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The phosphoprotein (P protein) of vesicular stomatitis virus (VSV) is an essential subunit of the viral
RNA-dependent RNA polymerase complex and plays a central role in viral transcription and replication. Using
both the yeast two-hybrid system and coimmunoprecipitation assays, we confirmed the self-association of the
P protein of Indiana serotype (Pind) and heterotypic interaction between Pind and the P protein of New Jersey
serotype (Pnj). Furthermore, by using various truncation and deletion mutants of Pind, the self-association
domain of the Pind protein was mapped to amino acids 161 to 210 within the hinge region. The self-association
domain of Pind protein is not required for its binding to nucleocapsid and large proteins. We further
demonstrated that the self-association domain of Pind protein is essential for VSV transcription in a mini-
replicon system and that a synthetic peptide spanning amino acids 191 to 210 in the self-association domain
of Pind protein strongly inhibited the transcription of the VSV genome in vitro in a dose-dependent manner.
These results indicated that the self-association domain of Pind protein plays a critical role in VSV
transcription.

Vesicular stomatitis virus (VSV) is a negative-stranded
RNA virus belonging to family Rhabdoviridae. It packages
within the mature virion an RNA-dependent RNA polymerase
that transcribes the negative-sense genome RNA into mRNAs
(2) in the infected cells that are subsequently translated into
five proteins: the glycoprotein (G protein), the matrix protein
(M protein), the nucleoprotein (N protein), the RNA-depen-
dent RNA polymerase large protein (L protein), and the phos-
phoprotein (P protein) (42). The N-RNA complex and the P
and L proteins, which form the ribonucleoprotein (RNP) core
complex, can be separately isolated and purified from the viri-
ons and can effectively reconstitute mRNA synthesis in vitro
when these components are mixed (17, 20, 21). L protein by
itself fails to transcribe the N-RNA template; P protein is
absolutely required to elicit its RNA polymerase activity (17,
21, 36). P protein thus seems to act as a transcription factor for
L protein. In addition, it may also help to stabilize the L
protein from proteolytic degradation (7) and may be required
for productive virion assembly (13). P protein also associates
with newly synthesized N protein during infection to keep the
latter in a soluble, replication-competent form (16, 34, 39) to
enwrap the nascent RNA during replication (34). P protein
also forms a tripartite replicase complex with L and N proteins,
as L-N-P, which has been shown to convert N-RNA template
to positive-sense genome RNP in vivo.

Pind protein has been arbitrarily divided into three domains,
domains I, II, and III. Domain I (residues 1 to 137) is highly
acidic in nature, and binds to the L protein (22). Domain I
contains three phosphorylation sites (Ser-60, Thr-62, and Ser-
64) that are phosphorylated by cellular casein kinase II and are

indispensable for the transcriptional role of the P protein (5, 6,
9, 14, 28, 38, 44, 46). Domain I also contains the N protein
binding site, which is important for viral replication (47). Do-
main II (residues 211 to 244) also binds to the L protein and
contains two phosphorylation sites (Ser-226 and Ser-227),
which have been shown to be required for optimal replication
(9, 31). The protein kinase that carries out phosphorylation at
these sites still remains unknown. The extreme C terminus
(residues 245 to 265), which is designated domain III, is basic
in nature and is essential for binding of the N-RNA template
for genome RNA transcription (15). The fourth region of Pind
protein is an undefined hypervariable hinge region that spans
amino acid residues 138 to 210. This region is not required for
binding to N or L protein (22, 47, 13) but seems to play a
critical role in the assembly of infectious VSV (13). By X-ray
crystal structure analysis, a proteinase K-resistant region span-
ning part of domain I and the hinge region was defined as the
central domain (residues 107 to 177). This region was crystal-
lized and designated the oligomerization domain (18, 19), and
its structure was established.

We have recently undertaken a biochemical approach to
precisely locate and map the self-association domain of the
Pind protein. By a combination of a yeast two-hybrid system
and an immunoprecipitation assay using a battery of mutants
of Pind proteins, we have been able to precisely map the
self-association domain, which spans residues 161 to 210 within
the hinge domain. We have further shown that this domain is
functionally essential for transcription in vitro and in vivo.

