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Unique to pestiviruses, the N-terminal protein encoded by the bovine viral diarrhea virus (BVDV) genome
is a cysteine protease (Npro) responsible for a self-cleavage that releases the N terminus of the core protein
(C). This unique protease is dispensable for viral replication, and its coding region can be replaced by a
ubiquitin gene directly fused in frame to the core. To develop an antiviral assay that allows the assessment of
anti-hepatitis C virus (HCV) NS3 protease inhibitors, a chimeric BVDV in which the coding region of Npro was
replaced by that of an NS4A cofactor-tethered HCV NS3 protease domain was generated. This cofactor-
tethered HCV protease domain was linked in frame to the core protein of BVDV through an HCV NS5A-NS5B
junction site and mimicked the proteolytic function of Npro in the release of BVDV core for capsid assembly.
A similar chimeric construct was built with an inactive HCV NS3 protease to serve as a control. Genomic RNA
transcripts derived from both chimeric clones, Py, (wild-type HCV NS3 protease) and Pyy/p(s1304) (Mutant
HCV NS3 protease) were then transfected into bovine cells (MDBK). Only the RNA transcripts from the Py g
clone yielded viable viruses, whereas the mutant clone, Py 5 s1394), failed to produce any signs of infection,
suggesting that the unprocessed fusion protein rendered the BVDV core protein defective in capsid assembly.
Like the wild-type BVDV (NADL), the chimeric virus was cytopathic and formed plaques on the cell monolayer.
Sequence and biochemical analyses confirmed the identity of the chimeric virus and further revealed variant
viruses due to growth adaptation. Growth analysis revealed comparable replication kinetics between the
wild-type and the chimeric BVDVs. Finally, to assess the genetic stability of the chimeric virus, an Npro-null
BVDV (BVDV—Npro in which the entire Npro coding region was deleted) was produced. Although cytopathic,
BVDV—Npro was highly defective in viral replication and growth, a finding consistent with the observed

stability of the chimeric virus after serial passages.

The Flaviviridae family currently comprises three genera of
single-stranded positive-sense RNA viruses: flaviviruses, pesti-
viruses, and hepaciviruses (36). Bovine viral diarrhea virus
(BVDV) is a prototype virus in the genus Pestivirus, which also
includes Classical swine fever virus (CSFV) and Border disease
virus. The RNA genome of BVDV is one of the largest (12.5
kb) among members of the Flaviviridae family (8). Similar to
hepatitis C virus (HCV), it consists of a long 5’ untranslated
region (UTR) which contains an internal ribosomal entry site
(IRES) for the translation of viral proteins (6, 15, 35). The
single large open reading frame encodes a polyprotein of ap-
proximately 3,900 amino acids (8, 29) that is processed into at
least 12 functional proteins (Npro-C-E™*-E;-E,/p7-NS2-NS3-
NS4A-NS4B-NS5A-NS5B) by both host and viral proteases
(10, 36, 49). The first virally encoded protein is a unique pro-
tease (Npro for N-terminal protease), responsible for the
cleavage between Npro and the core protein (C) (38, 41). A
study by Riimenapf et al. showed that Npro is a novel type of
cysteine proteinase which required cysteine, for proteolytic
activity (38). Interestingly, partial and complete replacement
of the Npro protein by a ubiquitin or fusion with a chloram-
phenicol acetyltransferase in pestivirus genomes had been
shown to produce viable viruses (32, 45). The resulting chi-
meric viruses were demonstrated to have growth properties
similar to the wild-type viruses.

* Corresponding author. Mailing address: Department of Antiviral
Therapy, K-15-4945, Schering-Plough Research Institute, 2015 Gallop-
ing Hill Rd., Kenilworth, NJ 07033-0539. Phone: (908) 740-3152. Fax:
(908) 740-3918. E-mail: zhi.hong@spcorp.com.

6339

As one of the most characterized members of the Flaviviri-
dae family, BVDV provides a good model system for HCV, a
major etiologic agent for non-A non-B hepatitis (1, 7). It
shares many important features with HCV. Both viruses utilize
an IRES within the 5’ UTR, for the translation of the viral
polyprotein (6, 15, 35). Furthermore, the viral NS3 proteases
of both viruses require NS4A as a cofactor for polyprotein
processing (11, 25, 42). The cytopathic and plaque-forming
properties of BVDV in cell cultures allow rapid and quantita-
tive analysis of viral replication and growth. The availability of
infectious clones (28, 46, 49) provides opportunities for genetic
manipulation to alter viral functions and to construct chimeric
viruses. Indeed, a recent report by Frolov et al. found that the
entire BVDV IRES could be replaced by HCV IRES. The
resulting chimeric viruses relied on the HCV IRES for growth
(15), which should allow the in vitro efficacy evaluation of
HCV IRES inhibitors.

HCV infection is prevalent and a major global health issue.
A recently completed population-based survey revealed that in
the United States alone the overall prevalence of anti-HCV
was 1.8%, corresponding to an estimated 3.9 million individu-
als infected by HCV nationwide. A total of 74% of these
seropositive individuals tested positive for HCV RNA, indicat-
ing that an estimated 2.7 million persons were chronically
infected (2). Currently, the combination of alpha 2b interferon
and ribavirin (Rebetron; Schering Plough, Kenilworth, N.J.)
has been shown to have clinical efficacy in only a proportion
(<50%) of patients with chronic HCV infection (9, 26). Vac-
cine development has been hampered by the high immune
evasion rate with poor or no protection against reinfection with
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a heterologous or homologous inoculum in chimpanzees (12,
40, 48). Development of small molecule inhibitors directed
against specific viral targets has thus become the major focus of
anti-HCV drug development.

