
JOURNAL OF VIROLOGY, Mar. 2004, p. 2414–2425 Vol. 78, No. 5
0022-538X/04/$08.00�0 DOI: 10.1128/JVI.78.5.2414–2425.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Uncleaved NS2-3 Is Required for Production of Infectious Bovine
Viral Diarrhea Virus

Eugene V. Agapov,1†‡ Catherine L. Murray,2† Ilya Frolov,1§ Lin Qu,1� Tina M. Myers,1# and
Charles M. Rice1,2*

Department of Molecular Microbiology, Washington University School of Medicine, St. Louis, Missouri 63110,1 and
Laboratory of Virology and Infectious Disease, Center for the Study of Hepatitis C, The Rockefeller University,

New York, New York 100212

Received 29 August 2003/Accepted 30 October 2003

Despite increasing characterization of pestivirus-encoded proteins, functions for nonstructural (NS) pro-
teins NS2, NS2-3, NS4B, and NS5A have not yet been reported. Here we investigated the function of bovine viral
diarrhea virus (BVDV) uncleaved NS2-3. To test whether NS2-3 has a discrete function, the uncleaved protein
was specifically abolished in two ways: first by inserting a ubiquitin monomer between NS2 and NS3, and
second by placing an internal ribosome entry site between the two proteins (a bicistronic genome). In both
cases, complete processing of NS2-3 prevented infectious virion formation without affecting RNA replication.
We tested the hypothesis that uncleaved NS2-3 was involved in morphogenesis by creating a bicistronic genome
in which NS2-3 was restored in the second cistron. With this genome, both uncleaved NS2-3 expression and
particle production returned. We then investigated the minimal regions of the polyprotein that could rescue an
NS2-3 defect by developing a trans-complementation assay. We determined that the expression of NS4A in cis
with NS2-3 markedly increased its activity, while p7 could be supplied in trans. Based on these data, we propose
a model for NS2-3 action in virion morphogenesis.

The genus Pestivirus includes the important animal patho-
gens Classical swine fever virus, Border disease virus, and Bovine
viral diarrhea virus (BVDV). BVDV infection of cattle can
result in asymptomatic infection and seroconversion or a vari-
ety of pathologies including fatal mucosal disease (reviewed in
reference 29). The genome organization and translation initi-
ation of the pestiviruses closely resemble those of hepatitis C
virus. Hepatitis C virus is the sole member of the Hepacivirus
genus, which, along with the flaviviruses and pestiviruses,
makes up the family Flaviviridae. Because of its close relation
to hepatitis C virus, BVDV is increasingly being studied as a
surrogate for this important human pathogen (reviewed in
reference 23).

BVDV is a single-stranded RNA virus of positive polarity
with a nonsegmented genome of approximately 12.3 kb. The
genome is not capped, and on entry into the cell, translation is
initiated at an internal ribosome entry site (IRES) formed by
the highly conserved 5� nontranslated region (NTR). A single
polyprotein is produced and is co- and posttranslationally pro-
cessed by viral and cellular enzymes. With the exception of the
nonvirion protein Npro, the structural proteins are found at the

amino terminus of the polyprotein, while the nonstructural
(NS) proteins make up the carboxy-terminal portion. The viral
proteins are sequentially designated Npro-C-Erns-E1-E2-p7-
NS2-NS3-NS4A-NS4B-NS5A-NS5B. Npro is an autoprotease
that catalyzes the cleavage after its own carboxy terminus. C is
the highly basic nucleocapsid protein and is followed by the
viral envelope proteins Erns, E1, and E2. The NS proteins are
thought to be components of the membrane-associated viral
replicase complex. NS3 has protease, helicase, and NTPase
activities and is responsible for the cleavage of the NS proteins
downstream from and including its own carboxy terminus.
NS4A is a cofactor for the NS3 protease activity. NS5B is the
viral RNA-dependent RNA polymerase, which catalyzes the
asymmetric accumulation of genomic plus-strand over minus-
strand RNA (reviewed in reference 23).

The mechanisms of pestivirus virion assembly are not well
understood. Electron microscopy of infected cells has sug-
gested that particles bud into the lumen of modified endoplas-
mic reticulum structures (15). This hypothesis is also supported
by the absence of viral envelope protein expression on the cell
surface (16, 17, 41). In pestivirus virions, the envelope proteins
form E2 homodimers and E1-E2 heterodimers (40). The in-
teraction of E1 and E2 with the endoplasmic reticulum chap-
erone calnexin has been shown to be important for the assem-
bly of the heterodimers (6). Recently, Harada et al. have
shown that p7 is essential for virion assembly (18). p7 is a small,
mostly hydrophobic protein that is cleaved inefficiently from
the carboxy terminus of E2 by signal peptidase. Neither p7 nor
uncleaved E2-p7 is thought to be incorporated into viral par-
ticles (11).

p7 forms a leader sequence to properly orient NS2 in the
membrane. NS2 is a 54-kDa hydrophobic protein of unknown
function. Cleavage of the polyprotein between NS2 and NS3
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has been found to correlate with the ability of BVDV to kill
cells in tissue culture. Based on this phenomenon, BVDV is
divided into two biotypes: cytopathic and noncytopathic. All
autonomous cytopathic and noncytopathic strains reported to
date express uncleaved NS2-3; cytopathic BVDV also pro-
duces discrete NS3. Both cytopathic and noncytopathic viruses
can be found in animals suffering from mucosal disease. Since
these viruses are antigenically related and are nearly identical
in sequence, cytopathic BVDV is thought to develop from the
noncytopathic virus within the infected animal (reviewed in
reference 29). Cytopathic BVDV genomes can arise in a vari-
ety of ways, all of which affect processing at the NS2/NS3
junction. Cellular or viral insertions, deletions, and even point
mutations have been found to give rise to NS3 expression and
resulting cytopathogenicity (3, 5, 21, 26, 37). NADL, the Amer-
ican prototype cytopathic BVDV, contains a 270-nucleotide
insertion in NS2 that potentiates the partial cleavage of NS2-3
(26). This insertion has recently been identified as coding for a
90-amino-acid portion of a cellular J domain protein (Jiv 90)
(33). Removal of this insert results in NADL Jiv 90� (formerly
cIns�), a noncytopathic BVDV strain in which NS2-3 remains
uncleaved.

Large in-frame deletions of the structural proteins have also
been shown to result in cytopathic viruses. These genomes are
capable of autonomous RNA replication and can be incorpo-
rated into particles in the presence of a helper virus expressing
the structural proteins (39). These genomes are termed defec-
tive interfering RNAs, as they reduce the ability of the helper
virus to propagate (39). In the case of one such genome, DI9,
Npro is fused directly to NS3, eliminating the first two NS
proteins (p7 and NS2). The ability of DI9 to replicate auton-
omously excludes the possibility of an essential function for p7
and NS2 in RNA replication (5). Defective interfering-like
genomes created in the laboratory that have not been con-
firmed to have the defective interfering phenotype are termed
subgenomic (sg) RNAs.

In this study we investigated the function of uncleaved
NS2-3. Uncleaved NS2-3 expression was abolished with either
ubiquitin or an internal ribosome entry site (IRES) to genet-
ically dissociate the structural genes (C, Erns, E1, and E2), p7,
and NS2 from the replicase genes (NS3 to NS5B). Surprisingly,
despite efficient RNA replication of these genomes, separation
of NS2 from NS3 prevented the production of infectious virus.
These results demonstrate that uncleaved NS2-3 is required
for infectious virion production.