MATERIALS AND METHODS

Cells and viruses. HeLa and BHK-21 cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum. VSV
(Indiana serotype) Mudd Summers strains were propagated as described previ-
ously (3, 4) from BHK-21 cells by inoculation at a multiplicity of infection of 0.05.
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Recombinant vaccinia virus (vTF7-3) carrying the bacteriophage T7 RNA poly-
merase gene (23) was propagated as described by Li and Pattnaik (32).

Plasmid constructs. pET3a-Pind (4), containing Pind cDNA, was used as a
template in all PCR amplifications for construction of plasmids encoding wild-
type Pind and mutant proteins (Fig. 1), and pET3a-Pnj (4), carrying Pnj cDNA,
was used as a template in PCR amplification for construction of plasmids en-
coding wild-type Pnj protein. PCR products were subcloned in frame with the
open reading frame (ORF) encoding the GAL4 DNA binding domain (BD) into
pGBKT7 (Clontech) and in frame with the ORF encoding the GAL4 activating
domain (AD) into pGADT7 (Clontech). The plasmid-encoded recombinant
proteins were named BD-baits (proteins which contain a Myc tag between the
N-terminal BD and C-terminal bait proteins) and AD-preys (proteins which
contain a hemagglutinin [HA] tag between the N-terminal AD and C-terminal
prey proteins). Detailed cloning strategies are available upon request. All con-
structs were verified by sequencing. pVSV-CAT2 was a kind gift from Sue A.
Moyer (29). pBS-N, pBS-P, and pBS-L were kindly provided by John K. Rose
(45).

Yeast mating. Plasmids encoding BD-baits and AD-preys were transformed
into Saccharomyces cerevisiae AH109 (type a) and Y187 (type �) (Clontech),
respectively, by using the lithium acetate method (26). All transformant clones
were confirmed for correct protein expression before yeast mating assay. A
mixture of a selected clone from AH109 and a selected clone from Y187 in 0.5
ml of YPDA medium (Clontech) was incubated at 30°C for 24 h with shaking at
200 rpm, and then 100-�l aliquots of the mating culture were spread onto an
SD/�Trp/�Leu plate for diploid cell growth and onto an SD/�Trp/�Leu/�His/
�Ade plate for selecting protein interaction, respectively. Clones growing on the
SD/�Trp/�Leu or SD/�Trp/�Leu/�His/�Ade plates were further replicated
on an SD/�Trp/�Leu/�His/�Ade plate containing 5-bromo-4-chloro-3-indolyl-
�-galactopyranoside (X-�-Gal) for detecting blue colony growth. Empty AD and
BD were used as negative controls. AD-T (simian virus 40 T antigen) and
BD-p53 were used as positive controls.

In vivo coimmunoprecipitation. Recombinant proteins were expressed by tran-
sient transfection. HeLa cells in six-well plates were infected with vTF7-3 for 1 h
at a multiplicity of infection of 10, washed, and then transfected with the appro-
priate plasmids in the presence of Lipofectamine 2000 (Invitrogen). After 24 h of
transfection, cell lysates were prepared as described elsewhere (10). In experi-
ments to map the self-association domain of Pind protein, Myc-tagged Pind was
coexpressed with HA-tagged Pind or mutants in various combinations. To detect
interactions between mutants with the self-association domain deleted and N
protein, Myc-tagged N protein of Indiana serotype (Nind) was coexpressed with
HA-tagged Pind or mutants. Precleared supernatants of lysates were incubated

with polyclonal anti-Myc antibody sc-789 (Santa Cruz) for 2 h at 4°C with
rotation. After centrifugation, supernatants were mixed with protein G Sepha-
rose 4 Fast Flow medium (Amersham Pharmacia Biotech) and incubated over-
night. To detect interactions between mutants with the self-association domain
deleted and L protein, Flag-tagged L protein (a kind gift from Daniel Shaji) was
coexpressed with HA-tagged Pind or mutants. Precleared supernatants of lysates
were incubated with polyclonal anti-L antibody (antiserum produced from im-
munized rabbits by using synthesized peptides) and mixed with protein G Sepha-
rose 4 Fast Flow medium as described above. Beads were collected and washed
five times with washing buffer as described elsewhere (10). The beads were boiled
in Laemmli buffer and bound proteins were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and detected by Western blotting using anti-
Myc monoclonal antibody sc-40 (Santa Cruz), anti-HA antibody (Sigma), or
anti-Flag antibody (Santa Cruz).