Extensive characterization of the HCV NS3 serine protease
(3, 11, 16, 19, 21, 24) has shed light in developing assays and
identifying inhibitors of HCV. Major advances in the determi-
nation of crystal structures for NS3 protease have begun to
delineate important features for the development of potent
and specific anti-HCV inhibitors (23, 50, 51). Many high-
throughput enzyme-based screening assays, targeting HCV
NS3 serine protease, have been developed. Further develop-
ment of potential inhibitors has to rely on a convenient and
reliable cell-based assay system to demonstrate their antiviral
efficacy. The lack of a bona fide cell culture system that permits
HCYV infection makes it a daunting task to evaluate the anti-
viral efficacy of candidate inhibitors prior to in vivo studies in
animals and humans.

Several HCV NS3 protease-dependent chimeric viruses us-
ing the genetic backbones of Sindbis virus and poliovirus have
been created, providing potential cell-based antiviral assays to
evaluate the efficacy of candidate inhibitors against HCV pro-
tease (4, 13, 14, 18). Similar schemes were adopted to create
these chimeric viruses in which HCV NS3 protease-containing
genes were inserted and fused in frame to an essential viral
protein through an HCV junction site cleavable by HCV NS3
protease. Failure to cleave the junction by a mutant protease
or in the presence of any potent HCV NS3 protease inhibitors
would render the unprocessed viral proteins unable to perform
their designated functions for viral growth (4, 13, 18). How-
ever, genetic stability of such chimeric viruses with foreign
gene inserts was a major issue since RNA viruses recombined
at a high frequency (29, 47). Indeed, the HCV NS3 genes
inserted in the Sindbis viral genome were quickly deleted dur-
ing initial viral passages and the revertant viruses appeared
rapidly and exhibited similar advantageous growth properties
as the wild-type viruses (13). Although a second generation of
chimeric Sindbis viruses was generated in which a second HCV
NS3 cleavage site was created, these viruses were rather de-
fective and unable to replicate at the normal physiological
temperature (13). This would limit the development of animal
models for in vivo testing of the protease inhibitors.

We describe here the generation of a chimeric BVDV in
which the Npro coding region is replaced by that of an NS4A
cofactor-tethered HCV NS3 protease. This tethered HCV pro-
tease domain is fused in frame with the BVDYV core protein via
an HCV NS5A-NS5B junction site. In this chimeric design, the
normal proteolytic function of the Npro is substituted by that
of the HCV NS3 serine protease. We demonstrated that viable
and cytopathic chimeric viruses were produced. They had
growth kinetics comparable to that of the wild-type BVDV and
were stable during subsequent serial passages. Our results sug-
gest that the development of a cell-based antiviral assay is
feasible using the HCV NS3 protease-dependent BVDV chi-
meric virus for in vitro testing of potential HCV NS3 protease
inhibitors.

MATERIALS AND METHODS

Bacterial strains, oligonucleotides, and plasmids. Bacterial strains JM109
(DE3) and XL1-Blue were purchased from Promega (Madison, Wis.) and Strat-
agene (La Jolla, Calif.), respectively. DNA oligonucleotides were purchased
from Life Technologies (Gaithersburg, Md.). Expression vector, pET-28a, was
purchased from Novagen, Inc. (Madison, Wis.). The full-length molecular clone
(pVVNADL) of the cytopathic BVDV (NADL isolate) was described previously
(46). The entire BVDV genome was subcloned into a medium-copy-number
p15A vector, resulting in a molecular clone, NADLp15a cl.4, with improved
stability.
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Construction of plasmids for in vitro expression of HCV NS3 and BVDYV core
fusion proteins. A single-chain HCV NS3 protease domain (H77 isolate), in
which the NS4A cofactor peptide (GSVVIVGRIVLS) was fused in frame to the
N terminus of the protease domain (amino acids 3 to 181) through a linker
tetrapeptide (GSGS), was engineered and described previously (43). The muta-
tion at amino acid 139 (from serine to alanine) of HCV NS3 protease was
generated by using the QuickChange mutagenesis kit (Stratagene). A DNA
fragment encoding the NS4A-tethered HCV NS3 protease and BVDV core was
generated by using the standard PCR method as follows. A 5" PCR primer
containing an Ndel site and coding region of NS4A cofactor (amino acids 21 to
25) was designed as the forward primer. A 3’ PCR primer covering the coding
region of NS3 (amino acids 175 to 181) and bearing a BamHI site was engineered
as the reverse primer. The resulting PCR amplification of an NS4A-tethered
HCV NS3 protease cDNA fragment consisted of Ndel and BamHI sites on either
termini. The BVDV core cDNA was isolated similarly by using a long 5’ primer
encompassing a BamHI site, the NS5A-NS5B junction site (GADTEDVVCC-
SMSY) and the N-terminal 1 to 7 amino acids of the core, and a 3’ primer
covering the C-terminal 97 to 102 amino acids of the core and an EcoRI site. The
resulting PCR fragments were digested with the appropriate restriction enzymes
and cloned in between the Ndel and EcoRI sites of pET-28a vector via a
three-way ligation. Plasmid pNS3-C encodes a fusion protein consisting of an
N-terminal NS4A cofactor-tethered single-chain HCV NS3 protease domain, a
C-terminal BVDV core and an HCV NS5A-NS5B junction site as a linker in the
middle. The plasmid pNS3mt-C was constructed similarly with a mutant HCV
NS3 protease (S139A). Sequences of all clones were confirmed by dideoxynucle-
otide sequencing using an Automated Sequencer (ABI377; Perkin-Elmer, Foster
City, Calif.). The amino acid sequences corresponding to the junctions of the
fusion proteins are shown (see Fig. 1 and 5).