MATERIALS AND METHODS

Cell culture. Madin-Darby bovine kidney (MDBK) cells were propagated in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco) containing sodium pyru-
vate and 10% horse serum.

Plasmid constructs. Plasmids were constructed by standard methods. Con-
structs were checked by restriction enzyme digestion, and PCR products were
verified by sequencing. Descriptions of the constructs and cloning strategies are
presented below; exact sequences are available upon request. The backbone
for the following constructs is the bacterial artificial chromosome vector
BeloBAC11. This single-copy vector is used to maintain large and unstable DNA
fragments.

NADL Jiv 90�/Ubi. The NADL Jiv 90�/Ubi genome contains the entire
NADL Jiv 90� genome with a ubiquitin (Ubi) monomer inserted between NS2
and NS3. The sequence contains a G to S mutation at position 76 of ubiquitin.
The BglII/BglII fragment of pACNR/NADL (nucleotides 4584 to 5644) (26),
encompassing Jiv 90 in NS2 and the NS2/NS3 junction region, was cloned into

BglII-digested pRS2 (pUC19 with a modified polylinker). The Jiv 90 sequence
was then deleted by recombinant PCR, resulting in pRS2/NADL del (26). For
cloning convenience, the pRS2/NADL del polycloning sites from PstI to NsiI
were eliminated by digestion with PstI and NsiI, which produce compatible
cohesive ends, and religation.

The ubiquitin monomer sequence was amplified from pTM3-HCV-Ubi-NS5B
(C. Lin and C. M. Rice, unpublished) by PCR with the following modifications:
the ubiquitin amino terminus was tagged with the BVDV NS2 carboxy-terminal
sequence; the ubiquitin carboxy terminus was connected to the NS3 amino
terminus containing an engineered PstI site; the BglII site in the ubiquitin amino
terminus was eliminated by a silent mutation; and the ubiquitin cleavage con-
sensus site was mutated from RGG to RGS (GGA to AGT), as found in the
cytopathic Osloss BVDV strain (9). Next, part of the NS3 sequence (nucleotides
5153 to 5835) was amplified by PCR from pACNR/NADL. A PstI site was
engineered into the amino terminus of NS3. Finally, the BamHI/PstI fragment of
ubiquitin and the PstI/SalI fragment of NS3 were cloned into BamHI- and
SalI-digested pRS2/NADL del, creating pRS2/NADL Jiv 90�-Ubi-NS3. The
BglII/BglII fragment from pRS2/NADL Jiv 90�-Ubi-NS3 was then used to re-
place the corresponding portion of pACNR/NADL, resulting in NADL Jiv
90�/Ubi.

Npro-E2/sg. The Npro-E2/sg genome contains the 5� NTR to E2 region of the
NADL genome, followed by the encephalomyocarditis virus (EMCV) IRES,
Npro, NS3, and the remainder of the NADL sequence. Nucleotides 3386 to 3583
of pACNR/NADL were amplified by PCR. A stop codon was introduced after
G1066 (end of E2), and unique MluI and NsiI sites were engineered downstream
of the stop. The PCR product was digested with NspI and NsiI and ligated, with
the 587-nt RsrII/NspI fragment of pACNR/NADL into Npro-PAC/NS2-sg (see
below) digested with RsrII and NsiI. The RsrII/SacI fragment from this subclone
(p11/RsrII-NspI), along with the 2,849-nt XbaI/RsrII fragment of pACNR/
NADL, was cloned into pNpro-NS3 (T. M. Myers, E. Mendez, I. Frolov, C. L.
Murray, E.V. Agapov, and C. M. Rice, unpublished data) digested with XbaI and
SacI.

Npro-NS2/sg. The Npro-NS2/sg genome contains the 5� NTR to NS2 region of
the NADL Jiv 90� genome, followed by the EMCV IRES, Npro, NS3, and the
remainder of the NADL sequence. A strategy similar to that used for Npro-E2/sg
was used except that nucleotides 4973 to 5152 of pACNR/NADL were amplified
and digested with Bsp120I and NsiI. The stop codon is at R1589 (nucleotide
5152, at the end of NS2).

pACNR-NADL-pol�. The pACNR-NADL-pol� genome is the full-length
NADL genome with an inactivated NS5B polymerase. pBVDV NS5B GDD-
AGG (nucleotides changed from GGG GAT GAT to GCG GCC GGC; gift of
Marc Collett) was digested with SmaI and partially digested with EagI to isolate
a 5,374-nucleotide fragment. This fragment was cloned into pACNR/NADL
digested with the same enzymes.

Npro-PAC/NS2-sg. The Npro-PAC/NS2-sg genome contains the first 39 amino
acids of Npro followed by ubiquitin and puromycin acetyltransferase (PAC) in the
upstream cistron. The downstream cistron contains a number of internal dele-
tions in the structural region to preserve proper polyprotein topology and pro-
cessing. Npro is followed by the 10 amino-terminal amino acids of C, a leucine
codon (CTT), the 18 carboxy-terminal amino acids of capsid, the 9 amino-
terminal amino acids of Erns, and the 48 carboxy-terminal amino acids of E2.
Nucleotides 247 to 502 of pACNR/NADL were amplified and cloned into pRS2
with SphI and an engineered EcoRI site. An MluI site was engineered in frame
with capsid, upstream of EcoRI (FR1). A 224-nucleotide fragment containing
ubiquitin was PCR amplified from pTM3/Ubi-NS2 (22). BamHI and MluI sites
were engineered upstream of ubiquitin, and this fragment was also cloned into
pRS2 with the engineered BamHI and natural SacII site at the end of ubiquitin
(FR2).

The puromycin acetyltransferase gene was isolated from pTSG/PAC (12). The
CCG CGG TGG C sequence, representing the carboxy terminus of ubiquitin and
a SacII site, was engineered upstream of the puromycin acetyltransferase AUG.
This fragment was cloned into pRS2 with SacII and BssHII (FR3). The SphI/
MluI (FR1), MluI/SacII (FR2), and SacII/BssHII (FR3) fragments were then
assembled into SphI- and BssHII-digested pRS2 (pA). The BssHII/Ecl136II
fragment of pTSG/PAC (containing the puromycin acetyltransferase carboxy
terminus) was then ligated, along with the AclI/SacI fragment of pEMCV/BVDV
(13), into pRS2 digested with BssHII and SacI (pB). AclI was blunt ended to
allow ligation to Ecl136II. The SphI/BssHII fragment of pA and the BssHII/SacI
fragment of pB were then ligated together into SphI- and SacI-digested pRS2
(pSph-Npro-Ubi-PAC-EMCV IRES). The 2,025-nucleotide SphI/SacI fragment
of pSph-Npro-Ubi-PAC-EMCV IRES was then cloned into pNS2/sg or pNS2 Jiv
90�/sg (see below).

pNS2/sg and pNS2 Jiv 90�/sg contain the BVDV IRES and Npro followed by
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the first 10 amino acids of C, a leucine residue (CTT), the last 18 amino acids of
C, the first 9 amino acids of Erns, the last 48 amino acids of E2, p7, and the
remainder of the NADL or NADL Jiv 90� NS proteins. Nucleotides 695 to 916
were amplified from pACNR/NADL. The PCR product was cloned into pRS2
with SacI and an engineered HindIII (FR4). Nucleotides 1142 to 1225 were then
amplified from pACNR/NADL and also cloned into pRS2 with HindIII and PstI
sites engineered into the PCR (FR5). Finally, nucleotides 3440 to 4049 of
pACNR/NADL were amplified and cloned into pRS2 with engineered HindIII
and PstI sites (FR6). The fragments SacI/HindIII (FR4), HindIII/PstI (FR5), and
PstI/BsmI (FR6) were then cloned into pACNR/NADL (pNS2/sg) or pACNR/
NADL Jiv 90� (pNS2 Jiv 90�/sg) cut with SacI and BsmI.

