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The genes encoding pestivirus E2 and NS2-3 are separated by a sequence that encodes a small hydrophobic
polypeptide with an apparent molecular mass of 6 to 7 kDa (p7). It has been shown that cleavage between E2
and p7 is incomplete, resulting in proteins E2-p7, E2, and p7. We found no precursor-product relationship
between E2-p7 and E2, which indicates a stable nature of E2-p7. To study the function of the E2-p7 region of
the polyprotein, mutations were introduced into an infectious cDNA of bovine viral diarrhea virus (BVDV).
When cleavage between E2 and p7 was abolished, viral RNA replication occurred; however, no infectious virus
could be recovered. A corresponding result was obtained with a construct encompassing a large in-frame
deletion of p7. To prevent synthesis of E2-p7, a translational stop codon was introduced after the last codon
of the E2 gene and an internal ribosome entry site element followed by a signal peptide coding sequence was
inserted upstream of the p7 gene. Transfection of RNA transcribed from the bicistronic construct led to the
release of infectious virus particles. Thus, synthesis of E2-p7 is not essential for the generation of infectious
virions. Cell lines constitutively expressing BVDV p7 and/or E2 were generated for complementation studies.
Transfection of BVDV RNAs with point mutations or a deletion in the E2-p7 region into the complementing cell
lines led to the generation of infectious virions. According to our studies, p7 as well as E2 can be complemented
in trans.

Bovine viral diarrhea virus 1 (BVDV-1) and BVDV-2 are
members of the genus Pestivirus, which also comprises Classical
swine fever virus (CSFV) and ovine Border disease virus (BDV).
Together with the genera Flavivirus and Hepacivirus (Hepatitis
C virus), pestiviruses belong to the family Flaviviridae (37, 49).
The pestivirus genomic RNA is approximately 12.3 kb in
length and consists of one long open reading frame (ORF),
which is flanked by untranslated regions at both ends (1, 4, 6,
32, 38, 39). The ORF encodes a polyprotein of about 4,000
amino acids, which is co- and posttranslationally processed by
both viral and cellular proteases into at least 11 mature viral
proteins: Npro, C, Erns, E1, E2, p7, NS2-3, NS4A, NS4B, NS5A,
and NS5B. Npro is an autoprotease which generates its own C
terminus (40, 46). C, Erns, E1, and E2 are structural compo-
nents of the virion (50); Erns has an intrinsic RNase activity (16,
43, 59). The cleavages leading to the release of the envelope
proteins are probably mediated by cellular signal peptidases (9,
41). Release of the nonstructural proteins located downstream
of NS2-3 is mediated by a serine protease within NS2-3 (47, 60,
61). The latter also exhibits RNA-stimulated nucleoside
triphosphatase and helicase activities (12, 13). NS4A acts as a
cofactor for the serine protease (61). NS5B has RNA-depen-
dent RNA polymerase activity (17, 26, 63). Recently several
infectious cDNA clones of pestiviruses have been constructed
(27–29, 31, 39, 55), which allow us to study these viruses by
so-called reverse genetics.

The genes encoding pestivirus E2 and NS2-3 are separated
by a sequence that encodes a small polypeptide named p7,
which has an apparent molecular mass of 6 to 7 kDa and
consists mostly of hydrophobic amino acids (9). A comparison

of the p7 sequences from different pestiviruses showed that the
hydrophilicity profiles and thereby the deduced structures are
remarkably conserved. Cleavage between E2 and p7 is appar-
ently mediated by host signal peptidase. In contrast to typical
cleavage by signal peptidase, the E2-p7 cleavage occurs ineffi-
ciently, resulting in two E2 species, E2 and E2-p7, in pestivirus-
infected cells (9, 41).

In the present study, we investigated the processing of the
E2-p7 region in the BVDV polyprotein. Furthermore, a mu-
tational analysis based on an infectious cDNA was combined
with the use of complementing cell lines to study the role of p7
in replication of BVDV.

MATERIALS AND METHODS

Cells. MDBK cells were obtained from American Type Culture Collection
(Rockville, Md). Cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum.

Construction of plasmids. All constructions were verified by restriction anal-
ysis and/or sequencing. Numbering of nucleotide and amino acids throughout
this study refers to the BVDV CP7 sequence unless otherwise specified. All PCR
products were subcloned into pGEM-T (Promega, Mannheim, Germany) and
sequenced to confirm the presence of the desired mutation.

