As expected, substi-
tution with glutamic acid (E) increases the net neg-
ative charge of the acidic domain, thus maintain-
ing the biological activity of the P protein similar
to PN [(15), unpublished data]. Thus, it seems
that there is a fundamental structural difference
between the PO and P3A or P3F proteins of PIND
The latter proteins presumably mimic Pl with re-
gard to both structure and function, whereas cor-
responding alanine-substitutted mutant of PN is
structurally different from the Pl form and func-
tionally inactive (8,36). These results underscore
the point that the P proteins of two serotypes bear
inherent structural dissimilarity yet display func-
tional similarity, at least to bind to their cognate L
and N-RNA template to carry out transcription.
Detailed structural and biophysical analyses of
P INDwild-type and its mutants would be stimulat-
ing to gain insight into this phenomena.
Interestingly, the same P mutants behaved dis-
parately when they were expressed in eucaryotic
cells (Fig. 6, 7, and 8). The A-substituted double
and triple mutants in COS cell extracts showed
drastically low transcription activity, suggesting
that the P mutants must have assumed a structure
incompatible to function as the transactivator.
This contention is further supported by the obser-
vation that the reticulocyte lysate-expressed P3A
mutant was also inactive in transcription (Fig. 9).
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Similarly, in contrast to fully active bacterially
expressed P3E, the COS cell-expressed mutant dis-
played significantly reduced transcriptional activ-
ity. Thus, it seems that there is a profound struc-
tural difference between the P mutants when
expressed in E. coli and in mammalian cells. It is
important to note that addition of the COS cell
extract to the E. coli-expressed P;p, mutants did
not reduce its transcriptional activity (data not
shown), suggesting that inactivity of the Pp mu-
tants in the cellular milieu must have occurred de
novo during their synthesis in COS cells. We re-
cently used the phosphorylation negative P mu-
tants for their ability to support transcription of a
plasmid, p9BN, which synthesizes N mRNA upon
replication using vaccinia virus-based mini genome
system (Paitnaik, unpublished observation). These
studies similarly showed that phosphorylation is
indeed required for P protein functioning in vivo.
These data clearly establish a fundamental struc-
tural difference between the P protein of two se-
rotypes. The precise basis for this difference in
structure remains to be determined. It will be in-
teresting to map the domain within the P,y that
regulates and or influences its structure by system-
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atically introducing increasing lengths of Py in
Py, and to study whether the latter can be con-
verted into transcription positive phenotype.

Finally, the fact that, unlike Py; (36), P;yp can
be converted directly to the P2 form without the
obligate intermediate of P1 (7) also points to an
important structural difference between these two
proteins. For Py,, biophysical and biochemical
studies have provided strong evidence (8) that
there is an alteration of secondary structure in re-
sponse to phosphorylation leading to P1 form.
Similar studies will be insightful to understand the
structure of P1 and P2 forms of P,. Addition-
ally, it will be interesting to study how the differ-
ences in structure between Py; and Py, play a role
in the observed serotype specificity in transcrip-
tion (10) and in the superinfection exclusion of
one serotype over the other (26).
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