Npro-E2/NS2-sg. The Npro-E2/NS2-sg genome consists of the first cistron of
Npro-E2/sg and the second cistron of pNS2/sg. The SacI/AatII fragment of
pNS2/sg was replaced with the corresponding fragment from Npro-E2/sg.

Npro-E2/NS2-Ubi-sg. The Npro-E2/NS2-Ubi-sg genome consists of the first
cistron of Npro-E2/sg and a second cistron identical to that of pNS2/sg except
with a ubiquitin monomer, with the G76S change, inserted at the NS2/NS3
junction. The MfeI/NsiI fragment from Npro-E2/NS2-sg was replaced with the
corresponding fragment from NADL Jiv 90�/Ubi.

Npro-NS2/NS2-Ubi-sg. The Npro-NS2/NS2-Ubi-sg genome consists of the first
cistron of Npro-NS2/sg and the second cistron of Npro-E2/NS2-Ubi-sg. The RsrII/
MluI fragment of Npro-E2/NS2-Ubi-sg was replaced with the corresponding
fragment from Npro-NS2/sg.

p7-NS2-3-4A/sg. The p7-NS2-3-4A/sg genome expresses Npro and p7-NS2-3-
NS4A from the BVDV IRES. The cloning strategy left 27 amino acids of C, 7
amino acids of Erns, 48 amino acids of E2 between Npro and p7, and 37 amino
acids of NS4B after NS4A. The downstream cistron, driven by the EMCV IRES,
is identical to that of Npro-E2/sg. The XbaI/StuI fragment of Npro-E2/sg was
replaced with the XbaI/DraI fragment of pNS2 Jiv 90�/sg.

Ubi-NS2-3-4A/sg. The Ubi-NS2-3-4A/sg genome contains the BVDV IRES
and 39 amino acids of Npro, followed by Ubi-NS2-3-NS4A. The cloning strategy
left 37 amino acids of NS4B in the first cistron. The downstream cistron, driven
by the EMCV IRES, is identical to that of Npro-E2/sg. Nucleotides 1147 to 5120
of p7-NS2-3-4A/sg were amplified by PCR. A SacII site and ubiquitin cleavage
consensus sequence (RGG) were engineered immediately upstream of NS2. The
PCR product was digested with SacII and MluI and ligated to the SphI/MluI
fragment of p7-NS2-3-4A/sg and the SphI/SacII (ubiquitin) fragment of pSph-
Npro-Ubi-PAC-EMCV IRES.

p7-NS2-3/sg. The p7-NS2-3/sg genome expresses Npro and p7-NS2-3 from the
BVDV IRES. The cloning strategy left 27 amino acids of C, 7 amino acids of
Erns, and 48 amino acids of E2 between Npro and p7. Eight amino acids of NS4A
remained in the first cistron, followed by five random amino acids and a stop
codon. The downstream cistron, driven by the EMCV IRES, is identical to that
of Npro-E2/sg. SpeI and MluI of p7-NS2-3-4A/sg were blunt ended and ligated.

p7-NS2-3(S1842A)-NS4A/sg. The p7-NS2-3(S1842A)-NS4A/sg genome is
identical to p7-NS2-3-4A/sg except for the S1842A change in NS3 in the first
cistron. The BsrGI/DrdI fragment of p7-NS2-3-4A/sg was replaced with the
corresponding fragment derived from pTM3/BVDV 1598-3035 S1842A (43).

p7-NS2-3(S1842A)/sg. The p7-NS2-3(S1842A)/sg genome is identical to
p7-NS2-3(S1842A)-NS4A/sg except that the first cistron contains a stop codon
immediately after NS3. Nucleotides 241 to 2668 and nucleotides 2220 to 4765 of
p7-NS2-3(S1842A)-NS4A/sg were amplified by PCR. The 2220 to 4765 fragment
had a stop codon and MluI site engineered into the reverse primer. The 241 to
2668 product digested with SphI and PflMI and the 2220 to 4765 fragment
digested with PflMI and MluI were then ligated into p7-NS2-3(S1842A)-NS4A/sg
digested with SphI and MluI.

RNA transcription and transfection of MDBK cells. Plasmids were linearized
with SbfI and blunt ended by addition of 2 U of Klenow and 1.2 U of T4 DNA
polymerase followed by 0.8 �M deoxynucleoside triphosphate mix. Reactions
were extracted once with phenol and twice with chloroform and precipitated with
ethanol and 3 M sodium acetate. One microgram of template was transcribed in
a 20-�l reaction with the T7-Megascript kit (Ambion). Reactions were incubated
for 2 h at 37°C, and the RNA was cleaned up with the RNeasy kit (Qiagen). RNA
was quantified by radiolabel incorporation or by absorbance at 260 nm.

For electroporation, MDBK cells (70% confluent) were trypsinized, washed
three times with ice-cold RNase-free phosphate-buffered saline (AccuGene PBS;
BioWhittaker, Rockland, Maine), and resuspended at 2 � 107 cells/ml in PBS; 5
�g of each RNA to be electroporated was mixed with 0.4 ml of the cell suspen-
sion and immediately pulsed with a Bio-Rad Gene Pulsar (1.1 kV, 25 �F, infinite
resistance, two pulses) or with a BTX ElectroSquare Porator ECM 830 (900 V,
99 �s, five pulses). Electroporated cells were diluted in 10 ml of DMEM–10%
horse serum and plated on tissue culture dishes.

Analysis of virus-specific RNAs. MDBK cells were labeled with [3H]uridine
(60 �Ci/ml) or H3

32PO4 (200 �Ci/ml) in the presence of actinomycin D (1 �g/ml)
for 8 to 9 h. Total cellular RNA was isolated with TRIzol (Gibco-BRL), dena-
tured by treatment with glyoxal and dimethyl sulfoxide, and separated by elec-
trophoresis with a 1% agarose gel containing 10 mM phosphate buffer. For
[3H]uridine, the gels were fixed with methanol, impregnated with 3% 2,5-diphe-
nyloxazole (PPO) in methanol, and equilibrated in water. All gels were dried and
exposed to X-ray film at �70°C.

Immunoprecipitation. MDBK cells were labeled in methionine-deficient
DMEM (Life Technologies) containing 2% fetal calf serum and Expre35S pro-
tein labeling mix (100 �Ci/ml; New England Nuclear) for 6 h. After labeling, the
MDBK cells were washed with PBS and lysed with 0.5% sodium dodecyl sulfate
(SDS) in TNE (50 mM Tris-Cl, pH 7.5, 1 mM EDTA, 200 mM NaCl, 20 �g of
phenylmethylsulfonyl fluoride, 0.3 ml per 35-mm well and 5 � 105 cells). SDS
lysates were sheared through a 26-gauge needle, heated to 70°C for 10 min, and
clarified by centrifugation at 12, 000 � g for 10 min. Clarified lysates were diluted
1:5 with TNE containing 0.5% Triton X-100 and bovine serum albumin (BSA, 1
mg/ml); 2.5 �l of antiserum (G40) was added and incubated overnight at 4°C
with rocking. G40 is a rabbit polyclonal antiserum specific for NS3 that has been
described elsewhere (7, 8). Staphylococcus aureus (Pansorbin; Cabiochem, San
Diego, Calif.) was washed three times with TNAS (TNE containing 0.5% Triton
X-100, BSA [1 mg/ml], and 0.1% SDS); 25 �l of the washed cells was added to
the lysates, and incubation was continued for 1 h at 4°C. Immunoprecipitates
were washed three times with TNAS and once with TNE. Washed precipitates
were resuspended in Laemmli sample buffer, heated at 75°C for 10 min, and
centrifuged at 12,000 � g for 1 min. Immunoprecipitated proteins were separated
by SDS–10% or 12% polyacrylamide gel electrophoresis (PAGE) and visualized
by autoradiography.