VSV CAT minigenome assay. BHK-21 cells in six-well plates were infected
with vTF7-3 at an multiplicity of infection of 4 for 1 h at 37°C and transfected
with 1 �g pBS-N, 0.5 �g pBS-P or various quantities of the plasmids encoding
HA-Pind or mutant proteins, 0.3 �g pBS-L, and 0.5 �g pVSV-CAT2 in Opti-
MEM medium with Lipofectamine 2000. The cells were incubated for 40 h at
37°C, and then the transfection medium was aspirated. The cells were washed
with cold phosphate-buffered saline twice and then lysed. After centrifugation of
the cell lysates, the resulting supernatants were subjected to a chloramphenicol
acetyltransferase (CAT) enzyme-linked immunosorbent assay (ELISA) for the
detection of CAT expression according to the manufacturer’s protocol (Roche)
to monitor transcription of the minigenome mediated by L, P, and N proteins.
All assays were tested at least twice in two separate experiments. Results were
calculated as relative CAT expression levels.

Effects of peptides derived from the self-association domain in vitro transcrip-
tion of VSV genome. The N-RNA and L-P complexes were purified from VSV
(Indiana serotype, Mudd Summers strain) particles as described elsewhere (T.
Ogino and A. K. Banerjee, unpublished data). An in vitro transcription reaction
was carried out under standard conditions with the N-RNA complex (75 ng of
protein), the L-P complex (25 ng), and 100 �M [�-32P]GTP (1,400 cpm/pmol) as
the labeled substrate in the presence or absence of various concentrations of
synthetic peptides (peptide of residues 161 to 190 [P161-190], P191-210, and
scrambled P191-210). 32P-labeled transcripts, treated with RNase H (Roche
Molecular Biochemicals) in the presence of oligo(dT), were analyzed by elec-
trophoresis in a 5% polyacrylamide gel containing 7 M urea, followed by auto-
radiography.

RESULTS

Pind self-association in a yeast two-hybrid system. Fig. 1
depicts the boundaries of the proposed domains of Pind pro-
tein (265 amino acids) described above with three and two
phosphorylation sites within domain I and domain II, respec-
tively. Various deletion mutants were generated as described
in Materials and Methods and were used to locate and map the
self-association domain within the Pind protein. First, a yeast
two-hybrid system was used to test protein-protein interaction.
The cDNAs encoding the full length of Pind, Pnj, and some
selected mutants of Pind proteins were fused in frame with the
cDNA encoding GAL4-BD individually. The cDNA encoding
the full length of Pind was also fused in frame with the cDNA
encoding GAL4-AD. The recombinant plasmids encoding the
BD- and AD-fused proteins were transformed into Saccharo-
myces cerevisiae AH109 and Y187, respectively. The expected
chimeric proteins were expressed adequately in transformed
yeasts (data not shown). Yeast mating was then performed,
and the results are shown in Fig. 2A. Blue yeast growth on
SD/�Trp/�Leu/�His/�Ade/�X-�-Gal plates was observed in
the presence of BD-Pind plus AD-Pind or BD-p53 plus AD-T
(positive control) (Fig. 2A, right panel, lanes 3c and 2b). No
yeast growth was observed in SD/�Trp/�Leu/�His/�Ade–X-
�-Gal plates in the presence of BD-Pind plus AD or AD-Pind
plus BD (Fig. 2A, right panel, lanes 1c and 3a). Furthermore,
heterotypic interaction was also observed between BD-Pind

FIG. 1. Schematic representation of Pind protein and its mutants
used in this study. The Pind protein is divided into four regions, here
designated I, Hinge, II, and III. 60S, 62T, 64S, 226S, and 227S repre-
sent the phosphorylation sites in Pind. The numbers represent amino
acid positions.
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and AD-Pnj (Fig. 2A, right panel, lane 4c). Diploid cells were
all able to grow on SD/�Trp/�Leu plates, indicating that
yeasts were correctly mated in all mating combinations (Fig.
2A, left panel). These data clearly show that Pind protein could
interact with itself and with Pnj protein and self-associate in
the yeast two-hybrid system. Next, several deletion mutants of
Pind protein (�II�III [with domains II and III deleted],
�Hinge [with the hinge region deleted], �N60 [with the N-
terminal 60 amino acids deleted], and Domain I [consisting of
residues 1 to 137]) (Fig. 1) fused with BD were used to study
whether they also interact with AD-Pind. No yeast growth in
SD/�Trp/�Leu/�His/�Ade/�X-�-Gal was observed when
BD-Domain I and BD-�Hinge were used as baits in yeast
mating with AD-Pind (Fig. 2A, right panel, lanes 3d and 3f).
However, BD-�II�III and BD-�N60 interacted efficiently
with AD-Pind (Fig. 2A, right panel, lanes 3e and 3g), indicating
that the N-terminal 60 amino acids and the C-terminal 55
amino acids (domains II and III) are not required for the