In vitro transcription and translation. HCV NS3 protease and BVDV core
fusion proteins were expressed from the plasmids pNS3-C and pNS3mt-C by
using the in vitro transcription and translation system (Promega) and labeled
with [**S]methionine (Amersham-Pharmacia Biotech, Arlington Heights, IIL).
The transcription-translation reactions were terminated by mixing with 2X sam-
ple buffer, and the protein products were separated on a 10 to 20% polyacryl-
amide gradient gel and analyzed by autoradiography.

Construction of chimeric BVDV plasmid. The chimeric clone (Pyyz) was
constructed by the overlapping-extension PCR method (27) and standard mo-
lecular cloning techniques. Briefly, the 5’ UTR was amplified by PCR with a
Clal/T7 promoter attached to the 5’ end and a 3’ end at the seventh codon of
BVDV Npro. The cDNA fragment encoding the NS4A-tethered HCV NS3-
BVDYV core fusion protein was amplified from pNS3-C or pNS3mt-C. A third
fragment covering the first amino acid of BVDV E™® and amino acid 347 of E2
was also isolated by PCR. These three PCR fragments were joined together by
using the TaqPlus long PCR system from Stratagene. The resulting PCR frag-
ment (3,684 bp) was purified and digested with Clal and RsrII and cloned into the
BVDYV pVVNADL clone between Clal and RsrII. Both wild-type and mutant
HCV NS3 protease chimeric BVDV plasmids Pyyp and Pyypsiz0a) Were con-
structed (Fig. 1).

Construction of Npro-null BVDV. The Npro-null deletion mutant clone was
constructed by using a PCR method known as gene splicing via overlapping
extension (22, 39). Precise deletion of the entire open reading frame of Npro was
accomplished by this PCR method so that the N terminus of core was fused
directly in frame with the start codon of the BVDV genome.

Cell culture and virus stock. Madin-Darby bovine kidney (MDBK) cells were
obtained from the American Type Culture Collection (CCL-22). MDBK cells
were propagated in Eagle modified minimal essential medium (EMEM) supple-
mented with 2 mM r-glutamine, 0.1 mM nonessential amino acids, 1.0 mM
sodium pyruvate, 1.5 g of sodium biocarbonate (Bio-Whitaker) per liter, and
10% heat-inactivated horse serum (HS; Sigma, St. Louis, Mo.). Cell cultures
were maintained at 37°C with 5% CO,. The wild-type BVDV was derived from
the molecular clone, and the high-titer viral stock was amplified in MDBK cells
(46).

Large-scale production of full-length genomic RNA by in vitro transcription.
The chimeric HCV NS3 protease-dependent BVDV plasmid (Pyy/p) was used as
the template for PCR amplification to generate the linearized cDNA of the
entire genome with a 5" T7 promoter. The resulting long PCR fragment contains
the entire BVDV genome under the T7 promoter and ends with the authentic 3’
terminus. Two micrograms of the cDNA was transcribed into RNA by using the
T7-MEGAscript Kit from Ambion (Austin, Tex.), according to the manufactur-
er’s protocol. The RNA transcripts were extracted by phenol-chloroform and
ethanol precipitated. The integrity of RNA transcripts was determined by 0.8%
agarose gel electrophoresis, and the RNAs were stored at —80°C.

Transfection of MDBK cells with chimeric RNA transcripts. The in vitro-
transcribed RNAs from Py 5 were transfected into MDBK cells by electropora-
tion as described (17, 28). Briefly, 5 pg of RNA transcripts was mixed with 0.1 ml
of the cell suspension (2 X 107 cells/ml) and pulsed twice with a Gene Pulser (set
at 0.4 kV and 25 pF with infinite resistance) from Bio-Rad (Hercules, Calif.).
The electroporated cell suspension was mixed with EMEM supplemented with
10% HS and plated on a T-75 (75-cm?) tissue culture flask (Becton Dickinson,
Franklin Lakes, N.J.). The virally induced cytopathic effect was carefully exam-
ined. The culture media containing the progeny viruses were collected at 3 to 4
days posttransfection and used to infect fresh MDBK cells. The mutant RNA
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FIG. 1. Schematic design of chimeric HCV NS3 protease-dependent BVDV and Npro-null BVDV. (A) Genome organization of BVDV. (B and C) Genome
structures of the HCV NS3 protease-dependent BVDV (Py5) and the mutant chimeric BVDV with an inactive HCV NS3 protease (Pyypsi3oa), respectively. (D)
Genome organization of BVDV—Npro. The shaded and open boxes represent BVDYV structural and nonstructural polyproteins, respectively. The black boxes represent
the HCV NS3 protease domain (residues 3 to 181). The open arrow indicates the cleavage site between the capsid (C) and E™ of BVDV by host signal peptidase.
The arrows with dotted and solid lines show the cis-cleavages of Npro of BVDV and HCV NS3 protease, respectively. Inactive HCV NS3 protease was generated by
alanine substitution of serine 139 (vertical line with S139A). In panel B the amino acid sequences of the HCV NS4A, the NS5A-NS5B junction between HCV NS3
protease, and BVDV C are indicated by single-letter amino acid codes. The cleavage site of HCV NS3 protease is marked by a solid arrow.

transcripts from Pyyp(s1304) Were produced and transfected into MDBK cells in
a similar manner.

Serial infections and generation of high-titer viral stocks. The chimeric viruses
(V) produced by RNA transfection of MDBK cells were used to infect naive
MDBK cells (5 X 10° cells plated in a T-75 tissue culture flask). After incubation
at 37°C for 1 h, the inoculum was removed and replaced with 20 ml of fresh
EMEM with 10% HS. The cells were incubated at 37°C for 2 days or until the
cytopathic effect (CPE) was observed. The infection was repeated 10 times in
MDBK cells using one-tenth of the previously infected culture media to infect
the next plate of fresh MDBK cells. At each passage, extra culture media were
either saved by storing at —80°C or used to infect more cells to amplify the virus
stock.