(i) SP6/wt. Silent mutations were introduced into pRN654E2p7NS2 (9), which
encompasses the SP6 RNA polymerase promoter sequence, a cDNA encoding
the N-terminal domain of preprolactin and BVDV CP7 E2 to NS2 (amino acid
positions 693 to 1596). A PCR fragment restricted by AvaI/KpnI (primer, P71/
P72; template, pRN654E2p7NS2) was substituted for a corresponding fragment
of pRN654E2p7NS2, resulting in plasmid SP6/wt, in which new restriction sites
AflII (nucleotide [nt] 3543), HaeII (nt 3580), and BssHII (nt 3784) were gener-
ated. The introduced mutations do not change the encoded amino acid se-
quences. All mutations in the study were initially introduced into SP6/wt.

(ii) SP6/p7-NS2. An NsiI-KpnI PCR fragment (primer, p71/SM52; template
SP6/wt) was substituted for a corresponding fragment derived from SP6/wt.

(iii) SP6/E2IRESp7. An AvaI-NcoI PCR fragment (primer, TAGIRES/
IRESNcoI; template, pCITE-2a [Novagen, Madison, Wis.]) and an NcoI-HaeII
PCR fragment (primer, Sec1/Sec2; template pSecTag2A [Invitrogen, Gro-
ningen, Netherlands]) and an HaeII-NotI fragment from SP6/wt were inserted
together into SP6/wt digested with AvaI and NotI. The resulting bicistronic
construct encompasses the area downstream of the SP6 RNA polymerase pro-
moter, the N-terminal domain of preprolactin, the BVDV E2 gene (nt 2445 to
3566) followed by a stop codon, and the internal ribosome entry site element
(IRES) of encephalomyocarditis virus (EMCV). Downstream of the IRES, a
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cDNA encoding a signal peptide of the mouse immunoglobulin k chain (derived
from pSecTag2A) and BVDV p7 to NS2 (nt 3567 to 5162) are located.

(iv) SP6/p7SVV and pSP6/p7II. AvaI-PflMI PCR fragment (primer, p71/
SVV2 or p71/II2, respectively; template SP6/wt) were inserted respectively
together with a PflMI-NsiI fragment from SP6/wt into SP6/wt digested with AvaI
and NsiI.

(v) SP6/Dp715–51. SP6/wt was digested with HpaI and NsiI and religated after
treatment with T4 DNA polymerase. Accordingly, the construct encodes the first
14 and the C-terminal 18 amino acids of p7.

(vi) SP6/E2-p7. An AflII-BssHII PCR fragment (primer, NR1/p72; template,
SP6/wt) was substituted for a corresponding fragment of SP6/wt.

(vii)CP7/E2p7NS2, CP7/p7-NS2, CP7/E2IRESp7, CP7/p7SVV, CP7/p7II, CP7/
Dp715–51, and CP7/E2-p7. KpnI (nt 2447)-NotI (nt 4905) fragments from the
SP6/wt-based plasmids were subsequently substituted for a corresponding frag-
ment of full-length BVDV CP7 clone pA/BVDV (28).

(viii) pcEF-E2IRESp7neo. A KpnI (nt 2447)-Ecl136II (nt 5868) fragment from
pA/BVDV was ligated to pCITE2a digested with KpnI and PmlI. The plasmid
was digested with XhoI and KpnI and then ligated with an XhoI-KpnI-cohesive-
ends adapter encoding an CSFV Erns signal sequence, resulting in pCITEsigE2-
NS3. The adapter was made by annealing two complementary oligonucleo-
tides, Erns signal1 and Erns signal2. pCITEsigE2-NS3 digested with AvaI and
KpnI was ligated with an AvaI-NotI fragment from pSP6/E2IRESp7, result-
ing in plasmid pCITEsigE2IRESp7-NS3. An XhoI-EcoRV fragment from
pCITEsigE2IRESp7-NS3 was made blunt with the Klenow fragment of DNA
polymerase I (Klenow) and introduced into cdEF321swxneo (15) digested with
SwaI. Then the cos and the spacer region were deleted from the plasmid by
EcoRV, resulting in plasmid pcEF-E2IRESp7neo. The bicistronic construct en-
compasses a human elongation factor 1a promoter (EF-1a) sequence and a
cDNA encoding a signal peptide sequence of Erns derived from CSFV Alfort
Tübingen (nt 1120 to 1170) and E2 of BVDV CP7 (nt 2445 to 3566) with a
translational stop codon at the end of the E2 gene followed by the EMCV IRES,
and a cDNA encoding a pSecTag2A-derived signal sequence (see above) and p7
to the N-terminal half of NS2 (nt 3567 to 4597) of BVDV CP7.