self-association of Pind protein in the yeast two-hybrid system.
Similar results were obtained when we switched Pind mutants
from BD to AD (Fig. 2B), and a yeast two-hybrid assay was
carried out as described above. Since BD-Domain I and BD-
�Hinge were unable to interact with Pind protein, we wanted
to test whether only the hinge region was sufficient to me-
diate self-interaction of Pind protein. A plasmid encoding
the �Domain I mutant (with residues 1 to 137 deleted) fused
to BD was transformed into yeast strain AH109. However, we
were consistently unable to detect any protein expression from
this plasmid (data not shown) strongly implicating that domain
I must contain a region(s) which is essential for Pind mRNA or
protein stability.

Mapping of the self-association domain of Pind protein by
coimmunoprecipitation in vivo. To further confirm Pind-Pind
interaction and narrow down the self-association site of Pind
protein, coimmunoprecipitation analyses in vivo were carried
out using additional deletion and truncation mutants of Pind
protein (Fig. 1). First, we tested Pind-Pind interaction in vivo
by coexpressing Myc-Pind and HA-Pind in HeLa cells. Since
the plasmids encoding BD-Pind and AD-Pind all use T7 pro-
moter, which is located after the ORF of BD and AD, Pind
protein was efficiently expressed in Myc- and HA-tagged
forms, respectively, in mammalian cells expressing T7 polymer-
ase, whereas the fusion proteins described above containing
BD and AD were not expressed. As shown in Fig. 3A, left
panel, using vTF7-3 expressing T7 polymerase, only Myc- and
HA-tagged Pind were expressed in HeLa cells. When whole
cell lysates were subjected to immunoprecipitation by anti-Myc
polyclonal antibody, HA-Pind could be coimmunoprecipitated
with Myc-Pind (Fig. 3A, right panel, lane 3), but HA-Pind
alone could not be coimmunoprecipitated in the absence of
Myc-Pind (Fig. 3A, right panel, lane 2). These results confirm
that Pind protein self-association also occurs in vivo. Next,
several Pind mutants that were used in the yeast two-hybrid
system were coexpressed with Myc-Pind in vivo and tested for
interactions by a coimmunoprecipitation assay. HA-�N60 and
HA-�II�III, but not HA-Domain I and HA-�Hinge, could be
coimmunoprecipitated by Myc-Pind (Fig. 3A, right panel,
lanes 4, 5, 6, and 7), confirming the results obtained from the
yeast two-hybrid assay. Consistent with our findings described
above, we failed to detect any protein expression of Myc-
�Domain I or HA-�Domain I in HeLa cells lysates in the
presence of T7 polymerase, supporting our contention that
part of domain I contains elements that stabilize the Pind
protein or its mRNA. Therefore, we concluded that amino
acids 61 to 210, which span part of domain I, and the entire
hinge region mediate self-association of Pind protein. To pre-
cisely map the self-association domain of Pind protein, three
truncation mutants of Pind protein, HA with Pind residues 76
to 210 (HA–76-210), HA–61-190, and HA–61-160, were coex-
pressed with Myc-Pind, and the interaction was analyzed by a
coimmunoprecipitation assay. As shown in Fig. 3A (right
panel, lanes 8, 9, and 10), HA–76-210 was efficiently coimmu-
noprecipitated with Myc-Pind, but mutant HA–61-190 was co-
immunoprecipitated only very little with Myc-Pind. Further-
more, HA–61-160 failed to interact with Myc-Pind in spite of a
level of protein expression similar to that of HA–76-210 (Fig.
3A, left panel, lanes 8 and 10). These results establish that
amino acid residues 161 to 210 are necessary for Pind protein

