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Nonstructural protein 5B (NS5B) of bovine viral diarrhea virus (BVDV) contains sequence motifs that are
predictive of an RNA-dependent RNA polymerase activity. We describe the expression and purification of the
BVDV NS5B protein derived from an infectious cDNA clone of BVDV (NADL strain). BVDV NS5B protein was
active in an in vitro RNA polymerase assay using homopolymeric RNA or BVDV minigenomic RNA templates.
The major product was a covalently linked double-stranded molecule generated by a “copy-back” mechanism
from the input template RNA. In addition, a nucleotide-nonspecific and template-independent terminal
nucleotidyl transferase activity was observed with the BVDV NS5B preparation.

Bovine viral diarrhea virus (BVDV) has been identified as
the causative agent of viral diarrhea-mucosal disease in cattle
(reviewed in reference 1) and represents an economically im-
portant disease in cattle. BVDV, classical swine fever virus,
and ovine border disease virus are members of the Pestivirus
genus in the family Flaviviridae (12–14, 20), which also contains
the genera Flavivirus and the hepatitis C virus (HCV) group.
Like other pestiviruses, BVDV is a small enveloped, positive-
stranded RNA virus whose genome consists of a nonsegment-
ed single-stranded RNA molecule of approximately 12.5 kb.
BVDV genomic RNA encodes a single open reading frame
(ORF) of approximately 3,900 amino acids (4, 9, 13, 16). The
polyprotein translated from the ORF is subsequently pro-
cessed by virally encoded or cellular proteases into 11 or 12
individual proteins (5, 6, 13, 16, 19, 22). All viral structural
proteins (autoprotease Npro; capsid protein C; and the glyco-
proteins Erns, E1, and E2) are contained in the amino-terminal
third of the polyprotein (10, 17, 18), while the nonstructural
(NS) proteins are located in the carboxyl-terminal two-thirds
of the polyprotein (see Fig. 2A) (reviewed in references 6 and
9). Nonstructural protein 5B (NS5B), or p75, is located at the
carboxyl terminus of the polyprotein and contains the canon-
ical amino acid motif, Gly-Asp-Asp (GDD), present in all
positive-strand viral RNA polymerases (5). However, no direct
biochemical evidence has yet established that the BVDV NS5B
indeed contains RNA-dependent RNA polymerase (RdRp)
activity. To address this issue, we obtained a full-length geno-
mic cDNA clone of a cytopathic BVDV strain (NADL strain),
pVVNADL, that yields RNA transcripts which generate infec-
tious viral particles upon transfection into BVDV-susceptible
cell lines (21), clearly indicating that all the viral proteins
encoded by this genomic cDNA clone are fully functional.

As baculovirus has been employed previously to successfully
express BVDV NS proteins (15), the coding region for NS5B
was isolated from plasmid pVVNADL and cloned into bacu-
lovirus expression vector pVL1393. As the amino terminus of

NS5B is generated normally by the proteolytic processing of
the polyprotein precursor, the BVDV NS5B protein (NS5BC-His)
was engineered with an initiating methionine codon at the
amino terminus followed immediately by the entire NS5B cod-
ing sequence. Additionally, a hexahistidine affinity tag followed
by a stop codon was added immediately after the last amino
acid of NS5B. This design was based on previous work indi-
cating that the addition of a hexahistidine tag at the C terminus
of the HCV NS5B did not appear to adversely affect its RdRp
activity (11). This vector, pVLBVDV-NS5BC-His, was used to
generate recombinant baculovirus by standard methods.

Purification of the BVDV NS5B protein was achieved by using
Ni-nitrilotriacetic acid affinity chromatography according to the
protocol described by Lohmann et al. (11) with slight modifica-
tions. Briefly, 2.5 3 108 Sf9 cells infected with BVDV NS5B
baculovirus were harvested 3 days postinfection, and the resulting
cell pellet was resuspended in 5 ml of lysis buffer I (10 mM
Tris-HCl [pH 7.5], 10 mM NaCl, 1.5 mM MgCl2, 10 mM 2-mer-
captoethanol), incubated at 4°C for 30 min, and centrifuged for 10
min at 10,000 3 g. The resultant supernatant was designated the
S1 fraction. The pellet was resuspended in 5 ml of lysis buffer II
(20 mM Tris-HCl [pH 7.5], 300 mM NaCl, 10 mM MgCl2, 0.5%
Triton X-100, 20% glycerol, 10 mM 2-mercaptoethanol) and son-
icated briefly. After a 10-min centrifugation at 10,000 3 g, the
supernatant (S2) was removed, and the pellet was resuspended in
5 ml of lysis buffer III (200 mM Tris-HCl [pH 7.5], 500 mM NaCl,
10 mM MgCl2, 2% Triton X-100, 10 mM imidazole, 50% glycer-
ol). After further sonication and centrifugation steps, the super-
natant (S3) was applied to a TALON column (Clontech). The
bound NS5BC-His was eluted off the column with 400 ml of lysis
buffer III containing 250 mM imidazole and 2 mM EGTA. Cell
extracts from wild-type Autographa californica nuclear poly-
hedrosis virus (AcNPV)-infected Sf9 cells were similarly pro-
cessed, and the final eluate was used in the assay as a negative
control (mock).