Western blots. Cells were lysed with passive lysis buffer (Promega, Madison,
Wis.) 24 h postelectroporation and clarified by centrifugation at 18, 000 � g for
30 s. Lysates were separated on a SDS–10% PAGE and transferred to a nitro-
cellulose membrane. Blots were blocked for 1 h with 5% milk–TBST (0.02 M
Tris, pH 7.4, 0.19 M sodium chloride, 0.1% Tween 20). For NS3 detection,
polyclonal antiserum (G40) was diluted 1:500 in 3% BSA and incubated for 1 h.
After washing with TBST, the secondary antibody (goat anti-rabbit immunoglob-
ulin-horseradish peroxidase, Pierce) was added at 1:10,000 dilution in 5% milk–
TBST and incubated for 30 min at room temperature. For �-actin, the primary
antibody (mouse anti-�-actin, Sigma) was diluted 1:5,000 in 5% milk–TBST and
the secondary antibody (rabbit anti-mouse immunoglobulin-horseradish peroxi-
dase, Pierce) was diluted 1:2,500 in 5% milk–TBST. After removal of the sec-
ondary antibody by washing with TBST, blots were developed with SuperSignal
West Pico chemiluminescent substrate (Pierce, Rockford, Ill.).

BVDV plaque assay and focus-forming assay. The BVDV plaque and focus-
forming assays were conducted as previously described (26). Briefly, MDBK cells
(70 to 80% confluent) were infected with 10-fold dilutions of virus. Following 1 h
of adsorption at 37°C, cells were washed once with DMEM–10% horse serum,
overlaid with 0.5 or 0.8% agarose in DMEM–5% horse serum, and incubated at
37°C. After 3 days, cells were fixed with 7% formaldehyde, the agarose plugs
were removed, and the monolayers were stained with crystal violet or used for
focus-forming assays. For the focus-forming assay, fixation was followed by wash-
ing with PBS. The cells were permeabilized with PBS–0.25% Triton X-100 for 15
min, washed with PBS, and incubated for 90 min with a 1:1,000 dilution of
polyclonal antiserum anti-49 (30) in PBS–2% BSA. After washing with PBS, cells
were incubated for 90 min with a 1:1,000 dilution of rabbit anti-bovine IgG-
horseradish peroxidase (Sigma) in PBS–2% BSA. Cells were then washed with
PBS and incubated with peroxidase substrate (Vector Laboratories) following
the manufacturer’s instructions.

Infectious center assay. The infectious center assay was used to estimate the
amount of infectious RNA electroporated into cells. A sample of the electropo-
rated cells was diluted 1:10 and 2, 20, and 200 �l was added to separate pre-
seeded monolayers of MDBK cells. Following 3 h of incubation, cells were
washed once with DMEM–10% horse serum, overlaid with 0.5% agarose in
DMEM–5% horse serum, and incubated at 37°C. After 3 days the cells were
fixed and stained with crystal violet (for cytopathic virus) or used for the focus-
forming assay (noncytopathic virus) as above.

Immunofluorescence. Cells plated on culture slides (Becton Dickinson, Frank-
lin Lakes, N.J.) were washed with Dulbecco’s phosphate-buffered saline (DPBS;
Gibco) and fixed for 20 min with 50% methanol–50% acetone. After washing
twice, anti-NS3 antibody (monoclonal antibody 184) (10) was added at a 1:2,000
dilution in DPBS–5% goat serum. Cells were incubated for 1 h at room temper-
ature and then washed twice with DPBS–5% goat serum. The secondary anti-
body (goat anti-mouse IgG-Alexa 594; Molecular Probes, Eugene, Oreg.) was
added at a 1:2,000 dilution in DPBS–5% goat serum and cells were incubated for
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20 min at 4°C. Hoechst 33342 (1 �g/ml) was added, and cells were incubated an
additional 10 min at 4°C. Cells were washed three times with DPBS–5% goat
serum and coverslips were mounted. Slides were viewed with a Nikon Eclipse TE
300 microscope.

Flow cytometry. The trans-complementation assay produced very low numbers
of viral particles, which were incapable of cell-to-cell spread. Flow cytometry was
used to count the cells infected with these particles and thus determine the titer.
Infected cells in a 35-mm2 dish were trypsinized, washed twice with DPBS, and
fixed with 0.5% paraformaldehyde for 20 min at room temperature. Cells were
blocked and permeabilized with PBS–5% goat serum–0.1% sodium azide–0.1%
saponin for 20 min at room temperature. Blocking solution was removed and
primary antibody (monoclonal antibody 184) was added at 1:2,000 dilution in SB
(PBS–0.5% BSA–0.1% sodium azide–0.1% saponin). Cells were incubated for
1 h at room temperature and then washed twice with SB. Secondary antibody
(goat anti-mouse IgG-Alexa 488; Molecular Probes, Eugene, Oreg.) was added
at 1:1,000 dilution in SB, and cells were incubated for 30 min at room temper-
ature. Cells were washed twice with SB and analyzed by flow cytometry on a
FACSCalibur (Becton Dickinson), counting 104 cells for the replication assay
and 105 cells for the supernatant assay.

Titers of supernatants were calculated from the average percentage of NS3-
positive cells. Infected wells were estimated to contain 106 cells; this number was
calculated by seeding cells under the same conditions as the assay and counting
24 wells in two independent platings. Since the viruses are incapable of cell-to-
cell spread, flow cytometry counts were expected to reflect the number of cells
infected by the initial inoculum. Inspection of the immunofluorescence assay
fields, however, suggested that many cells were dividing during the incubation
time, artificially increasing the titers. From the immunofluorescence fields of
several experiments, it was determined that approximately 25% of cells had not
divided, 60% had divided in two, and 15% occurred in clusters of three. The
numbers of infected cells obtained by flow cytometry were therefore adjusted by
multiplying by 0.6, discounting NS3-positive cells that had arisen from division
and not de novo infection.

RESULTS

Genomes that lack uncleaved NS2-3 replicate but do not
produce infectious virus. As an initial investigation of un-
cleaved NS2-3 function, we wished to regulate the extent of
processing between the two proteins. To this end, we engi-
neered an NADL Jiv 90� genome with a ubiquitin monomer
(Ubi) inserted between NS2 and NS3 (NADL Jiv 90�/Ubi, Fig.
1A). A single amino acid change was engineered in the ubiq-
uitin cleavage consensus site (RGG to RGS) with the intention
of partially abolishing processing. This mutation is thought to
contribute to attenuated cleavage in a naturally occurring
BVDV strain, Osloss (9, 27). In vitro-transcribed NADL Jiv
90�/Ubi RNA was electroporated into cells in parallel with
wild-type NADL RNA. Replication of NADL Jiv 90�/Ubi was
visualized by labeling cells with H3

32PO4 in the presence of
actinomycin D to inhibit cellular RNA synthesis. Total RNA
was isolated, denatured, and analyzed by agarose gel electro-
phoresis (Fig. 1B).