FIG. 2. Homotypic and heterotypic interactions of VSV P protein
in the yeast two-hybrid assay. (A) The yeast AH109 strains (type a)
expressing BD-baits were mated with the yeast Y187 strains (type �)
expressing AD-preys in the indicated combinations. The yeast diploid
cells (AH109/Y187) were plated onto the selective plates with SD/
�Trp/�Leu, to confirm the presence of plasmids for BD-baits and
AD-preys (left panel), and SD/�Trp/�Leu/�His/�Ade/�X-�-Gal
(X-a-Gal), to detect interactions between BD-baits and AD-preys
(right panel). Yeast coexpressing interacting proteins which activate
the expression of reporter genes (HIS, ADE2, and MEL1) grows as
blue colonies on the SD/�Trp/�Leu/�His/�Ade/�X-�-Gal plates.
The diploid cells coexpressing AD-T and BD-p53 were used as positive
controls. Experiments were repeated at least three times for consis-
tency. (B) Plasmids encoding Pind and mutants were fused to AD
(AD-preys). Plasmids encoding Pind and Pnj were fused to BD (BD-
baits). The yeast two-hybrid assay was performed as described for
panel A.
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self-association. To further confirm this result, two additional
deletion mutants, HA plus Pind with residues 138 to 160 de-
leted (HA–�138-160) and HA–�161-210, were coexpressed
with Myc-Pind (Fig. 3B, left panel, lanes 4 and 5). Only HA–
�138-160, not HA–�161-210, could be coimmunoprecipitated
with Myc-Pind (Fig. 3B, right panel, lanes 4 and 5), indicating
that amino acid residues 161 to 210 (50 amino acid residues)
indeed mediate self-association of Pind protein in vivo.

Monomeric Pind protein interacts with the N and L pro-
teins. Next, we were interested in determining whether Pind
mutants that were not able to self-associate could still interact
with N and L proteins. It has been previously shown that the
N-terminal region of P protein binds to free N protein and that
the C-terminal of P protein binds to N-RNA template (47).
Our coimmunoprecipitation experiments clearly show that
both HA–�161-210 and HA-�II�III could be coimmunopre-
cipitated with Myc-Nind when coexpressed with Myc-Nind
(Fig. 4A, right panel, lanes 4 and 5). These results strongly
suggest that the self-association domain of Pind protein is not
required for its binding to Nind. Similarly, following coexpres-
sion of HA–�161-210 with Flag-L and HA-�II�III with
Flag-L, both Pind mutant proteins were also coimmunopre-
cipated with anti-L antibody (Fig. 4B, right panel, lanes 4 and
5), indicating that the self-association domain of Pind protein
is also not required for its interaction with L protein.

Role of Pind protein self-association in VSV minigenome
transcription. To study the role of self-association of Pind
protein in transcription of viral RNA, an in vivo VSV mini-
genome transcription assay in which a VSV minigenome con-
taining the 5� and 3� cis elements of VSV genome and a

FIG. 3. Mapping of the self-association domain of Pind protein. Myc-Pind and Pind or its mutants tagged with HA were coexpressed in HeLa
cells as indicated. Cell lysates were assayed by Western blotting (WB) using anti-Myc and anti-HA monoclonal antibodies to confirm protein
expression (A and B, left panel). Immunoprecipitation (IP) was performed using anti-Myc polyclonal antibodies, and the immune complexes were
detected by anti-Myc and anti-HA monoclonal antibodies, respectively (right panels of panels A and B).