As shown in Fig. 1A, the expressed NS5BC-His protein, with
a molecular mass between 70 and 75 kDa, was visible in the S2
fraction (lane 3) and became highly enriched in the S3 fraction
(lane 4). In the final eluate, NS5BC-His protein was estimated
to be approximately 90% pure (lane 5), although we cannot
rule out the presence of contaminating proteins of identical
size to BVDV NS5B. This material is referred to below as
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purified NS5BC-His. Western blot analysis demonstrated that
the purified recombinant protein was immunoreactive with a
mouse monoclonal antibody specific for a C-terminal hexahis-
tidine tag (Invitrogen) (Fig. 1A, bottom, lanes 3 to 5).

To confirm the identity of the recombinant protein as BVDV
NS5B, rabbit polyclonal antiserum was generated against a
peptide derived from BVDV NS5B (amino acids 3389 to 3404
of the BVDV NADL strain) and used to compare the re-
combinant BVDV NS5B with native NS5B expressed during
BVDV infection of Madin-Darby bovine kidney (MDBK)
cells. Western blot analysis revealed that this antisera spe-
cifically reacted with a 75-kDa protein present in BVDV
(NADL)-infected MBDK cells (Fig. 1B, lane 4) but absent
in either uninfected MDBK cells (lane 3) or uninfected Sf9
cells (lane 1). This antisera also reacted with the recombinantly
expressed protein, confirming its identity as BVDV NS5B (Fig.
1B, lane 2). Furthermore, the recombinantly expressed BVDV
NS5B migrated with the same mobility as authentic BVDV
NS5B produced during infection of MDBK cells with BVDV
(NADL) (Fig. 1B, lanes 2 and 4).

RNA polymerase assays were performed to analyze whether
the purified NS5BC-His protein had RdRp activity, as measured
by incorporation of [a-32P]-labeled ribonucleotides with an RNA
template. A BVDV “minigenome,” which contained both the
59 and 39 nontranslated regions (NTRs) of BVDV genomic
RNA as well as a portion of the coding region, was used as the
RNA template in the assay. This BVDV minigenome con-
struct, pTemp1, was made by digesting plasmid pVVNADL
(21) with BamHI followed by religation (Fig. 2A). We chose
this template based on the assumption that the 59 and 39 NTRs
would contain the cis-acting signals necessary for the initiation
of minus-strand RNA synthesis. The highly ordered secondary
structure at the 39 NTR region (9) could be used for “copy-
back” (cis) priming as in the case of HCV NS5B (3, 7, 11). The
BVDV minigenomic RNA was transcribed in vitro by T7 RNA

polymerase (Promega) by using SacII-linearized pTemp1
DNA as template and was gel purified (Fig. 2A). Linearization
by SacII produces a 39 end identical to that of infectious
BVDV RNA transcripts (20). To assess RdRp activity, 0.5 mg
of purified NS5BC-His protein was incubated in a 25-ml volume
of standard reaction mixture (20 mM Tris-HCl [pH 7.5], 5 mM
MgCl2, 1 mM dithiothreitol, 25 mM KCl, 1 mM EDTA, 40 U
of RNasin (Promega), 50 mg of actinomycin D per ml, 10 mCi
of [a-32P]ATP [Amersham], 500 mM [each] GTP, CTP, and
UTP, and 20 mM ATP) in the presence or absence of pTemp1
RNA (0.3 mg per reaction) for 2 h. The reaction was carried
out initially at both 23 and 37°C, and RNA was extract-
ed following proteinase K treatment and resolved on a 1.2%
agarose gel containing 2.2% formaldehyde. As shown in Fig.
2B, labeled products were observed in reactions containing
both the exogenous RNA template and NS5BC-His protein
(lanes 2 and 5). No products were observed in the absence
of NS5BC-His protein, in the presence of mock-infected ex-
tracts (lanes 3 and 6), or in the absence of RNA template
(lanes 1 and 4), indicating that the purification scheme had
reduced potential endogenous RNA templates to undetectable
levels. Interestingly, the reaction products were synthesized at
comparable levels at both 23 and 37°C. This finding is some-
what different from the published HCV NS5B data in which
HCV NS5B was found to work much more efficiently at the
lower temperature (3, 11). As 37°C is closer to the natural
replication temperature for BVDV, all following polymerase
assays were performed at this temperature.