Plaque assay and viral isolation. The plaque assay was described previously by
Mendez et al. (28). The chimeric virus Vi stocks were serially diluted in
EMEM. The MDBK cells (0.5 X 10° cells seeded in each well of the six-well
culture dish) were infected at 37°C with 0.5 ml of each dilution inoculum. After
1 h of adsorption, the inoculum was removed. The cell monolayer was overlaid
with 1% low-melting-point agarose dissolved in EMEM containing 10% HS. The
dishes were incubated for 3 days at 37°C. The monolayer of MDBK cells was
fixed and stained with crystal violet staining solution containing 2.5% formalde-
hyde and 25% ethanol (37). Four well-separated plaques generated by the
chimeric viruses were carefully removed with a pipette tip before fixation, and
viruses in the agarose plugs were recovered in phosphate-buffered saline (PBS)
at room temperature. The recovered viruses from each plaque were amplified in
MDBK cells and used as the initial inoculum for serial passage of viral infection.
A total of 10 passages were performed (P1 to P10), and viral stocks from each
passage were collected and stored at —80°C.

One-step single cycle growth kinetic analysis. To determine the viral replica-
tion efficiency, MDBK cells (2 X 10* cells) in each well of a 24-well dish were

infected with virus at a multiplicity of infection (MOI) of 5. After 1 h of incu-
bation at 4°C, the inoculum was removed and the cell monolayer was washed
with EMEM thoroughly to remove any unabsorbed viruses. Fresh EMEM with
10% HS was added, and the dish was incubated at 37°C. Media in individual wells
were harvested at various time points as described in Results. The virus titers
were determined by plaque assay and plotted against time to generate the
one-step growth curves.

Isolation of viral RNA and RT-PCR analysis. Virus-containing culture me-
dium (20 ml) was centrifuged at a low speed (10,000 rpm; Beckman SS34 Rotor)
for 10 min at 4°C and then loaded onto a 10-ml sucrose cushion (30% in PBS).
The viruses were pelleted by centrifugation at 25,000 rpm at 4°C for 10 h
(Beckman SW28 Rotor). The virus pellet was resuspended in PBS and treated
with RNase A (0.5 pg/ul) from Boehringer Mannheim (Indianapolis, Ind.) and
RQI1-DNase I (1 U/pl) from Promega at 37°C for 3 h. Viral RNA was extracted
by using phenol-chloroform and precipitated by ethanol in the presence of 0.2 M
sodium chloride. Reverse transcription-PCR (RT-PCR) was performed on the
viral RNA samples by using Thermoscript RT-PCR System from Life Technol-
ogies. The RT-PCR primers were as follows: 5'-GAGTACAGGACAGTCGTC
AG-3' (forward primer corresponding to nucleotides 210 to 229 of the BVDV 5’
UTR) and 5'-ACCAGTTGCACCAACCATG-3" (reverse primer complement
ary to nucleotides 1620 to 1635 of the BVDV E™*). Potential DNA contamina
tion was assessed by PCR with omission of the RT step. Medium from mutant
chimeric RNA (S139A) transfection was processed similarly, and RT-PCR was
performed as described above. The RT-PCR yielded expected products of 1.4 kb.
The PCR products were purified and cloned into the pCR2.1-TOPO vector
(Invitrogen, Carlsbad, Calif.) for direct sequencing and into the pET-28a vector
for in vitro expression and cis-cleavage activity analysis of HCV NS3 protease-
BVDYV core fusion protein. All clones were verified by dideoxynucleotide se-
quencing by using an ABI377 Automated Sequencer.
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Northern blotting analysis. Total intracellular RNA was prepared by using the
NorthernMax Kit from Ambion (Austin, Tex.). Psoralen-biotinylated DNA
probes derived from either the HCV NS3 protease or the BVDV NS5B were
produced by using the BrightStar Psoralen-Biotin Labeling Kit (Ambion). Viral
RNA was denatured by using glyoxal-dimethyl sulfoxide at 50°C for 30 min,
separated by 1% agarose gel electrophoresis, and transferred onto the BrightStar
Plus Membrane (Ambion). The membrane was incubated in hybridization solu-
tion at 42°C for 1 h, followed by overnight incubation in fresh hybridization
solution supplemented with a 0.1 nM concentration of biotinylated DNA probes.
The membrane was then washed, and the viral RNA was detected by using the
BrightStar BioDetect Kit (Ambion).

Western blotting analysis. Cell lysates from infected cells were denatured and
subjected to SDS-PAGE (on a 10 to 20% gradient gel) analysis. After electro-
phoresis, the proteins were electrotransferred onto a nitrocellulose membrane
(Novex, San Diego, Calif.). The rabbit polyclonal antibodies raised against HCV
NS3 protease and the monoclonal antibody raised against BVDV NS3 were used
as the primary antibodies. Horseradish peroxidase-conjugated anti-mouse im-
munoglobulin G (IgG) and anti-rabbit IgG antibodies (Promega) were used as
the secondary antibodies. The immunoreactive protein bands were detected by
ECL Western Blot Detection Kit (Amersham-Pharmacia Biotech) and recorded
on an X-ray film.

Nucleotide sequence accession number. The chimeric viral
genome sequence was deposited in the GenBank database

(accession no. AF268278).