Analysis of protein expression by Western blot showed that
NADL Jiv 90�/Ubi produced NS3 in similar amounts to wild-
type NADL (Fig. 1C). Surprisingly, unlike NADL and Osloss,
NADL Jiv 90�/Ubi did not express detectable uncleaved
NS2-3 or NS2-Ubi-NS3. The lack of uncleaved NS2-3 sug-
gested that the G to S mutation had no inhibitory effect on
cleavage at the Ubi/NS3 junction in the NADL Jiv 90� back-
ground. We then determined the infectivity of the NADL and
NADL Jiv 90�/Ubi RNAs by infectious center assay. While
NADL Jiv 90� and its cytopathic parent, NADL, gave almost
105 PFU or focus-forming units (FFU) per �g of electropo-
rated RNA, no infectious centers were detected for NADL Jiv
90�/Ubi (Fig. 1A). These results suggested that while NADL
Jiv 90�/Ubi was able to replicate and produce NS3 in trans-

fected cells, it was not capable of spread to produce a plaque
or focus.

We speculated that abolition of uncleaved NS2-3 production
might be detrimental to infectious particle production; how-
ever, it was also possible that ubiquitin expression in the
NADL Jiv 90�/Ubi polyprotein interfered with an essential
function of NS2. Bicistronic genomes were therefore created
as an alternative method of abolishing uncleaved NS2-3 ex-
pression. In the bicistronic genomes, an internal ribosome en-
try site (IRES) separated the structural genes, p7, and NS2
from the replicase genes (Fig. 2A). The first cistron encoded
Npro and the structural proteins (C, Erns, E1, and E2) and was
terminated after E2 (Gly 1066, Npro-E2/sg) or NS2 (Arg 1589,
Npro-NS2/sg). The second cistron (/sg) consisted of a subge-
nome with Npro fused to NS3, driven by the encephalomyocar-
ditis virus (EMCV) IRES. Adaptive mutations in Npro and NS3
of this cistron were required to allow high levels of replication
(T. M. Myers, E. Mendez, I. Frolov, C. L. Murray, E. V.
Agapov, and C. M. Rice, unpublished data). A direct effect of
the NS3 mutation on particle production was ruled out by
engineering the change into NADL Jiv 90�. The mutation had
no effect on viral titers (T. M. Myers, E. Mendez, I. Frolov,

FIG. 1. Insertion of ubiquitin between NS2 and NS3 in NADL Jiv
90� abolishes infectious particle production. (A) Schematic represen-
tations of the genomes of NADL, NADL Jiv 90�, and NADL Jiv
90�/Ubi. Specific infectivities (PFU or FFU/�g) were determined by
infectious center assay and are the averages of two independent ex-
periments. (B) RNA replication. MDBK cells were electroporated
with the indicated RNA and labeled with H3

32PO4 in the presence of
actinomycin D for 8 h starting at 16 h postelectroporation. Total
cellular RNA was isolated with TRIzol, denatured, and separated on a
1% agarose gel. (C) Protein expression. Cells electroporated with the
indicated RNA were lysed 10 h postelectroporation, separated by
SDS–10% PAGE, Western blotted, and probed with NS3-specific
polyclonal antiserum G40.
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C. L. Murray, E. V. Agapov, and C. M. Rice, unpublished
data).

Replication of Npro-E2/sg and Npro-NS2/sg was confirmed by
electroporation of in vitro transcribed RNA into MDBK cells.
The cells were labeled with [3H]uridine in the presence of
actinomycin D (Fig. 2B). Both the bicistronic genomes were
able to replicate, compared to a negative control construct with
a mutated polymerase. Protein expression from the electropo-
rated bicistronic genomes was monitored in parallel by immu-

noprecipitation of [35S]methionine-labeled cell lysates with an
NS3-specific antiserum (Fig. 2C).

Media harvested from electroporated cells were analyzed for
infectious virus by plaque assay, focus-forming assay, and im-
munofluorescence of inoculated naïve cell monolayers. These
assays revealed that no infectious virus was produced by rep-
lication of the bicistronic RNAs. In the case of Npro-NS2/sg,
which encodes all of the BVDV proteins except for uncleaved
NS2-3, this finding supported the NADL Jiv 90�/Ubi observa-
tions. In the case of Npro-E2/sg, this result confirmed that p7 or
both p7 and NS2 are required for infectious particle produc-
tion (18).

Bicistronic genomes can be packaged into virions. Given the
artificial nature of the bicistronic genomes and the possibility
that the EMCV IRES might interfere with RNA packaging, we
next determined whether the bicistronic RNAs could be incor-
porated into virions. NADL Jiv90� is known to be able to
package defective interfering genomes (39), and we therefore
tested whether NADL Jiv90� was able to package the bicis-
tronic RNAs. Since NADL Jiv90� produces only NS2-3 and
the bicistronic genomes produce only cleaved NS3, the expres-
sion of these proteins provided markers for the packaged
RNAs upon infection of naïve cells.

Cells were infected with NADL Jiv90� 48 h before electro-
poration with Npro-E2/sg or Npro-NS2/sg. The culture super-
natants were harvested 24 h later and used to infect naïve cells.
If the bicistronic RNAs could be packaged, cells supporting the
replication of NADL Jiv90� and a bicistronic construct should
produce two types of viral particles, each containing one of the
genomes. [35S]methionine labeling of cells infected with the
culture supernatants and immunoprecipitation with an anti-
NS3 antiserum were used to determine which genomes had
been packaged. Cells infected with NADL alone expressed
NS2-3 and NS3, whereas those infected with NADL Jiv90�

alone expressed only NS2-3 (Fig. 3). Lysate from subgenome-
transfected cells was run as a size marker for NS3 and un-
cleaved Npro-NS3. Supernatants from cells electroporated with
Npro-E2/sg or Npro-NS2/sg after infection with NADL Jiv90�

transduced expression of NS3 and minor amounts of uncleaved
Npro-NS3 in addition to uncleaved NS2-3 (Fig. 3). The pres-

FIG. 2. Insertion of an IRES between NS2 and NS3 in NADL Jiv
90� abolishes infectious particle production. (A) Schematic represen-
tation of the genomes of NADL, NADL Jiv 90�, subgenome (sg),
Npro-E2/sg, and Npro-NS2/sg. Titers were determined by plaque or
focus-forming assay. The two open reading frames of the bicistronic
constructs are driven by the BVDV IRES (black line) and the EMCV
IRES (dotted line). (B) RNA replication. MDBK cells were electro-
porated with the indicated RNAs and labeled with [3H]uridine in the
presence of actinomycin D for 12 h starting at 5 h postelectroporation.
Total cellular RNA was isolated with TRIzol, denatured, and sepa-
rated on a 1% agarose gel. (C) Protein expression. MDBK cells elec-
troporated with the indicated RNAs were metabolically labeled with
[35S]methionine for 6 h beginning at 12 h postelectroporation. Expres-
sion of NS3 was analyzed by immunoprecipitation with NS3-specific
polyclonal antiserum G40 and separation by SDS–10% PAGE.

FIG. 3. Bicistronic genomes can be packaged by NADL Jiv90�.
MDBK cells were infected with NADL Jiv 90� at a multiplicity of
infection (MOI) of 1 48 h before electroporation with bicistronic
RNAs. Media were harvested at 48 h postelectroporation and used to
infect naïve MDBK cells. The newly infected cells were labeled with
[35S]methionine for 6 h beginning at 12 h postelectroporation, and
expression of NS3 was analyzed by immunoprecipitation with NS3-
specific antiserum G40) and separation by SDS–12% PAGE. Lysates
from NADL-, NADL Jiv 90�-, subgenome-, and mock-infected cells
were used as controls for native protein sizes. The positions of NS3,
NS2-3, and uncleaved Npro-NS3 from the subgenomic cistron are in-
dicated.
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ence of NS3 in the newly infected cells shows that the bicis-
tronic genomes could be incorporated into infectious particles.