Three major product bands were observed in NS5BC-His poly-
merase reactions (Fig. 2B, lanes 2 and 5). One corresponded to
the size of input template RNA (1.7 kb) while the other mi-
grated much slower and was approximately twice the size of the
input RNA. A third band migrating at 1.3 kb was observed only
in reactions which contained NS5BC-His and all four ribonu-
cleotide triphosphates (rNTPs). This band may represent pre-

FIG. 1. Expression and purification of BVDV NS5BC-His. (A) Sf9 cells infected with NS5BC-His recombinant baculovirus were extracted with lysis buffers I, II, and
III. A 10-ml aliquot of each supernatant fraction (S1, S2, and S3, lanes 2 to 4, respectively) and the final eluate (El) from the TALON column (lane 5) were analyzed
by sodium dodecyl sulfate–8% polyacrylamide gel electrophoresis (SDS–8% PAGE) followed by Coomassie brilliant blue staining (top) or Western blotting (bottom)
with a monoclonal antibody (MAb) directed against the hexahistidine affinity tag (Invitrogen). Lane 1 shows molecular weight (MW) markers (Gibco BRL). (B)
Comparison of baculovirally expressed and native BVDV NS5B by Western blot analysis with BVDV NS5B-specific antiserum. Total protein samples from uninfected
Sf9 cells (lane 1), BVDV NS5B recombinant baculovirus-infected Sf9 cells (lane 2), uninfected MDBK cells (lane 3), or BVDV(NADL)-infected MDBK cells (lane
4) were separated by SDS–8% PAGE, immunoblotted, and probed with a rabbit polyclonal antiserum raised against a peptide derived from BVDV NS5B.
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maturely terminated or fragmented RdRp product arising
from a fragmented input template or from internal initiation
by the RdRp. Together these results are similar to previ-
ously published results obtained with HCV NS5B in which a
terminal nucleotidyl transferase activity (TNTase) was respon-
sible for labeling the template-size product and an RdRp activity
was responsible for synthesizing the dimer-sized product by a
copy-back mechanism (3, 7, 11). To confirm these activities for
BVDV NS5B, we performed polymerase assays in the absence
or presence of either actinomycin D or unlabeled rNTPs. RNA
extracted from the reactions was also treated with RNase A
under conditions (40 mg of RNase A/ml for 30 min at room
temperature in buffer containing 8% formamide, 10 mM
HEPES [pH 7.5], 5 mM EDTA, and 350 mM NaCl) in which
only single-stranded molecules would be degraded (2). As
shown in Fig. 3A, in the absence of actinomycin D and in the
presence of [a-32P]ATP alone, NS5BC-His was able to label the
template RNA (lane 1). This activity was unaffected by the
addition of actinomycin D (50 mg/ml) to the reaction mixture
(lane 2). When treated with RNase A, the labeled products
were no longer detected (lanes 4 and 5), indicating that they
were either degraded or the end label had been removed.
This result suggests that the NS5BC-His preparation contains
a TNTase activity that incorporated labeled ATP into the tem-
plate RNA. It is not clear whether this TNTase activity is in-
trinsic to NS5BC-His or is due to a cellular protein which co-
purified with the BVDV NS5BC-His, as suggested for HCV
NS5B (11).

When unlabeled GTP, UTP, and CTP were included in the
reaction, a dimer-sized product and a 1.3-kb RNA band were
observed in addition to the monomer-sized product (Fig. 3A,

lane 3). RNase A treatment caused the disappearance of the
dimer-sized band, the appearance of a band whose size is
consistent with that of monomer, and left the 1.3 kb RNA
intact (lane 6). This result suggests that the dimer-sized prod-
uct was generated by a copy-back mechanism; the plus-strand
template and minus-strand product formed a covalently linked
double-stranded molecule joined by an RNase-sensitive, single-
stranded loop. With RNase treatment, this double-stranded
molecule was no longer covalently linked and thus was sepa-
rated into single-stranded monomeric molecules under dena-
turing gel conditions. Direct analysis of the purified individual
products is needed to confirm this. The resistance of the 1.3-kb
RNA band to RNase A digestion indicates that it is double
stranded in nature and may represent prematurely terminated
polymerase products. Additional experiments are needed to
fully characterize the reaction products.