(ix) pcEF-p7neo. pCITEsigE2IRESp7-NS3 digested with NcoI was treated
with Klenow, and an XbaI linker (CTCTAGAG; New England Biolabs, Schwal-
bach, Germany) was ligated to generate an optimal translation initiation se-
quence following the consensus sequence of Kozak (20). An XbaI-EcoRV frag-
ment from the construct treated with Klenow was ligated into cdEF321swxneo in
the same way. The resulting construct encompasses the EF-1a promoter se-
quence and a cDNA encoding a signal peptide sequence of Igk and p7 to the
N-terminal half of NS2 (nt 3567 to 4597) of BVDV CP7.

The sequences of the oligonucleotides primers are as follows: (the polarity of
the oligonucleotides is indicated by 1 [sense orientation] or 2 [antisense orien-
tation]): p71, 59-GGCCTCGGGTGTCCAGTATGCGCCGGTGAAATAGTG
ATGAT-39; p72, 59-TAGGTACCCCTGCGCGCCTGGTTCAGCCTTTGCC
AT-39; p7AflII2, 59-GACACCCGAGGCCATCTGTTCGCTTAAGATCATG
TA-39; E21, 59-CAAGGGTACCCAGAC-39; SM52, 59-TCTAGGTACCCCT
GGGCGCCTGGTTCATTCTTTGCCATC-39; NR1, 59-TTAAGCGAACAGA
TGAACTCGAGGGTCCAGTATGGC-39; SVV2, 59-TGACCCATTTTTTGG
TGTTTACCACGCTTAAGAGTAGGTATAGTAG-39; II2, 59-CCCATATTA
TGGTGTTTTCCTCTCTTAAGAGTAGGTATAG-39 (the underlined se-
quences represent exchanges of the BVDV-derived cDNA sequence); Ernssig-
nal1, 59-TCGAGATCCACCATGGCCCTGTTGGCTTGGGCGGTGATAA
CAATCTTGCTGTACCAGCCTGTAGCAGGGTAC-39; Ernssignal-, 59-CCTG
CTACAGGCTGGTACAGCAAGATTGTTATCACCGCCCAAGCCAACAG
GGCCATGGTGGATC-39; TAGIRES1, 59-GCCTCGGGTTAGCGAATTAA
TTCCGGTTAT-39; IRESNcoI2, 59-TGGCCATGGTATTATCATCGTGTT-
39; Sec1, 59-AATGGGAGTTTGTTTTGG-39; Sec2, 59-ACCGGCGCCATAC
TGGACACCAGTGGAACCTGGAAC-39.

In vitro translation. Uncapped RNA transcripts were synthesized by SP6 RNA
polymerase (NatuTec, Frankfurt, Germany) from the SP6/wt-based plasmids.
The RNA transcripts were translated in nuclease-treated rabbit reticulocyte
lysates (Promega, Mannheim, Germany) in the presence of canine pancreatic
microsomal membranes (Promega), which were added to the translation reaction
mixtures at a concentration of 1.6 equivalents per 10 ml. Translation occurred at
30°C for 1 h essentially as specified by the manufacturer in the presence of 5 mCi
[35S]methionine (Amersham Pharmacia Biotech, Freiburg, Germany). The
translated products were resuspended in ice-cold phosphate-buffered saline
(PBS) containing 50 mM EDTA, and microsomal membrane fractions were
collected by centrifugation at 10,000 3 g for 20 min. The samples were denatured
in 23 Laemmli sample buffer with 2-mercaptoethanol at 95°C for 2 min and
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) in a Tris-Tricine buffer system (44). The gels were processed for fluo-
rography by using Enlightning (NEN Life Science, Zavantem, Belgium).

Amino (N)-terminal sequence analysis. Metabolically labeled NS2 was syn-
thesized in the presence of 300 mCi of [3H]leucine by in vitro translation from
pRN653E2p7NS2. The radiolabeled NS2 protein was separated by SDS-PAGE,
transferred to an Immobilon polyvinylidine difluoride membrane, and localized
by radioautography. The partial amino acid sequence of the NS2 protein was
determined by the method of Edman degradation as described previously (47).