FIG. 4. Self-association of Pind protein is not required for its bind-
ing to N and L proteins. HA-Pind, HA–�161-210, or HA-�II�III was
coexpressed with Myc-Nind (A) or Flag-L (B) in HeLa cells as indi-
cated. Cell lysates were assayed for protein expression by Western
blotting (WB) using anti-Myc and anti-HA monoclonal antibodies
(A) or anti-Flag and anti-HA monoclonal antibodies (B). Immunopre-
cipitation (IP) was performed using anti-Myc (A) or anti-L (B) poly-
clonal antibody, and proteins in immune complexes were detected
using anti-Myc and anti-HA (A) or anti-Flag and anti-HA (B) mono-
clonal antibodies.
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reporter gene (the CAT gene) flanked by these elements ex-
presses the CAT protein when cotransfected with support plas-
mids (pBS-N, pBS-P, and pBS-L) encoding VSV N, P, and L
proteins, respectively, was used (29). First, to test whether the
HA-tagged Pind was functional, vTF7-3-infected BHK-21 cells
were transfected with the plasmid pVSV-CAT, pBS-P or plas-
mid encoding HA-Pind, and other support plasmids. Following
incubation at 37°C for 40 h, genomic-sense CAT mRNA was
synthesized by the T7 RNA polymerase, and subsequently, the
N protein encapsidated the genomic RNA which in turn was
used as the template for transcription by expressed L and P
proteins, which resulted in CAT reporter gene expression. The
CAT expression was then analyzed by ELISA. As shown in
Fig. 5A, the relative CAT expression observed using support
plasmid pBS-P (defined as 100%) (top panel, column 4) was
about the same as with the support plasmid encoding HA-Pind
(98%) (top panel, column 5), indicating that the latter clone is
as functionally active as the former. When HA–�138-160 re-
placed HA-Pind, it was still capable of supporting minigenome
transcription, although less efficiently than HA-Pind (85%)
(Fig. 5A, top panel, column 8). In contrast, when the mutant
HA–�161-210, which failed to oligomerize, was used, the rel-
ative CAT expression level was significantly decreased to
16.1%, close to the background level (Fig. 5A, top panel,
column 6). The protein expression levels of HA-Pind and all
mutants were also assayed by Western blotting with anti-HA

antibody. As shown in Fig. 5B, the expression level of HA–
�161-210 was slightly lower than that of HA-Pind (lanes 5 and
6). To exclude the possibility that the lower CAT expression
level observed for the support plasmid encoding HA–�161-210
was not due to lower protein expression, we decreased the
amounts of transfected plasmids encoding HA-Pind and in-
creased the amounts of plasmid encoding HA–�161-210. As
shown in Fig. 5C and D, with the decrease in HA-Pind expres-
sion level (plasmid from 0.5 to 0.1 �g), the relative CAT
expression level was only slightly decreased (Fig. 5C, column 4,
5, and 6, and D, lanes 4, 5, and 6). However, with the increasing
expression level of HA–�161-210 (Fig. 5D, lanes 8, 9, and 10),
CAT expression level still remained significantly low, virtually
equal to the background expression level of CAT (Fig. 5C,
columns 3, 8, 9, and 10). Taken together, the data strongly
suggest that the self-association of Pind protein is a prereq-
uisite for the function of the Pind protein in viral RNA
transcription.

Effects of peptides derived from Pind protein self-associa-
tion domain in VSV mRNA synthesis in vitro. Having con-
firmed that amino acid residues 161 to 210 are necessary for
Pind protein self-association and VSV transcription, it was of
interest to determine whether synthetic peptides spanning the
self-association domain were able to inhibit VSV mRNA syn-
thesis in vitro. To address this question, we performed an in
vitro VSV transcription reconstitution assay which is based on

