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Abstract. The nucleocapsid protein (49 Kd) of vesicular stomatitis virus is tightly bound to
the genome rendering the latter transcriptionally competent. Controlled digestion with
chymotrypsin removed a 12 Kd peptide from the complex. The resulting complex failed to
serve as template for genome transcription in vitro when the polymerase components L and
NS proteins were added. A template-associated protein kinase activity was also lost upon
chymotrypsin treatment. However, the cleaved nucleocapsid protein (37 Kd) was still
capable of binding tightly with the genome template and retained the epitope recognized by
a monoclonal antibody. These results suggest that the nucleocapsid protein possesses
separate domains that mediate binding to polymerase complex and maintain the structural
integrity of the template.
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Introduction
The transcribing ribonucleoprotein (RNP) complex of vesicular stomatitis virus
(VSV) contains the negative strand genome RNA tightly associated with the nucleocapsid protein (N protein) (molecular weight, 49 Kd) and two other minor proteins,
phosphoprotein NS (molecular weight, 29 Kd) and L protein (molecular weight,
241 Kd) (Wagner, 1975). The NS and the L proteins are easily dissociable from the Ν
protein-RNA complex, rendering the latter transcriptionally inactive. Efficient reconstitution of in vitro transcription is achieved only when both the NS and the L
proteins are added to the Ν protein-RNA template (Emerson and Yu, 1975; De and
Banerjee, 1984). The transcription reconstitution, thus, has provided an excellent
system to study the functions of individual polypeptide component in the in vitro
transcription process. Using this system, we have recently shown that the L protein
initiates RNA synthesis on the Ν protein-RNA template and the NS protein mediates
chain elongation of RNA chains (De and Banerjee, 1985). Moreover, the requirements of L and NS proteins for optimal RNA synthesis in vitro are catalytic and
stoichiometric, respectively. The precise function of the nucleocapsid protein N,
which maintains the structural integrity of the genome RNA, with respect to the
transcription process is unknown. Its direct involvement in RNA synthesis was
shown by the ability of a monoclonal antibody, against the Ν protein, to inhibit in
vitro transcription process (De et al., 1982). Moreover, studies on the specific
requirements of the N-RNA complex for RNA synthesis by the L and NS proteins of
different serotypes showed a direct role of Ν protein in RNA synthesis (De and
Banerjee, 1984).
In this communication we have subjected purified N-RNA complex to controlled
Abbreviations used: RNP, ribonucleic protein; VSV, vesicular stomatic virus; Ν protein, nucleocapsid
protein; SDS, sodium dodecyl sulphate; IgG, immunoglobulin-G.
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proteolytic digestion to study the structural integrity of the N-RNA complex and its
role in the in vitro transcription process.

Materials and methods
Purification of VSV
VSV (Indiana, Mudd-Summers Strain) grown in roller bottles containing monolayers of
baby hamster kidney cells (BHK-21) and purified as previously described (Banerjee
et al., 1974). Using [35S]-methionine and [3H]-uridine during infection, VSV was
labelled in protein and the genome RNA moieties, respectively.

Isolation and purifications of L + NS proteins
Purified VSV (4mg at 500 µg/ml) was disrupted in 10 mM Tris-HCl, pH 8·0, containing 5% (v/v) glycerol, 0·4 Μ NaCl, 1·85% Triton-Xl00, and 0·6 mM dithiothreitol
(final concentrations) (buffer A). The RNP was sedimented by centrifugation in an
SW60 rotor at 200,000 g for 2 h, through 30% (v/v) glycerol onto a 100% glycerol
cushion. The RNP was collected from the cushion and diluted 5 fold with bufer
containing 10 mM Tris-HCl, pH 8·0, and 1 mM EDTA. An equal volume of 2X
buffer A containing 0·8 Μ NaCl (without Triton) was added and kept in ice for 1 h.
The mixture was centrifuged through 30% glycerol as described above. The released
L and NS proteins were recovered from the top (approximately 2 ml) of the centrifuge
tube, dialyzed against buffer 10 mM Tris-HCl, pH 8, 10% glycerol, 0·2 Μ NaCl and
0·3 mM dithiothreiotol for 12 h at 4°C. The dialysate was concentrated by Amicon
concentrator. The final protein concentration of L + NS was 630 µg/ml. The purified
L + NS proteins was kept in – 70°C before use.