RNA transcription and transfection. Full-length BVDV CP7 cDNA constructs
were linearized with SmaI and purified by phenol extraction and ethanol pre-
cipitation. Runoff transcripts were synthesized using T7 RNA polymerase (Strat-
agene Europe, Amsterdam, The Netherlands). The RNA transcripts were trans-
fected into MDBK cells using electroporation as described previously (48).

IF analysis. Viral RNA replication in MDBK cells was monitored by indirect
immunofluorescence (IF) analysis with monoclonal antibody (MAb) 8.12.7 di-
rected against pestivirus NS3 (5) as described previously (48). The presence of
infectious virions was monitored at 72 h after transfection of viral RNA. The cell
culture supernatant was clarified by centrifugation at 10,000 3 g in a microcen-
trifuge for 5 min, filtered through a 0.45-mm-pore-size membrane, and subse-
quently used for infection of MDBK cells. At 48 h post infection (p.i.), the cells
were tested by IF analysis with MAb directed against NS3 for the presence of
BVDV.

RT-PCR. Total cellular RNA in virus infected cells was extracted with RNeasy
(Qiagen, Hilden, Germany). A cDNA was synthesized from the RNA template
with thermostable reverse transcriptase (Display Thermo-RT; Appligene Oncor,
Heidelberg, Germany) and the CP7 genome-specific primer. The synthesized
cDNAs were amplified with ExTaq polymerase (BioWhittaker Europe). The
primers correspond to the CP7 sequence: a, nt 3450 to 3483 (sense); b, nt 3765
to 3800 (antisense). The reverse transcription-PCR (RT-PCR) products were
cloned into pGEM-T (Promega) and used for sequence analysis.

Virus growth analysis. MDBK cells were infected at a multiplicity of infection
of about 0.05. Virus titers were determined by a method which was essentially
described previously (21) as log 50% tissue culture infective dose (TCID50) per
milliliter.

Establishment of MDBK-p7 and MDBK-E2IRESp7 cells. pcEF-p7neo and
pcEF-E2IRESp7neo were used for establishment of MDBK-p7 and MDBK-
E2IRESp7 cells. First, 2 mg of the respective plasmids was linearized with EcoRV
in the vector backbone and electroporated into MDBK cells at 960 mF and 1,100
V/cm with a Gene Pulser II (Bio-Rad, Munich, Germany). At 3 days posttrans-
fection (p.t.), cell culture medium was exchanged with DMEM containing 1 mg
of G418 (Calbiochem, Frankfurt, Germany) per ml. G418-resistant colonies were
isolated and replated twice for purification.

Metabolic labeling and radioimmunoprecipitation analysis. For metabolic
labeling of BVDV CP7-infected MDBK cells, 1.5 3 106 MDBK cells were
infected with CP7 virus at a multiplicity of infection of 0.5. At 18 h post infection
(p.i.), cell culture medium was replaced with DMEM without methionine and
cysteine (Sigma Aldrich, Steinheim, Germany) and incubated for 90 min. The
cells were then labeled with 100 mCi of 35S-protein-labeling mixture (Amersham
Pharmacia Biotech) for 15 min, washed with PBS and incubated with DMEM
containing 1.5 mg of methionine per ml, 0.26 mg of cysteine per ml, and 100 mg
of cycloheximide (Sigma Aldrich, Steinheim, Germany) per ml for the indicated
periods at 37°C. After labeling, the cells were washed twice with PBS and lysed
with a solution of 1% NP-40, 10 mM Tris-HCl (pH 7.8), 150 mM NaCl, 1 mM
EDTA, and 100 mM of PefablocSC (Merck, Darmstadt, Germany). The lysates
were clarified by centrifugation at 10,000 3 g for 20 min and incubated with
Sepharose 4B conjugated with MAb D5 directed against BVDV E2 (58). Im-
munoprecipitated proteins were eluted from the Sepharose beads at 95°C for 10
min in 50 mM sodium phosphate (pH 7.5) containing 0.5% SDS and 1% 2-mer-
captoethanol. For deglycosylation, peptide N-glycosidase F (PNGaseF: New
England Biolabs, Schwalbach, Germany) was used essentially as specified by the
manufacturer. Digested and undigested samples were mixed with 23 Laemmli
sample buffer and analyzed by SDS-PAGE as described above.

For metabolic labeling of MDBK-p7 and MDBK-E2IRESp7 cells, 1.5 3 106

cells were labeled with 20 mCi of 35S-protein cell-labeling mixture at 37°C for 3 h
and subjected to radioimmunoprecipitation analysis.