FIG. 5. Role of self-association of Pind protein in VSV transcription. (A) BHK cells expressing T7 polymerase were transfected with pBS-N,
pBS-L, pVSV-CAT2, and pBS-P or the plasmids encoding HA-tagged Pind or mutants in the indicated combinations. A CAT ELISA was
performed using lysates of the transfected cells to measure relative CAT enzyme expression levels as viral minigenome transcription activities. The
CAT expression level in the cells transfected with pBS-P, a positive control vector, was defined as 100%. (B) Pind and mutants expressed in the
transfected cells were detected by Western blotting (WB) with anti-HA antibody. (C) BHK cells expressing T7 polymerase were transfected with
decreasing quantities of Pind plasmids or increasing quantities of �161-210-coding plasmids together with the indicated plasmids in a minigenome
assay. Cell lysates were assayed for relative CAT expression and HA-Pind and mutant expression by Western blotting (WB) with anti-HA antibody.
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the transcription of purified N-RNA template and purified L-P
polymerase complexes from VSV virions. Peptides P161-190
and P191-210, along with a scrambled peptide derived from
P191-210, were synthesized and purified; the scrambled pep-
tide served as the negative control (Fig. 6A). Various concen-
trations (8 nM, 80 nM, and 800 nM) of the peptides were
incubated with the N-RNA template and L-P complex in the
presence of [�-32P]GTP at 30°C, and the resulting mRNA
products were analyzed by urea-polyacrylamide gel electro-
phoresis. As shown in Fig. 6B, the added N-RNA template
alone had no VSV polymerase activity (lane 1), and the accu-
mulated mRNAs (G, N, and P/M) were clearly discerned in the
presence of the L-P complex (lane 2). The mRNA synthesis
was slightly inhibited (by 29%) in the presence of 800 nM
P161-190, which is a concentration 100-fold higher than the
concentration of Pind (lane 5); [�-32P]GMP incorporation into
mRNAs was reduced from 2.5 pmol to 1.7 pmol (Fig. 6C).
However, mRNA synthesis was virtually inhibited (from 18 to
97%) when the concentration of P191-210 was increased from
8 nM to 800 nM (lanes 7 and 8), and [�-32P]GMP incorpora-
tion into mRNA was reduced from 2.5 pmol to nearly 0 pmol.
As expected, the synthesis of mRNA remained essentially un-
changed with increasing concentrations of the scrambled P191-
210 peptide (Fig. 6B, lanes 8, 9, and 10, and C). Thus, peptide
P191-210 derived from the self-association domain of Pind
inhibited VSV mRNA synthesis in vitro in a dose-dependent
manner. Particularly important is that only a 100-fold-higher
concentration of P191-210 compared to the Pind concentration

resulted in the almost complete cessation of VSV genome
transcription in vitro. These results indicate that amino acid
residues 191 to 210 play a vital role in the transcription of VSV
genome RNA.

DISCUSSION

It has been well established that the oligomeric P protein
binds to the L protein to impart the transcriptase function to
the latter and that phosphorylation within the highly acidic
domain I is required for the self-association process (25). It is
generally believed that a trimer form of P protein is bound to
the L protein to form the L-P3 holoenzyme complex (24).
Although the apparent self-association of P protein can be
observed by biochemical and biophysical techniques, the pre-
cise domain within the P protein responsible for this process
remained unknown.

In the present study, we have shown Pind-Pind interaction
using a yeast two-hybrid system, as well as a coimmunoprecipi-
tation assay. Using a series of Pind mutants, we have been able
to precisely map the self-association domain of Pind protein to
amino acids 161 to 210 within the hinge region. Furthermore,
we have demonstrated that the self-association domain of Pind
protein is essential for VSV transcription by a minigenome
transcription system. Interestingly, a peptide containing resi-
dues 191 to 210 located within the self-association domain was
able to inhibit VSV transcription in vitro in a dose-dependent
manner. Although the precise reason(s) underlying this inhib-

FIG. 6. A peptide derived from the oligomerization domain of Pind protein inhibits transcription of the VSV genome in vitro. (A) The location
of the self-association domain in Pind protein is shown. The amino acid sequences of the P161-190, P191-210, and scrambled P191-210 synthetic
peptides are shown. (B) In vitro transcription was performed with purified L-P and N-RNA complexes in the presence or absence of indicated
concentrations of P161-190, P191-210, and scrambled P191-210 peptides. 32P-labeled transcripts were analyzed by urea-polyacrylamide gel
electrophoresis followed by autoradiography. The positions of viral mRNAs are shown on the left. (C) Transcription activities (shown in panel B)
are expressed as pmol of [�-32P]GMP incorporated into mRNAs. The x axis indicates concentrations of the peptides in log scale.
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itory effect of the peptide in transcription remains unclear, it is
reasonable to speculate that the peptide somehow mimics a
part of the self-association domain of Pind and disturbs func-
tions of the wild-type Pind either by its direct incorporation
into the oligomer or by inhibiting the oligomer formation.
Thus, we conclude that self-association of P protein is essential
for its functional ability, although our data do not provide a
direct measurement of the number of P monomers present in
the oligomer that is required for it to be functionally active.