Purification of N-RNA template
N-RNA template was collected in a glycerol cushion after removal of the L and NS
proteins by 0·8 Μ NaCl, as described above. The template was treated again with
bufer A containing 0·8 Μ NaCl and recovered by centrifugation through 15% (w/v)
Renografin solution and collected on a 76% Renografin cushion. The centrifugation
was carried out in an SW60 rotor at 200,000 g for 2 h. The template was collected
from the cushion and diluted to 4 ml by addition of buffer containing 10 mM TrisHCl, pH 8·0 and 1 mM EDTA with 1·4 g of CsCl and further centrifuged for 24 h in
an SW60 rotor at 200,000 g. The template band was collected and dialyzed against
10 mM Tris-HCl, pH 8 and 50 mM NaCl, at room temperature. The dialysate was
further concentrated by pelleting through 20% glycerol on a 100% glycerol cushion.
The template was recovered and kept at – 70°C. The final concentration of N-RNA
template was 560 µg/ml.

Treatment of the template with chymotrypsin A
The N-RNA template was treated with chymotrypsin A in a ratio of 4·25:1 (w/w)

Function of VSV nucleocapsid protein

517

(template: chymotrypsin) in the presence of 10 mM Tris-HCl, pH 8, at 37°C for
20 min. For carrying out transcription, the treated template was centrifuged over a
20% glycerol pad in an SW60 rotor at 45,000 rpm for 1 h, collected from the glycerol
cushion (100%), and kept at – 70°C. The final concentration of treated N-RNA
template was 350 µg/ml.
In Vitro transcription-reconstitution reaction
Purified N-RNA template or chymotrypsin-treated template were used to reconstitute
RNA synthesis in vitro using purified L and NS proteins as detailed by De and
Banerjee (1985). The α-32P CMP labelled-RNA products were analyzed either by
electrophoresis on a 20% polyacrylamide gel to detect the leader RNA or 5% polyacrylamide gel to separate individual VSV mRNA species (De and Banerjee, 1985).

Western blot
The chymotrypsin-treated or untreated N-RNA template was electrophoresed on a
10% sodium dodecyl sulphate-polyacrylamide gel (Laemmli, 1970) and the proteins
were transferred to nitrocellulose paper (S and S) and treated with the monoclonal
antibody to Ν protein (De et al., 1981) according to the method of Burnette (1982).
The blot was then treated with the secondary antibody, goat anti-mouse immunoglobulin-G (IgG) followed by antibody to swine-antigoat IgG conjugated to horseradish
peroxidase. The proteins were visualized by the color reaction with the substrate 4chloro-1-napthol.

Protein kinase assay
The reaction mixture contained chymotrypsin-treated or untreated N-RNA template
(27 µg), Tris-HCl, pH 8·0, purified NS protein (1 µg), and 10 µc γ-32P ATP (3000
C/mmol). The reaction was at 37°C for 90 min. The phosphorylated protein products
were analyzed by electrophoresis on 9% urea-SDS-polyacrylamide gel as detailed
by Masters and Banerjee (1986).