Structural proteins encoded by bicistronic genomes are
functional. It was possible that the bicistronic genomes were
unable to produce virus because of a functional defect in their
structural proteins. To test the ability of the capsid and enve-
lope proteins to package BVDV RNAs, their ability to encap-
sidate RNA in trans was investigated. It is known that defective
interfering genomes can be incorporated into virions in the
presence of a helper virus expressing the BVDV structural
proteins (39). We used a modified subgenome, Npro-PAC/NS2-
sg, for a trans packaging assay (Fig. 4A). Npro-PAC/NS2-sg is a
bicistronic replicon containing the puromycin N-acetyltrans-
ferase (PAC) gene in the first cistron and the NADL Jiv90� NS
genes (p7 to NS5B) in the second cistron. In the context of this
noncytopathic BVDV replicon, puromycin N-acetyltransferase
confers resistance to puromycin and provides a dominant se-
lectable marker to detect the presence of the modified sub-
genomic RNA in virions. Replication of Npro-PAC/NS2-sg was

confirmed by immunoprecipitation with anti-NS3 antibodies
(data not shown).

An Npro-PAC/NS2-sg-expressing MDBK cell population was
created by electroporation of the RNA and selection for pu-
romycin-resistant cells. Puromycin-resistant cells were then
transfected with Npro-E2/sg, Npro-NS2/sg, or NADL Jiv90�.
Supernatants were harvested 48 h postelectroporation and
used to infect naïve cells, which were then grown in the pres-
ence of puromycin (Fig. 4B). Both NADL Jiv90� and the
bicistronic constructs were able to encapsidate the Npro-PAC/
NS2-sg RNA, resulting in supernatants that transferred puro-
mycin resistance to naive cells. Differences in colony morphol-
ogy and number were noticed, likely resulting from a slight
decrease in trans-packaging efficiency by the bicistronic RNAs
compared to wild-type virus. Incubation of the culture super-
natants with an anti-E2 monoclonal antibody prevented the
appearance of puromycin-resistant foci (Fig. 4B). These results
illustrated that the structural proteins encoded by the bicis-
tronic genomes were functional and able to package viral RNA
into particles whose infectivity could be neutralized by an en-
velope-specific antibody. These results also suggested that the
NS proteins encoded by Npro-PAC/NS2-sg could rescue the
bicistronic genomes, at least allowing them to produce viral
particles that contained the Npro-PAC/NS2-sg genome. In the
case of Npro-NS2/sg, which differs from wild-type virus only in
the separation of NS2 and NS3 by the EMCV IRES, this result
suggested that the uncleaved NS2-3 provided by Npro-PAC/
NS2-sg was integral in restoring infectious virus production.

Expression of uncleaved NS2-3 by a bicistronic genome res-
cues infectious particle production. We investigated whether
the introduction of uncleaved NS2-3 into a bicistronic genome
would restore particle production. To this end, the bicistronic
construct Npro-E2/NS2-sg was created. Npro-E2/NS2-sg con-
tains the NADL structural genes up to E2 in the first cistron
and the NS genes (p7 to NS5B) in the second cistron (Fig. 5A).
This construct differs from Npro-NS2/sg in the movement of p7
and NS2 from the first cistron to the second cistron and the
inclusion of Jiv 90 in NS2. Electroporation of MDBK cells with
Npro-E2/NS2-sg RNA resulted in a viral titer of 1.7 � 107

infectious units (IU)/ml in the supernatant (Fig. 5A). The
infectivity of the supernatant was confirmed by immunofluo-
rescence for NS3 in the inoculated cells (Fig. 5C). These data
suggested that expression of uncleaved NS2-3 in the second
cistron of a bicistronic RNA restored efficient virion produc-
tion.

It appeared that the expression of uncleaved NS2-3 was
responsible for the ability of Npro-E2/NS2-sg to produce infec-
tious virus. We next investigated whether promoting complete
cleavage of NS2-3 in Npro-E2/NS2-sg would again abolish virus
production. Npro-E2/NS2-Ubi-sg was created to test this hy-
pothesis. In this genome, a ubiquitin monomer was placed
between NS2 and NS3 in the Npro-E2/NS2-sg background,
resulting in complete cleavage at this site. To exclude any
negative effects of ubiquitin on the function of NS2, a second
construct, Npro-NS2/NS2-Ubi-sg, was made. Here, p7 and NS2
were duplicated in the first cistron while the second cistron
remained identical to that of Npro-E2/NS2-Ubi-sg. In these
constructs, the Npro-E2/NS2-sg background was modified to
contain Jiv90� NS2 because cleavage of ubiquitin by the cel-

FIG. 4. Bicistronic genomes can package a modified defective in-
terfering genome. (A) Schematic representation of Npro-PAC/NS2-sg,
a bicistronic genome that expresses ubiquitin (Ubi, open box) and the
dominant selectable marker puromycin N-acetyltransferase (PAC)
from the first cistron and the NADL Jiv 90� NS proteins from the
second cistron (p7-NS5B). Puromycin selection was used to establish a
population of Npro-PAC/NS2-sg-expressing MDBK cells. (B) These
cells were then electroporated with the indicated bicistronic constructs
and the media were harvested 48 h postelectroporation. The superna-
tants were assayed for infectivity by determining their ability to trans-
fer puromycin resistance to naïve cells. Drug-resistant foci in the newly
infected cells were visualized by staining with crystal violet after 10
days of puromycin selection. Incubation of supernatants with anti-E2
antibodies abolished infectivity.
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lular enzyme ubiquitin carboxy terminal hydrolase produces
discrete NS3 in these constructs.

Immunoprecipitation with NS3-specific antiserum showed
no production of NS2-3 in Npro-E2/NS2-Ubi-sg or Npro-NS2/
NS2-Ubi-sg-transfected cells (Fig. 5B). Culture supernatants
from cells electroporated with the ubiquitin constructs did not
contain infectious virus, as shown by immunofluorescence of
inoculated cells (Fig. 5C) or by plaque assay (data not shown).
These results showed that a bicistronic construct that ex-
pressed NS2-3 could make infectious particles (Npro-E2/NS2-
sg), while those that lacked the uncleaved protein could not
(Npro-E2/NS2-Ubi-sg and Npro-NS2/NS2-Ubi-sg).

Determination of the minimal polyprotein regions and func-
tions sufficient for trans rescue of an uncleaved NS2-3-deficient
genome. We next investigated which regions of the genome
were involved in uncleaved NS2-3 activity. In order to facilitate
genetic manipulation, a trans-complementation system was es-
tablished. Constructs were made to express NS2-3 in a variety
of contexts, allowing assessment of the contributions of p7,
NS4A, and the NS3 protease activity to NS2-3 function (Fig.
6A). In these genomes, the first cistron of Npro-E2/sg was
replaced with a cassette encoding Npro-p7-NS2-3-4A (p7-NS2-
3-4A/sg), Npro-Ubi-NS2-3-4A (Ubi-NS2-3-4A/sg), Npro-p7-
NS2-3 (p7-NS2-3/sg), or Npro-p7-NS2-3(S1842A) [p7-NS2-
3(S1842A)/sg].