It has been previously shown that unphosphorylated VSV P
protein, which is in a monomeric form, was unable to support
transcription in the presence of RNA polymerase L (25), sug-
gesting that monomeric P protein may not bind to L protein.
However, from the present study, it is quite evident that mo-
nomeric Pind protein lacking the self-association domain
would still bind to the L protein, but the transcription function
of L protein is lost. Consistent with this conclusion, it was
reported that the inactive monomeric P protein of human
parainfluenza virus type 3 maintains its ability to bind to its L
protein (11). Similar data have been published for rinderpest
virus belonging to the family Paramyxoviridae, although the
oligomerization-incompetent P protein did not support tran-
scription, but it still bound to its L protein (41). However, a
different situation was reported for Marburg virus, which be-
longs to the family Filoviridae, in which monomeric VP35 (a
counterpart of P protein) fails to interact with its RNA poly-
merase L (35). Thus, the self-association state of P protein
seems to be a necessary condition but not sufficient to keep the
RNA polymerase complex in the functional state and perform
the function of transcriptase while bound to the L protein.

Most of the P proteins in the order Mononegavirales oli-
gomerize via predicted coiled-coil motifs. These motifs are
located in different positions in various P proteins, e.g., in the
P protein of the family Paramyxoviridae, the coiled-coil motifs
are mostly located in the C terminus (1, 10, 11, 12, 30, 37, 43,
48, 49), whereas the coiled-coil motif in respiratory syncytial
virus is situated in the central part of the P protein (8) and the
putative coiled-coil motif of Marburg virus and Ebola virus
VP35 (family Filoviridae) is located at the N terminus which
was shown to be essential for self-association (35). It is inter-
esting that the VSV Pind also contains a predominant coiled-
coil motif (12, 27), which is located at the amino-terminal
region as predicted by COILS prediction software (33); the
region spans residues 16 to 36 (data not shown). However, the
mutational analyses with the Pind protein clearly show that this
region is not involved in self-association of Pind since mutant
�N60 still interacts efficiently with wild-type Pind protein (Fig.
3). Similar data were also shown for rabies virus P protein, in
which the N-terminal part containing the coiled-coil motif was
not required for self-association (27). In contrast, the P protein
of Chandipura virus, a member of the Rhabdoviridae family,
isolated from a human patient was shown to oligomerize via
the N-terminal 46 amino acids which cover a coiled-coil region
(40). Thus, the coiled-coil motifs in the P proteins may be
necessary for their functions but are not always involved in the
self-association process.

Recently, Ding et al. (18) obtained a proteinase-K-resistant
domain of the VSV Pind protein (residues 107 to 177) which
was crystallized as a homodimer, and the authors predicted
that this domain mediate tetramerization of Pind protein by

possible interdimer interactions (19). However, by direct mu-
tation and biochemical analyses, we have mapped the self-
association domain within residues 161 to 210; thus, only a
series of 17 amino acids overlaps between the two predicted
self-association domains. Thus, it appears that the additional
amino acids which contain an important beta-sheet element
may hold the subunits together. It is interesting that the Pind
mutant �138-160, which had a major portion of amino acids
107 to 177 deleted, efficiently self-associates and is active in
transcription in vivo. It is possible that during the proteolysis of
Pind, residues 178 to 210 were cleaved from the stable domain
(residues 107 to 177) and were undetectable by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis followed by Coo-
massie brilliant blue staining. Therefore, the oligomerization
domain appears to be longer than as described by Ding et al.
(19), and residues 107 to 177 are possibly required for stability
to aid in crystallization. Supporting this contention is the fact
that we failed to express Pind mutants �Domain I, �109-137,
and 109-210 in yeast or HeLa cells. However, Pind mutant
76-210 was expressed well in yeast and HeLa cells, suggesting
that residues 76 to 137 are important for Pind stabilization in
yeast or mammalian cells, consistent with the observation that
residues 107 to 177 can be stably expressed in Escherichia coli
(19). Alternatively, one could envision rearrangements of the
central domain that would be possible. Further studies are
clearly needed to establish the precise amino acid boundaries
of the self-association domain.

Recently, a number of insertion and deletion mutations were
introduced into the hinge region of Pind protein and their
effects in transcription and replication were studied (13). It was
shown that amino acid residues 191 to 210 were absolutely
required for VSV transcription and replication in vivo, consis-
tent with our finding that this region is critically important for
the self-association of the Pind protein.

In summary, we have mapped the functional self-association
domain (residues 161 to 210) of Pind protein within the hinge
region by using in vitro and in vivo approaches. Furthermore,
our studies demonstrate an essential role of P protein self-
association in the transcription of VSV genome RNA.
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