Results and discussion
35

S-labelled purified VSV was used to prepare N-RNA template in which the Ν
protein was exclusively labelled at methionine residues. By varying the concentrations
of chymotrypsin and the N-RNA template and incubation for different periods of
time, the proteolytic digestion of the Ν protein within the complex was monitored by
electrophoresis on 10% polyacrylamide gel. As shown in figure 1, a specific cleavage
of the Ν protein occurred when the ratio of the template to chymotrypsin was 4·25:1
(w/w) and the incubation time was 20 min at 37°C (lane 2). The molecular weight of
the cleaved Ν protein was approximately 37 Kd, indicating that a 12 Kd peptide
must have been removed during the proteolytic digestion. In all other combinations
and times of incubation, the digestions were incomplete. It should be noted that
recovery of the radioactivity in the Ν protein following digestion was about 90%.
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Figure 1. Effect of chymotrypsin on VSV Ν protein-RNA template. [35S]-labelled
template RNA was purified as described in ‘materials and methods’ and treated with chymotrypsin at a ratio (w/w) of template to chymotrypsin 4·25:1 and incubated at 20 min (lane 2),
40 min (lane 3), 60 min (lane 4), and analyzed by electrophoresis on a 10% SDS-polyacrylamide
gel. Template to chymotrypsin ratio of 8·5:1 was used for 20 min (lane 5), 40 min (lane 6) and
60 min (lane 7) and 17:1 was used for 20 min (lane 8), 40 min (lane 9) and 60 min (lane 10).
Lane 1 served as control without chymotrypsin treatment. The migration positions of VSV
structural protein L, G, NS, Ν and Μ are shown. Autoradiography was carried out using
Kodak XAR2 film. BPB, Migration of bromophenol blue dye.

These results indicate that a small peptide (12 Kd) containing one or more
methionine residues was cleaved from the Ν protein.
In order to study whether the cleavage of the Ν protein may have some adverse
effect on its binding to the genome RNA, the chymotrypsin-treated 35S (protein) and
3
H-U (genome)–labelled N-protein complex was banded in a CsCl gradient. As
shown in figure 2, both the radioactivites in treated (B) and the untreated control (A)
sedimented at the same position. These results indicate that the cleaved Ν protein
was associated with the genome RNA strongly enough such that the complex was
not disrupted by CsCl during the prolonged time of centrifugation. Thus, it seems
that the cleaved part of the Ν protein may not be necessary for the tight association
of the Ν protein with the genome template.
Although the structural integrity of the N-RNA template remained intact after
chymotrypsin digestion, it was important to study whether the template function of
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Figure 2. CsCl sedimentation of 35S and 3HU-labelled N-RNA template following digestion
with chymotrypsin. The untreated control (panel A) and treated (panel B) templates were
centrifuged in a CsCl gradient as detailed in ‘materials and methods’. Aliquots were collected
from the top and radioactivity in each fraction was determined.

the complex was retained in a transcription-reconstitution reaction. In vitro transcription was carried out using chymotrypsin-treated template with saturating concentrations of purified L and NS proteins. The products were analyzed by electrophoresis
on 20% and 5% polyacrylamide gels. As shown in figure 3, synthesis of full-length
mRNAs (lane 5) and leader RNA (lane 10) were reduced by more than 95% compared
to the control (lanes 3 and 8). These results clearly indicate that the ability of the NRNA complex to act as template for transcription was virtually lost after treatment
with chymotrypsin. It is important to mention that to carry out the experiments
described above, it was essential to confirm that the chymotrypsin-treated N-RNA
complex was completely free of the proteolytic enzyme following purification of the
template by CsCl banding or pelleting in glycerol cushion. Any contaminant
chymotrypsin would digest the L and NS proteins during subsequent transcriptionreconstitution reactions. We have routinely tested the recovered N-RNA template
for proteolytic activity and found it to be completely free from such activity (data not
shown).
We have recently shown that purified N protein-RNA complex contain an
associated protein kinase activity that specifically phosphorylates the NS protein in
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Figure 3. Analyses of the RNA products in a transcription-reconstitution reaction using
treated and untreated templates. α-32 CMP-labelled RNA products synthesized using
template reconstituted with purified L and NS proteins were analyzed by electrophoresis on
5% (lanes 1–5) and 20% (lanes 6–10) polyacrylamide gels. Lanes 1 and 6 contained L and
NS alone; lanes 2 and 7 contained untreated N-RNA template alone; lanes 3 and 8 contained
untreated N-RNA template + L + NS proteins; lanes 4 and 9 contained treated N-RNA
template alone; lanes 5 and 10 contained treated N-RNA template + L + NS proteins.
Migration positions of the VSV mRNAs coding for G, N, M and NS and leader RNA are
shown.