The replication efficiencies of the NS2-3-expressing bicis-
tronic genomes were compared by flow cytometry to count
NS3-positive cells 30 h after electroporation (Fig. 6B, upper
panel). Levels of NS2-3 expression in transfected cells were
compared by Western blotting of lysates collected 24 h post-
electroporation (Fig. 6B, lower panel). None of the NS2-3
expression constructs showed replication or protein levels sig-
nificantly lower than that of the parental construct, p7-NS2-3-
4A/sg. Electroporation of the NS2-3-expressing genomes alone
was not expected to produce infectious virus, as these genomes
lack envelope proteins. Accordingly, infection of naïve cells
with supernatants collected 48 h after electroporation, and
subsequent staining for NS3, revealed no detectable virus (Fig.
6C, data not shown).

The NS2-3 expression constructs were tested for their ability
to rescue particle production by Npro-NS2/sg; 5 �g of each
RNA was electroporated into MDBK cells alone or in combi-
nation with Npro-NS2/sg and the media were harvested after
48 h. Supernatants were used to infect naïve cells and the
presence of virus was determined by immunostaining for NS3
at 30 h postinfection. The visualization of infected cells by
immunofluorescence and flow cytometry is shown; viral titers
were determined from the percentage of infected cells by flow
cytometry as described in Materials and Methods (Fig. 6C).

The initial construct, p7-NS2-3-4A/sg, was able to rescue

particle production from Npro-NS2/sg, resulting in a titer of 6
� 104 IU/ml (Fig. 6C). We next determined if p7 and NS4A
were required in cis with NS2-3 for its function. To investigate
the importance of p7 in cis, Ubi-NS2-3-4A/sg was created. This
construct contains no p7 but has a ubiquitin monomer up-
stream of NS2 in the first cistron to produce its amino termi-
nus. Coelectroporation of Ubi-NS2-3-4A/sg with Npro-NS2/sg
resulted in the appearance of infectious virus in the superna-
tant at a titer of 4 � 104 IU/ml (Fig. 6C). To determine
whether the presence of NS4A in cis affected the ability of
NS2-3 to function, p7-NS2-3/sg was created. When p7-NS2-
3/sg was coelectroporated with Npro-NS2/sg, a titer of 3 � 102

IU/ml resulted (Fig. 6C). These results showed that NS2-3
could be complemented in trans and that the presence of NS4A
but not p7 in cis was required for optimal function of the
protein. To rule out the possibility that recombination between
the coelectroporated genomes and not trans-complementation
was responsible for the recovered virus, the supernatants were
passaged on MDBK cells. Recombinant genomes would be
expected to increase in titer during passaging. After the first
passage, however, virus was undetectable, suggesting that re-
combinants were not present.

We next investigated whether the protease activity of NS2-3
was required for its activity in infectious virus production. The
NS3 protease involvement was investigated by mutating the
active site serine (residue 1842) to alanine in the context of
p7-NS2-3-4A [p7-NS2-3(S1842A)-NS4A/sg]. When this RNA
was coelectroporated with Npro-NS2/sg, no infectious virus was
detected (data not shown). Interpretation of the protease mu-
tation in this context was difficult, however, as the NS3 pro-
tease activity is required to generate its own carboxy terminus.
We speculated that the retention of NS4A on the carboxy
terminus of NS2-3 might interfere with its function. A second
construct was therefore generated in which NS4A was deleted
[p7-NS2-3(S1842A)/sg]. When p7-NS2-3(S1842A)/sg was co-
electroporated with Npro-NS2/sg, an intermediate level of virus
was seen in the supernatant at a titer of 2 � 103 IU/ml (Fig.
6C). These results suggested that, apart from its role in cleav-
ing NS2-3 from NS4A, the protease activity of NS3 was not
absolutely required for NS2-3 function in morphogenesis.

DISCUSSION

Although the functions of many of the pestivirus gene prod-
ucts have been elucidated, NS2, NS2-3, NS4B, and NS5A are
still largely uncharacterized. In this study we intended to in-
vestigate the functions of uncleaved NS2-3. We first investi-
gated whether uncleaved NS2-3 had a distinct function that
could not be fulfilled by the individual proteins. Uncleaved
NS2-3 was specifically abolished in the NADL Jiv 90�/Ubi

FIG. 5. Expression of NS2-3 restores virion production. (A) Schematic representation of Npro-E2/sg, Npro-E2/NS2-sg, Npro-E2/NS2-Ubi-sg, and
Npro-NS2/NS2-Ubi-sg. Jiv90 (black bar) in Npro-E2/NS2-sg and ubiquitin (open box) in Npro-E2/NS2-Ubi-sg and Npro-NS2/NS2-Ubi-sg are shown.
Titers of virus were determined by plaque assay or focus-forming assay. (B) Protein expression. MDBK cells electroporated with the indicated
RNA were labeled with [35S]methionine for 6 h beginning at 12 h postelectroporation. Lysates were immunoprecipitated with NS3-specific
antiserum G40 and separated by SDS–10% PAGE. (C) Determination of infectious virus production. Media from cells transfected with the
indicated genome were harvested after 48 h and used to infect naïve cells. Infected cells were fixed after 30 h and stained with an NS3-specific
antibody (monoclonal antibody 184). Fields are magnified 10 times.
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genome and the bicistronic construct Npro-NS2/sg. Surpris-
ingly, when these constructs were transfected into cells, infec-
tious virus production was abolished. Virus production could
be rescued by restoring NS2-3 expression either in the context
of the bicistronic genome (Npro-E2/NS2-sg) or in trans (p7-
NS2-3-4A/sg and Ubi-NS2-3-4A/sg). These results showed that
uncleaved NS2-3 plays a critical role in virion production for
which NS2 and NS3 alone are not sufficient.

This essential function for NS2-3 is supported by the obser-
vation that the uncleaved protein is maintained in all autono-
mous BVDV genomes despite the increased processing of
NS2-3 in many cytopathic BVDV strains. Preservation of the
protein is achieved either by incomplete processing at the
NS2-3 junction or by duplication of the uncleaved protein
elsewhere in the genome. The importance of NS2-3 encoded
by genomic duplications is seen in the JaCp strain. This cyto-
pathic BVDV contains an insertion of a portion of light chain
3 of microtubule-associated proteins 1A and 1B (LC3�) up-
stream of NS3, causing the complete release of NS3 from the
polyprotein (28). The genome also encodes a duplication of
NS2 up to the amino-terminal part of NS4B. Meyers et al.
investigated the function of this duplication by engineering a
JaCp-like genome that contained the LC3� insertion between
NS2 and NS3 but did not express the duplicated region. Like
our NS2-3-deficient genomes, this construct did not produce
infectious virus after transfection into cells (28).

The Osloss strain of BVDV is likely an example of the
selective pressure towards incomplete NS2-3 processing. Like
NADL Jiv 90�/Ubi, Osloss expresses a ubiquitin monomer
between NS2 and NS3. Unlike NADL Jiv 90�/Ubi, however,
Osloss NS2-3 is not completely cleaved by ubiquitin carboxy-
terminal hydrolase (27, 38). Complete processing may be pre-
vented by two or more mutations in ubiquitin or by the Osloss
polyprotein background (9, 27). A second BVDV strain, CP14,
contains unmodified ubiquitin sequences between NS2 and
NS3 (38). Although processing of NS2 from NS3 is complete
when the proteins are expressed in vitro, the extent of process-
ing in the full-length viral polyprotein is not known. We spec-
ulate that the CP14 polyprotein sequence may influence NS2-3
processing in this virus to prevent complete cleavage, but this
remains to be tested.