RESULTS

Chimeric concept and experimental designs. HCV and
BVDYV are closely related (33). It is conceivable that the two
viruses share similar replication strategies and regulatory in-
teractions inside the host cells (36). Similar intracellular viral
replication and assembly pathways may render BVDYV a better
choice to provide the genetic background for making HCV-
dependent chimeric virus that may be superior to those viruses
that are distantly related to HCV. Another advantage of using
BVDV is its genomic plasticity (29), which allows recombinant
manipulations with fewer concerns about genome compatibil-
ity. BVDV also consists of one of the largest genomes among
members of the Flaviviridae family and encodes two unique
viral proteins: Npro and E™*. While the biological functions of
these “extra” viral proteins are unclear, it has been shown that
Npro can be deleted or replaced without significant effect on
the viability and infectivity of BVDV and CSFV (30, 31, 44,
45). Taking advantage of the fact that the BVDV Npro pro-
tease is dispensable for viral replication and growth, its coding
region was replaced by an NS4A cofactor-tethered HCV NS3
protease domain linked in frame to the BVDV core protein
through an HCV NS5A-NS5B junction site (Fig. 1B, Py ). In
this chimeric construct, as guided by the crystal structure of
NS3-NS4A complexes (23, 50), the NS4A cofactor peptide
(GSVVIVGRIVLS) was covalently linked to the N terminus of
the HCV NS3 protease catalytic domain (amino acids 3 to 181)
through a flexible “GSGS” spacer (43). It has been shown that
this N-terminal tethered “single-chain” NS3 represents the
activated form of the HCV protease with improved stability
and solubility (34, 43). The proximity of the NS4A peptide to
the N terminus of the protease allows tighter intercalation and
proper folding of the protease domain mimicking that in the
“two-chain” NS3-NS4A complexes (23, 50, 51). Due to this
economic coupling of the NS3 protease and NS4A cofactor, a
much smaller gene was used to replace the Npro coding region,
which may have greatly enhanced the genome stability of the
resulting chimeric viruses compared to those containing the
full-length NS3-NS4A genes (14, 18). Among other functions,
Npro is believed to free the BVDV core protein for genome
encapsidation and capsid assembly by autoproteolysis of its C
terminus. To mimic this function, an NS5A-NS5B junction site
(P10-P4’) was engineered to link the NS4A-tethered NS3 pro-
tease to the BVDV core. This linkage, once cleaved by the
N-terminal HCV NS3 protease, would release the BVDV core
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FIG. 2. In vitro expression of the HCV NS3-BVDV core fusion proteins
using an in vitro transcription and translation system. The proteins were labeled
with [**S]methionine. Lane 1, production of the fusion protein with a catalytically
inactive HCV NS3 protease from plasmid pNS3mt-C; lane 2, expression of the
fusion protein with the wild-type HCV NS3 protease from plasmid pNS3-C
plasmid. The protein products were separated by SDS-PAGE on a 10 to 20%
gradient gel and visualized by autoradiography. The fusion protein with the
active HCV NS3 protease self-cleaved at the NS5A-NS5B junction between
HCV NS3 and BVDV core protein. Lane 3, 14C-labeled molecular mass markers
(kilodaltons).

with an additional tetrapeptide “SMSY” at its N terminus (Fig.
1B). As a control, a similar construct, Pyyps1304) Was created
with an inactive HCV NS3 protease in which the catalytically
essential serine 139 was mutated to alanine (Fig. 1C). This
mutation should render the BVDYV core unable to be released
from the C terminus of the HCV protease domain, resulting in
a fusion protein that may not be able to perform its related
functions in capsid assembly and virion production. In order to
further assess the stability of the chimeric viruses and to ad-
dress whether the NS4A-tethered HCV NS3 protease can be
deleted from the viral genome, an Npro-null BVDV construct
(BVDV—Npro) was created (Fig. 1D). In this construct, the
entire Npro coding region was removed, and the core protein
was directly fused to the start codon (methionine) of the
polyprotein.

Feasibility analysis of the chimeric constructs by in vitro
translation cleavage assay. To demonstrate whether the newly
created chimeric fusion protein would cleave itself as designed
to release the BVDV core protein, we cloned the HCV-NS3/
BVDV core ¢cDNA (containing the coding regions of the
NS4A-tethered HCV NS3 protease plus the core of BVDV)
into the pET expression plasmid. The fusion proteins were
produced and labeled in rabbit reticulocyte lysate using the in
vitro transcription and translation system. The labeled protein
products were separated on a sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) gel and analyzed as
described in Materials and Methods. As shown in Fig. 2, the
fusion protein that contains the active HCV NS3 protease
domain (pNS3-C) cleaved itself rapidly and yielded two
smaller products corresponding to the predicted sizes for HCV
NS4A-tethered NS3 and BVDV core (Fig. 2, lane 2). In con-
trast, the construct with the mutant HCV NS3 protease
(pNS3mt-C) failed to be processed and remained as a single
and larger fusion processor (Fig. 2, lane 1). These results
confirmed that the designed chimeric fusion protein was func-
tional and processed the NS5A-NS5B cleavage site correctly
during expression of the polyprotein, indicating that the N-
terminal HCV NS3 protease would substitute the proteolytic
function of Npro in the polyprotein processing during BVDV
infection.
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FIG. 3. Characterization of chimeric viruses Vyy/ obtained from serial passages. (A) Plaque phenotypes. The wild-type BVDV and the chimeric viruses (Vi) from
different passages were compared. MDBK cells were infected with BVDV and Vi from the first passage (P1) and the tenth passage (P10) for 3 days at 37°C. The
plaque formation were revealed by crystal violet staining of the MDBK cell monolayer. Plaques formed by the wild-type BVDV (left panel) appeared to be larger in
size compared with that formed by the P1 Vyy g viruses (central panel). After nine serial passages, P10 Vi viruses generated larger plaques (right panel). (B) RT-PCR
analysis. Viral RNAs were isolated from the third passages of both the chimeric viruses (Vyyp, lanes 2 and 3) with active HCV NS3 protease and the mutant chimeric
viruses (Viyp(sizoa) 1anes 3 and 4). The HCV NS3-BVDV core coding region in the viral RNAs was amplified in the presence (lanes 2 and 4) or absence (lanes 3 and
5) of reverse transcriptase (RT). DNA molecular size standards (1-kb ladder) is shown in lane 1. (C) Western blot analysis. Cell lysates from mock-infected MDBK
cells (lane 1) or from MDBK cells infected by the wild-type BVDYV (lane 2) and the chimeric viruses Vyyp of various passages (P1, lane 3; P3, lane 4; P5, lane 5; and
P10, lane 6). The cell lysates were fractionated by SDS-PAGE on a 10 to 20% gel, transferred to nitrocellulose membrane, and analyzed by immunoblotting with a
monoclonal antibody against BVDV NS3 (upper panel) and the polyclonal antibody against HCV NS3 (lower panel). The molecular mass standards (in kilodaltons)
are indicated at the left side of each panel. (D) Northern blot analysis. Total RNA was isolated from cells infected by the wild-type BVDV (lane 1) or by the chimeric
viruses Vi3 of various passages (P1, lane 3; P3, lane 4; P5, lane 5; and P10, lane 6). Glyoxal-denatured viral RNAs were separated by 1% agarose gel electrophoresis
and transferred to a nylon membrane. The blot was incubated in the hybridization solution with psoralen-biotinylated DNA probes derived from the BVDV NS5B
(upper panel) and the HCV NS3 protease (lower panel). Bands on the blot were visualized by using the BrightStar BioDetect detection kit from Ambion.