vitro (Masters and Banerjee, 1986). To test whether chymotrypsin digestion also
abrogrates the protein kinase activity, the treated template was used in an in vitro
kinase reaction using purified NS as the acceptor protein. As shown in figure 4, the
template associated protein kinase activity was completely lost upon treatment with
chymotrypsin, indicating that the enzyme activity is selectively affected, as is the
template function, by proteolytic digestion. Note that two NS sub-species (NS1 and
NS2) (Masters and Banerjee, 1986) were phosphorylated by the template-associated
protein kinase.
Finally, we studied whether the cleaved N protein retained the antigenic site
reactive to the monoclonal antibody raised against purified N protein. This monoclonal antibody is highly specific for N protein of Indiana serotype and does not
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Figure 4. Protein kinase activity associated with N protein-RNA template. Chymotrypsintreated and untreated templates were used in a protein kinase reaction with purified NS as
the acceptor protein as detailed in ‘materials and methods’. Lane 1, template only; lane 2,
NS only; lane 3, 4, 5, NS protein + template treated with chymotripsin for 0 min 20 min,
and 60 min, respectively; lane 6, untreated template + NS protein.

react with the corresponding protein of the New Jersey serotype (De et al, 1982) in
spite of the fact that both the N proteins share more than 80% homology in amino
acid sequence (Banerjee et al., 1984). As shown in figure 5, the proteolytically cleaved
N protein reacted efficiency with the monoclonal antibody indicating that the epitope in
the N protein recognized by the antibody is retained in the cleaved peptide fragment.
The above results clearly indicate that the N protein which is tightly associated
with the genome template of VSV is directly involved in the genome transcription
in vitro. Specific removal of a 12 Kd polypeptide from the N protein-RNA template
by chymotrypsin has rendered the template transcriptionally incompetent as well as
abrogated the associated protein kinase activity. Thus it seems that the cleaved
portion of the N protein may contain the site for binding of the L and NS protein for
initiation and elongation of RNA chains on the genome template. In addition, this
portion may also contain the active site of the protein kinase activity. Alternatively,
removal of the polypeptide segment may affect adversely on the overall secondary
structure of the complex such that binding of the L and NS proteins and the protein
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Figure 5. Western blot analysis of N protein with monoclonal antibody. The detail of the
electrophoresis of the N protein, blotting, and antibody complex formation and subsequent
color reaction are detailed in ‘materials and methods’. Lane 1, untreated N; lane 2, chymotrypsin-treated N. Migration positions of VSV structural proteins are shown.
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kinase activity are all compromised. However, the Ν protein after chymotrypsin
treatment remained tightly bound to the genome template and the epitope recognized
by a monoclonal antibody is also retained. Thus, it seems that there are at least two
domains in the Ν protein; one that contains the binding site for the polymerase and
the other mediates the interaction with genome RNA to impart the helical structure.
The former domain is susceptible to proteolytic cleavage, whereas the latter one is
tightly associated with the helical structure and is resistant to such digestion and
contain the site reactive to monoclonal antibody. Preliminary results indicate that
the N-terminal end of the 37 Kd Ν protein is unblocked, indicating that the N-terminal
portion (which contains blocked N-terminus) of the Ν protein has been removed.
Determination of the N-terminal amino acid sequence of 37 Kd Ν protein, in
progress, should precisely locate the site of proteolytic cleavage within the Ν protein.
Further studies are in progress to relate these domains to specific functions of the Ν
protein.
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