After defining a role for NS2-3 in the viral life cycle, we
determined the minimal regions of the genome that would
rescue an NS2-3 defect in trans. A similar experiment is per-
formed in nature when portions of the BVDV genome are
duplicated to compensate for complete processing of NS2-3
induced by a cellular insertion. The duplications in these cy-
topathic genomes encompass all of the proteins NS2, NS3, and
NS4A (2–4, 28, 31, 32). The importance of NS4A was also
revealed in our trans-complementation experiments. Whereas
deletion of p7 from the p7-NS2-3-4A expression cassette had
little effect on its ability to rescue Npro-NS2/sg particle produc-
tion, constructs that lacked NS4A in cis with NS2-3 were dra-
matically decreased in efficiency [p7-NS2-3/sg and p7-NS2-
3(S1842A)/sg]. This may indicate a requirement for the
protease domain of NS3 to interact with its cofactor, NS4A, in
order for NS2-3 to function optimally. Although NS4A is ex-
pressed from the second cistron in all the bicistronic constructs,
this protein may be sequestered by NS3 encoded immediately
upstream, and therefore be unavailable for interaction with

NS2-3. Our attempts to overexpress NS4A in trans and overcome
this deficiency were unsuccessful (data not shown).

Nonstructural protein involvement in assembly is not un-
precedented in the family Flaviviridae. Studies of yellow fever
virus, a flavivirus, have shown that a basic motif in NS2A is
important for the release of infectious virus (20). Remarkably,
second site mutations in the helicase domain of NS3 were
found to suppress mutations in this motif and restore virus
production, suggesting a required interaction between NS2A
and NS3 in flavivirus morphogenesis (20). In the pestiviruses,
p7 has been shown to be essential for virion formation. This
small hydrophobic protein immediately precedes NS2 in the
genome; its mechanism of action in morphogenesis is not
known (18).

The viral protease is also known to be essential for assembly
of the flaviviruses; the NS2B-3 protease cleaves the capsid
protein from its membrane anchor, allowing it to assemble into
virions. The processing of capsid is also a prerequisite for
signal peptidase cleavage of the downstream envelope protein,
prM, from the polyprotein (1, 24, 35, 36). Here we report that,
although the pestivirus NS3 protease cofactor, NS4A, seems to
play a role in NS2-3 action, inhibition of the catalytic activity of
the protease did not completely abolish virion production.
Although the ability of the protease mutant to trans-comple-

FIG. 6.
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FIG. 6. Minimal genomic regions that can rescue an uncleaved NS2-3 defect in trans. (A) Schematic representation of the genomes of
Npro-NS2/sg, p7-NS2-3-4A/sg, Ubi-NS2-3-4A/sg, p7-NS2-3/sg, and p7-NS2-3(S1842A)/sg. The separate cistrons are driven by the BVDV IRES and
the EMCV IRES as described for Fig. 2. The first cistron of each genome expresses the proteins shown as well as portions of the upstream and
downstream open reading frames to allow correct processing (see Materials and Methods for details). Ubiquitin (open box) in Ubi-NS2-3-4A/sg
and the serine-to-alanine mutation in a catalytic residue of the NS3 protease (S1842, star) in p7-NS2-3(S1842A)/sg are shown. (B) Replication of
bicistronic genomes. Replication efficiencies were compared by determining NS3 levels in electroporated cells by flow cytometry (upper panel) and
Western blot (lower panel). For flow cytometry, cells were fixed 30 h postelectroporation and stained with an NS3-specific antibody (monoclonal
antibody 184). The percentage of electroporated cells expressing NS3 as determined by flow cytometry in two separate experiments is plotted. ND,
not done. For Western blotting, cells were lysed 24 h postelectroporation and separated by SDS–10% PAGE, and the blot was probed with
NS3-specific antiserum G40. The positions of NS2-3 and NS3 are indicated. �-Actin was used as a loading control. (C) Titers of virus produced
by trans-complementation. MDBK cells were electroporated with Npro-NS2/sg alone or in combination with the indicated RNAs. Supernatants
were harvested at 48 h postelectroporation and used to infect naïve cells. The appearance of NS3 in the newly infected cells was assayed at 30 h
postinfection by immunofluorescence (left panel) and flow cytometry (FACS, right panel). The trans-complementation assay was repeated several
times, and the titers were calculated by flow cytometry from two separate experiments. Flow cytometry titers were similar to those estimated by
counting immunofluorescence-positive cells. Representative immunofluorescence and flow cytometry data are shown. For immunofluorescence,
NS3-positive cells are red and nuclei are stained blue with Hoechst 33342. Fields are magnified 10 times. For flow cytometry, 105 cells were counted
and forward scatter versus NS3 expression of the live cell subset was plotted. The NS3-positive cells are enclosed in the red gate, and the percentage
of positive cells is indicated. The top row shows the supernatant assay of a representative single electroporation, Npro-NS2/sg.
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ment Npro-NS2/sg was reduced, the deletion of NS4A may
have contributed to this phenotype.

The precise role of uncleaved NS2-3 in infectious pestivirus
production is unknown. The possibilities include critical inter-
actions with other viral or cellular components required for
assembly events. Unfortunately, little is known about these
processes for the pestiviruses, particularly the early events in
nucleocapsid assembly and budding. NS2-3 could participate in
any of these processes, but one possible model, based on an
interaction between NS2-3 and the capsid protein, is shown in
Fig. 7 and outlined below.

In the flaviviruses, the NS2B-3 protease cleaves at a consen-
sus site that separates the carboxy terminus of the mature
capsid protein from the signal sequence of the downstream
prM protein (Fig. 7). In the pestiviruses, although the exact
carboxy terminus of the capsid protein is unknown, residues
identical to the NS3 protease cleavage site (Leu-Ala) are found
preceding a hydrophobic region that likely serves as a signal
sequence for Erns (Fig. 7). In hepatitis C virus, a potential
NS3-4A protease cleavage site (Cys-Ser) is also found near the
capsid protein carboxy terminus. Although there is no evidence
that the pestiviral or hepaciviral (14) proteases cleave at these
sites (for hepatitis C virus, signal peptide peptidase is believed
to be responsible [25]), it is striking that residues involved in
protease substrate recognition are present in the same location
for all three genera. Studies of hepatitis C virus have shown

that the NS3-4A protease is potently inhibited by peptides
mimicking its amino-terminal cleavage products (34). Al-
though it is not known if this is the case for the flavivirus and
pestivirus proteases, they presumably also have affinity for
these cleavage site residues irrespective of cleavage events.

Interaction of the BVDV NS2-3 protease with the capsid
protein carboxy terminus may allow it to function in capsid
protein folding, multimerization, or some other step in nucleo-
capsid assembly. Such an interaction would not necessarily
require the serine nucleophile of the protease active site. Since
NS3 is rather hydrophilic and NS2 is hydrophobic, it has been
postulated that the intracellular locations of NS2-3 and its
cleavage products are different (42). NS2-3 may therefore act
as a scaffold to recruit the virion components to the site of
nucleocapsid assembly. The ability of NS3 to bind RNA, its
putative ability to interact with the capsid protein, and the
observation that NS2 binds cellular chaperones (33) are in
keeping with this hypothesis.

The evidence presented here indicates that uncleaved NS2-3
is indispensable for the assembly or egress of BVDV particles.
The optimal activity of NS2-3 in this role requires a close
genetic association with the protease cofactor NS4A but does
not appear to absolutely require the catalytic activity of the
protease. Investigations into the mechanisms of action of
NS2-3 in pestivirus assembly are ongoing.
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