Generation of an HCV NS3 protease-dependent BVDV chi-
meric virus. Having shown that the HCV NS3 protease was
processed correctly in the context of the chimeric setting, we
built two full-length chimeric clones, Py and Pypsizony
from the infectious clone of BVDV (isolate NADL) as de-
scribed previously (46) (also refer to Fig. 1). Full-length RNA
transcripts were produced by T7 RNA polymerase in vitro and
transfected into MDBK cells by electroporation. Production of
viable viruses was examined microscopically for virus-induced
CPE and visualized by standard BVDV plaque assay. As shown
in Fig. 3A (middle panel), the RNA transcript from the Py
clone produced viable chimeric viruses (Vi) that formed
somewhat smaller plaques (compared to the plaques from the
wild-type BVDV in the left panel) on an MDBK cell mono-
layer 2 to 3 days posttransfection. As expected, the RNA tran-
script from mutant chimeric clone, Pyy/psi304), failed to pro-

duce any signs of infection. Extracellular supernatant or
medium from each cell culture was collected and used to infect
naive MDBK cells. After a series of reinfection or passages in
fresh MDBK cells, the chimeric viruses from the Py clone
exhibited larger plaque phenotype (Fig. 3A, right panel), sug-
gesting that viral adaptation or revertant mutation might have
occurred. No CPE or plaque was observed in cells inoculated
with supernatants derived from the mutant chimeric RNA
transfection (data not shown). This was most likely due to the
fact that the mutant HCV NS3 protease failed to cleave the
NS5A-NS5B junction, preventing the BVDV core from being
released from the fusion protein to support virus growth.
These data also confirmed that the BVDV NS3 could not
substitute HCV NS3 to cleave the HCV NS5A-NS5B junction.
Taken together, these results support the idea that the chi-
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meric BVDV depends on HCV NS3 protease activity for rep-
lication and growth.

The chimeric viruses from the third-passage inoculum (P3
Vi) were further purified on a sucrose gradient. Viral RNA
was extracted, and RT-PCR was performed to isolate the
cDNA fragment that encompassed the HCV protease and
BVDV core fusion (~1.4 kb). The results in Fig. 3B demon-
strated that the expected RT-PCR product was only detected
in the supernatant from Vy (Fig. 3B, lane 2) and not from
the supernatant of the SI39A mutant chimeric RNA (Fig. 3B,
lane 4). As a control, PCR alone (without RT) did not produce
any products, confirming that the PCR product originated
from viral RNA and not from any contaminating DNA
sources. The presence of the NS4A-tethered NS3 protease and
the HCV NS5A-NS5B junction in the genome of the chimeric
viruses was further authenticated by direct sequencing of the
RT-PCR products (see Fig. 5). In addition, no BVDV Npro
sequence was detected in any of the viral RNA samples (data
not shown). This further suggests that the viruses from the
chimeric RNA transfection were not due to contaminating
cytopathic BVDV (strain NADL).

Genome stability of the chimeric virus. The plaque-purified
chimeric viruses (passage 1) were amplified through 10 serial
passages up to 10 times by reinfection of fresh MDBK cells.
The infectivity of the chimeric viruses was analyzed by micro-
scopic evaluation of CPE or plaque assay. The size of the
plaques was larger at later passages than that at passage 1 (Fig.
3A, compare middle and right panels), a size comparable to
that of the wild-type BVDV (isolate NADL). To assess the
genome stability and to determine whether the HCV NS3
protease was deleted during serial passages of the chimeric
viruses, the infected cells at different passages were subjected
to Western blot (Fig. 3C) and Northern blot (Fig. 3D) analy-
ses. The results from the Western blot analysis demonstrated
the presence of HCV NS3 protease (recognized by the rabbit
polyclonal antibodies raised against a purified HCV NS3 pro-
tease) throughout all passages of the chimeric viruses (Fig. 3C,
lower panel, lanes 3 to 6). The cells infected by the wild-type
BVDYV did not express the HCV NS3 protease (lane 2). Mean-
while, all infected cells produced the BVDV NS3 and NS2-3
proteins detected by antibodies reactive to BVDV NS3 (Fig.
3C, upper panel). The presence of abundant BVDV NS3 com-
pared to NS2-3 correlated with the observed CPE of the cells
infected with the chimeric viruses (Fig. 3C, upper panel, lanes
3 to 6). The Northern blot analysis (Fig. 3D) revealed similar
results in that the probe derived from BVDV NS5B hybridized
with intracellular viral RNAs from both the wild-type BVDV
and the chimeric viruses (upper panel), whereas the probe
derived from the HCV NS3 only detected viral RNAs from
cells infected by the chimeric viruses (lower panel). The de-
tection of HCV NS3 protease in infected cells as well as its
sequence in viral genome RNA following multiple serial pas-
sages supports the hypothesis that the chimeric virus are stable,
further confirming the dependence of the chimeric viruses on
the HCV NS3 protease activity.