To determine if the TNTase activity in the NS5BC-His prep-
aration required a specific rNTP as substrate, suggestive of
template specificity, NS5BC-His was incubated with one of
three different [a-32P]-labeled NTPs (UTP, GTP, and ATP)
along with pTemp1 RNA. As shown in Fig. 3B, all three la-
beled nucleotides were incorporated into the template RNA
(lanes 1 to 3), indicating the presence of template-independent
transferase activity. In addition, this TNTase activity was not
specific for BVDV RNA, as it was able to label an RNA mo-
lecular weight ladder with similar efficiency (data not shown).
Furthermore, we cannot distinguish between the possibilities
of either a 39 TNTase or a 59 ligase activity. We failed to detect
this TNTase activity in the affinity elute of the mock-infected
Sf9 cells (Fig. 2B, lanes 3 and 6), suggesting that either this
TNTase activity is intrinsic to BVDV NS5B or it originates

FIG. 2. Detection of RdRp activity with purified BVDV NS5BC-His protein. (A) Schematic representation of the BVDV genome and minigenome RNA template.
Individual BVDV proteins are shown as boxes; the T7 RNA polymerase (RNAP) promoter, the 59 and 39 NTR structures (thick lines) in pVVNADL, and the pTemp1
constructs are indicated with nucleotide positions relative to the BVDV genome (4). The solid arrows indicate the start of T7 RNA polymerase transcription at the
first nucleotide of the BVDV genome (21). The structure of the pTemp1 minigenomic RNA template relative to the BVDV genomic RNA is shown with the nucleotide
locations of the BamHI sites used to create the indicated internal deletion. The SacII restriction site at the end of the BVDV genome used to linearize template DNA
before in vitro transcription with T7 RNA polymerase is also shown. (B) RdRp activity assay with purified NS5BC-His protein. Polymerase assays were performed at
23 (lanes 1 to 3) and 37°C (lanes 4 to 6) as indicated. Addition of pTemp1 RNA (Template), purified NS5BC-His protein (5BC-His), or negative control affinity eluates
(Mock) made from wild-type AcNPV-infected Sf9 cells is indicated above the lanes. Products representing a putative monomer (open arrow) and a dimer hairpin (solid
arrow) are indicated. Positions of RNA molecular size markers are indicated on the right.
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from a tightly associated cellular factor. To confirm that the
RNA products generated truly represented negative-strand syn-
thesis, polymerase reactions were carried out in which only
pTemp1 RNA template with or without all four unlabelled
rNTPs was added. RNA was extracted from these reactions
and analyzed by Northern blotting using a [32P]-labeled nega-
tive-strand-specific riboprobe corresponding to the 39 NTR
and carboxy-terminal region of NS5B, which had been gener-
ated by in vitro transcription. This probe failed to hybridize
when only template RNA was added to the reaction (Fig. 3C,
lane 1). However, this probe hybridized to RNA corresponding
to dimer-sized products (;3.4 kb) (Fig. 3C, lane 2), suggesting
that the dimer-sized RNAs contain genuine negative-strand
product. The probe also hybridized to RNAs somewhat
smaller than full-length dimer product. These could represent
either incomplete synthesis products or partially degraded
dimer product.

Lastly, we tested the in vitro template specificity of BVDV
NS5B. As shown above, BVDV NS5B was able to use a minige-
nomic RNA as template. To see if BVDV NS5B could utilize
RNA or DNA homopolymeric templates, BVDV NS5BC-His

incorporation activity was assayed with either poly(C) or poly
(dC) templates with either oligo(rG) or oligo(dG) as a primer.
Four hundred nanograms of either poly(C) or poly(dC) alone
or with 4 pmol of either oligo(rG) or oligo(dG) primer was
heated for 2 min at 95°C followed by a 5-min incubation at
37°C to allow annealing. Templates were then added to the
standard RdRp reaction, and the mixture was incubated at
37°C for 2 h. Reactions were terminated by the addition of 100
mg of calf thymus DNA and 1 ml of a solution containing 10%
trichloroacetic acid (TCA) with 5% tetrasodium pyrophos-
phate (PPi). After a 30-min incubation at 4°C, the samples
were filtered through GF/C glass microfiber filters (Whatman)
and washed extensively with a solution containing 5% TCA
with 1% PPi, and the radioactivity retained on the filters was
counted with a scintillation counter. As shown in Fig. 3D,
NS5BC-His incorporation of radioactivity into the primer-RNA
template pair poly(rC)-oligo(rG) was approximately 20-fold
higher than that observed with either poly(C) template alone,
poly(dC) template alone, or the poly(dC)-oligo(dG) primer-
template pair, suggesting a ribonucleotide primer dependency
for RdRp activity on homopolymeric templates and an inability