One-step viral growth kinetic analysis. Because Npro is dis-
pensable for BVDV replication, it seemed likely that the chi-
meric virus could lose the tethered HCV NS3 protease, result-
ing in a Npro-null BVDV. This deletion may occur rapidly if
the Npro-null BVDYV has certain growth advantages. To better
understand the observed stability of the chimeric viruses, an
Npro-null virus, BVDV—Npro, was constructed (Fig. 1D).
Surprisingly, BVDV—Npro retained the cytopathogenic phe-
notype of BVDYV, although to a lesser extent, and formed
smaller plaques on the MDBK cell monolayer. One-step
growth kinetic analysis was performed to compare the viral
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FIG. 4. Single cycle growth kinetic analysis. A total of 20,000 MDBK cells in
each well of a 24-well dish were infected by 100,000 PFU of wild-type BVDV (O),
chimeric BVDV (@), and BVDV—Npro (m). After 1 h of incubation at 4°C, the
inocula were removed, and the cell monolayers were washed thoroughly to
remove any residual viruses. Then, 0.5 ml of fresh EMEM with 10% HS was
added, and the dish was incubated at 37°C. Newly secreted BVDVs in the media
were harvested at various time points postinfection. The virus titers were deter-
mined and plotted against time to generate the growth curves.

growth rates, eclipse phases of replication, and the maximum
viral yields among wild-type BVDYV, chimeric BVDV, and
Npro-null BVDV. The results presented in Fig. 4 demon-
strated that despite a slight delay of ca. 5 h, the chimeric
viruses reached a similar replication efficiency, as reflected by
the similar maximum viral yields compared to the wild-type
BVDV. In contrast, the Npro-null BVDV had a prolonged
eclipse phase and achieved a viral yield at a greatly reduced
level, one at least 10 times lower than those of the chimeric and
wild-type BVDVs. This suggests that although cytopathic, the
propagation of the Npro-null BVDV is greatly compromised, a
finding consistent with the hypothesis that the stability of the
chimeric viruses is a consequence of the reduced fitness of the
potential deletion mutants. Thus far, we have not been able to
isolate any Npro-null BVDV-like viruses from chimeric virus-
infected cells under optimal viral infection conditions.
Isolation of variant viruses and evidence of viral adaptation.
Genomic RNAs were isolated from chimeric viruses after dif-
ferent numbers of passages. The region corresponding NS4A-
tethered HCV NS3 protease plus the NS5A-NS5B junction
was amplified by RT-PCR and sequenced directly. The se-
quences from different passages were compared with the tem-
plate sequence (Tyy5) shown in the multiple alignment in Fig.
5. The template sequence was derived from the parent HCV
and BVDYV clones (43, 46) used to build the chimeric plasmid
(Pryg)- As shown in Fig. 5, three PCR mutations were gener-
ated during the construction of the chimeric clone (Pyyg)
(compare the sequence of Py with that of Ty ). Two muta-
tions occurred in the coding region of HCV NS3 protease, F43
(phenylalanine at amino acid position 43 numbered according
to the sequence of HCV NS3) to L (leucine) and D112 (as-
partic acid at amino acid position 112) to N (asparagine), and
one occurred in the N-terminal coding region for Npro, 14
(isoleucine at position 4) to N (asparagine). After two serial
passages, one of the mutations (F43L) quickly reverted to the
wild-type at P2, suggesting that this mutation is detrimental to
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Pu/p

P2

P4

P7

P9

HCV NS3 protease (3-181)
T, VDQDLVGWPA PQGSRSLTPC TCGSSDLYLV TRHADVIPVR RRGDSRGSLL 150
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FIG. 5. Amino acid sequence analysis of the HCV NS3 protease coding
region in the chimeric viruses at different serial passages. cDNA fragments (1.4
kb) encompassing part of the BVDV 5’ UTR, NS4A-tethered HCV NS3 pro-
tease, the HCV NS5A-NS5B junction site, the BVDV core, and the E™ were
generated by RT-PCR from viral genomic RNAs and cloned into pCR2.1-TOPO
vector by using TOPO TA Cloning Kit (Invitrogen). All clones were verified by
dideoxynucleotide sequencing. The amino acid sequences encoding the N ter-
minus of Npro, the HCV NS4A cofactor (underlined), the HCV NS3 protease
domain (boldface type), the HCV 5A-5B junction site (underlined), and the N
terminus of BVDV core are compared. Ty 5 represents the template sequences
for all fusion components derived from their respective parent clones (43, 46).
Pyyp represents the starting chimeric BVDV clone used to generate infectious
RNA transcripts and transfect MDBK cells. The sequences from chimeric
BVDV at different passages (Pyy, passage 0; P2, passage 2; P4, passage 4; P7,
passage 7; P9, passage 9) were compared and aligned with the lead sequence of
Tyyg. — Identical amino acid compared to the corresponding one in Tyy .

the chimeric viruses. Interestingly, two additional point muta-
tions were identified in the HCV NS3 coding region from the
chimeric viruses of later passages: Y6 (tyrosine at amino acid
position 6) to C (cysteine) and M179 (methionine at position
179) to T (threonine). Both mutations were near the chimeric
junctions, which might allow better folding of the fusion pro-
tein.