FIG. 3. (A) Effects of RNase A and actinomycin D on NS5BC-His RdRp products. Addition of either actinomycin D (Act D), nonradioactive NTP mixture (500 mM
[each] CTP, GTP, and UTP and 20 mM ATP), or postreaction digestion by RNase A is indicated above the lanes. Products were extracted and separated on a
formaldehyde-agarose gel as described in the text. Products representing a putative monomer and a dimer hairpin are indicated schematically. The positions of RNA
molecular size markers are shown on the right. (B) TNTase activity of NS5BC-His. Polymerase reactions were performed using [a-32P]UTP, [a-32P]GTP, or [a-32P]ATP
as indicated above the lanes. The absence (2) or presence (1) of the three remaining rNTPs in the reaction is also indicated above the lanes. Other details are as
described for panel A. (C) Northern blot analysis of RdRp products. Polymerase reactions were performed using pTemp1 RNA in the presence (1) or absence (2)
of all four unlabeled rNTPs. Reaction products were analyzed by Northern blot analysis using a [32P]-labeled riboprobe specific for the negative strand. Other details
are as described for panel A. (D) NS5BC-His activity on nonviral templates. Homopolymeric templates [poly(rC) or poly(dC)] or annealed primer-template pairs
[poly(rC)-oligo(rG), poly(rC)-oligo(dG), poly(dC)-oligo(rG), or poly(dC)-oligo(dG)] were used in standard RdRp reactions. Reaction products were quantified by
scintillation counting of acid-insoluble radioactivity. Activity without a template (2) was used to determine background radioactivity.
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to use a DNA-DNA primer-template pair. The BVDV NS5B
was able to utilize either an oligodeoxyribonucleotide primer
on an RNA template, as has been similarly described for HCV
NS5B (3, 7, 11), or an oligoribonucleotide primer on a DNA
template, indicating that at least one strand must be RNA in
order to detect activity. Furthermore, the inability of the
BVDV NS5BC-His to utilize a DNA template [poly(dC)] in the
presence of a deoxyribonucleotide primer confirms its RNA
polymerase activity as being dependent upon an RNA tem-
plate.

In this study, we successfully expressed the BVDV NS5B
protein derived from an infectious cDNA clone by using a
recombinant baculovirus. The inclusion of a hexahistidine af-
finity tag at the carboxyl terminus of the expressed protein
allowed for affinity chromatography purification to approxi-
mately 90% homogeneity. When the BVDV NS5B protein was
tested in a standard polymerase assay (3, 7, 11) with a minige-
nomic BVDV RNA as template, two types of activity were
associated with the protein. The RdRp activity resulted in the
synthesis of a double-stranded covalently linked molecule from
the input template RNA via a copy-back mechanism. TNTase
activity was also identified in the purified BVDV NS5BC-His

but not in similarly prepared extracts from wild-type AcNPV-
infected Sf9 cells, suggesting that it may be intrinsic to BVDV
NS5B. However, it is still possible that a cellular TNTase
activity is tightly associated with BVDV NS5B and copurified
in the final affinity elution. The BVDV NS5B protein displays
many characteristics which are similar to those of the HCV
NS5B protein (3, 7, 11).

Purification of active viral polymerase protein is the first step
towards understanding and elucidating the mechanisms under-
lying BVDV RNA replication. Unlike poliovirus, an in vitro
replication system for members of the Flaviviridae family is not
yet available. Such a system would provide a useful means for
identifying viral or cellular factors that are required for viral
RNA replication; however, a large number of difficult issues
will need to be addressed before this is feasible. As a complete
replication cycle for a positive-strand RNA virus is defined by
the generation of positive-sense progeny RNA molecules, the
activity described here has clearly not reached such capability,
presumably because essential viral and cellular factors are not
present. Future work will focus on identifying those factors.
Finally, unlike BVDV, a robust culture system for the propa-
gation of HCV in culture is currently unavailable. However,
because of its similarity to HCV, BVDV has the potential of
being used as surrogate system for HCV antiviral studies, par-
ticularly for antiviral agents directed against components of the
viral RNA replicase. The initial characterization of the BVDV
NS5B RdRp activity described here would support this idea.
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