To correlate these mutations or variations with the protease
activity, the cDNA fragments encompassing the HCV NS3
protease and BVDYV core fusion protein were cloned into the
pET expression plasmid as described for Fig. 2. Results from
the in vitro transcription and translation cleavage assay dem-
onstrated that the starting chimeric clone (Pyy/3) harboring the
F43L mutation exhibited reduced protease activity (Fig. 6, lane
2), as reflected by the incomplete cleavage of the fusion pre-
cursor. The fusion proteins from the later passages (P2 to P9)
had normal levels of the protease activity comparable to that of
the wild-type construct (pNS3-C, equivalent of Ty, in Fig. 2,
lane 2). These data suggest that there is a correlation between
viral adaptation and enhancement of HCV protease activity.
Studies by others using the Sindbis chimeric viruses also re-
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FIG. 6. Correlation of the HCV NS3 protease activity with viral adaptation.
The coding regions for the HCV NS3 protease and BVDV core were isolated
either from plasmid Py by PCR or from the chimeric viruses Vi at various
passages (P2, P4, and P9) by RT-PCR. These coding regions were subcloned into
the pET-28a expression vector (see Materials and Methods). The fusion proteins
were expressed and labeled with [*>SJmethionine by using the in vitro transcrip-
tion and translation system. The labeled fusion precursor and the cleavage
products were separated by SDS-PAGE and detected by autoradiography. Lane
1 indicates the '*C-labeled molecular mass marker (in kilodaltons).

ported a similar point mutation (C16Y) without a clear corre-
lation with the in vitro protease activity (14). This is consistent
with our observations that some of the mutations or variations
(Y6C and M179T) do not correlate with any detectable
changes in the protease activity (compare Fig. 2 and 6). Other
mutations (I4N in Npro and D112N in HCV NS3) can be
tolerated and sustained throughout serial passages. We have
not observed any deletions in the HCV NS3 region, as re-
ported by others who used the full-length NS3-NS4A for the
construction of chimeric viruses (14), possibly due to the eco-
nomic packing of the minimum NS4A cofactor and the small
catalytic domain of HCV NS3 protease in our construct.

DISCUSSION

The lack of a cell culture system that permits HCV infection
imposes a major obstacle for anti-HCV drug development.
Although substantial efforts have been devoted to the charac-
terization of HCV NS3 protease (23, 50), the inhibitor devel-
opment against HCV NS3 protease is limited without a good
cell-based system to evaluate its cellular potency. Several cell-
based trans-cleavage assays have been developed relying on the
coexpression of an NS3 protease-containing plasmid and a
substrate-containing plasmid in the same cells (5, 20). How-
ever, these systems often yield less-reproducible results and,
more importantly, fail to reflect the polyprotein processing
which occurs within the subcellular microenvironment of viral
replication. Such intrapolyprotein processing may resemble
the kinetics of a cis-cleavage which is insensitive to dilution.

Several HCV NS3 protease-dependent chimeric viruses
have been created (13, 14, 18) using two plus-stranded RNA
viruses from unrelated virus families as the carriers. In these
chimeric viruses, HCV NS3 protease-mediated protein pro-
cessings (mostly cis-cleavages) are essential for virus growth.
However, these chimeric viruses are less stable because the
inserted HCV NS3-NS4A can be easily deleted, resulting in
reversion to the wild-type viruses which have many growth
advantages over the chimeric viruses (14). In this approach, we
took advantage of the dispensability of Npro for BVDV rep-
lication and substituted its proteolytic function with that of
HCV NS3 protease. The resulting chimeric BVDV was cyto-
pathic and easy to quantify. Its growth properties were com-
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parable to those of the wild-type BVDV. Most importantly,
under normal cell culture conditions (with a low MOI and
without any selection pressures against the chimeric viruses),
this HCV protease-dependent BVDV was very stable, lacking
any detectable deletions in the HCV coding regions.

One of the key benefits of developing stable chimeric viruses
is the possibility to assess potential drug resistance to anti-
HCV NS3 protease inhibitors. This will require that the chi-
meric viruses be very stable. Whether the chimeric viruses
reported here were stable enough to allow the selection of
drug-resistant variants remains to be addressed. Based on a
prediction that the HCV NS3 protease might be deleted to
yield a virus without Npro, we created a molecular clone lack-
ing Npro (BVDV—Npro) in which the entire Npro coding
region was removed (Fig. 1). To our surprise, the Npro-null
BVDYV was not only viable but also cytopathic and formed
small plaques on a cell monolayer. Further growth analysis
revealed that this Npro-null BVDV was highly defective in
replication and achieved a virus production level at least 10
times lower than that of the chimeric viruses or the wild-type
viruses. While this partially explained the observed stability of
the chimeric BVDYV, it also limited the chimeric viruses from
being used to select potential mutations that conferred drug
resistance. Under a strong selection against the chimeric vi-
ruses, such as a potent HCV NS3 protease inhibitor, the Npro-
null BVDV would appear quickly and may overtake the virus
production.

In a cell culture dish, the chimeric BVDYV appeared to retain
comparable growth properties and CPE as the wild-type virus.
Whether the chimeric virus replicates in vivo in calves and
duplicate the course of disease progression as the wild-type
virus will be an interesting subject to address. A better under-
standing of the chimeric virus correlated with the Npro-null
BVDV will help to elucidate the biological function of this
unique Npro protein acquired by BVDV. The one-step growth
analysis has revealed that this virus is defective in replication,
suggesting that BVDV without the Npro is attenuated. If the in
vivo studies demonstrate that the Npro-null BVDYV, or even
the chimeric virus, is attenuated with self-limiting infection
which induces anti-BVDV responses, it may be an excellent
candidate for vaccine development. Finally, the HCV NS3
protease-dependent BVDV may provide an alternative and
much more affordable animal model for the in vivo testing of
any HCV protease inhibitors.
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