Western blot analysis. BVDV p7 expressed in MDBK-p7 cells and MDBK-
E2IRESp7 cells was monitored by Western blotting as described previously (9)
with some minor modifications. After electrotransfer of protein, the nitrocellu-
lose membrane was blocked with PBS containing 2% skim milk and 0.05%
Tween 20 (TPBS-skim milk) for 2 h. Rabbit serum against BVDV p7 was used
at a dilution of 1:3,000 in the TPBS-skim milk. As a secondary antibody, perox-
idase-conjugated anti-rabbit immunoglobulin G (Dianova, Hamburg, Germany)
was used at a dilution of 1:20,000 in TPBS. Antigen-antibody complexes were
visualized with the Supersignal chemiluminescence kit (Kmf Laborchemie, St.
Augustin, Germany).

Complementation experiments. MDBK-p7 cells and MDBK-E2IRESp7 cells
were transfected with BVDV RNAs carrying point mutations or a deletion in the
p7 gene. At 72 h p.t., cell culture supernatants were clarified by centrifugation at
10,000 3 g in a microcentrifuge for 5 min, filtered through a 0.45-mm-pore-size
membrane, and used for infection of MDBK cells. At 48 h p.i., the replication of
BVDV in the infected cells was monitored by IF analysis with a MAb directed
against NS3.

For neutralization of the rescued viruses, bovine anti-BVDV serum (019),
which was collected from cattle experimentally infected with BVDV-1 New York
strain (P. Becher, unpublished data) was used. The culture supernatant was
incubated with a 1:100 dilution of the immune serum at 37°C for 3 h and
subsequently used for infection of MDBK cells.

The infectious titer of the complemented virus was calculated essentially as
described by Khromykh et al. (18): titer per 1.2 3 106 initially transfected cells 5
N 3 (SW/SIA) 3 (V/VI), where N is the average number of NS3-positive cells in
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the image area, calculated from five different image areas; SW is the surface of
the well in a 24-well plate (177 mm2); SIA is the surface of the image area (1.96
mm2, using defined magnification parameters of the reflected-light Axiovert 35
microscope [Zeiss, Oberkochen, Germany]); V is the total volume of the cell
culture supernatant (usually 2.5 ml per 35-mm-diameter dish) collected from the
population of 1.2 3 106 initially transfected cells; and VI is the volume used for
inoculation (usually 500 ml).

RESULTS

N terminus of pestivirus NS2-3. The polyprotein of noncy-
topathogenic pestiviruses is cleaved into at least 11 proteins.
The exact positions of almost all cleavage sites in the pestivirus
polyprotein have been determined (9, 41, 46, 47, 61), but the
one at the p7-NS2 site has not. For studies on the expression
and function of the E2-p7 region, knowledge about the au-
thentic termini of the respective proteins is helpful. Transient-
expression experiments suggested that the cleavage depends
on the presence of microsomal membranes and that the N
terminus of NS2 is located in the region between amino acids
1110 and 1150 (9). The SignalSeq program of the GCG DNA
analysis package (7) predicted a high probability for signal
peptidase cleavage between Ala1136 and Glu1137 (data not
shown). The upstream sequence of the putative cleavage site
fulfilled the algorithm of von Heijne (57), which predicts small
amino acids in the 21 (Ala1136) and 23 (Ala1134) positions.
We decided to study processing between p7 and NS2 by in vitro
translation. SP6/wt contains downstream of the SP6 RNA poly-
merase promoter sequence a cDNA encoding the N-terminal

domain of preprolactin which acts as a signal peptide and
BVDV E2 to NS2 (Fig. 1A). In vitro translation in the pres-
ence of microsomal membranes led to generation of E2, E2-
p7, p7, and NS2 (Fig. 1B, lane 1). Next, the Ala codon in the
21 position of the putative p7-NS2 cleavage site was changed
for an Asn codon, resulting in the construct SP6/p7-NS2 (Fig.
1A). After in vitro translation, a p7-NS2 fusion protein, but
neither p7 nor NS2, could be detected; cleavage at the E2-p7
site was unaffected (Fig. 1B, lane 2). Moreover, substitution at
the putative 23 position also strongly interfered with the cleav-
age between p7 and NS2 (data not shown). To directly deter-
mine the N terminus of the pestivirus NS2 protein, the latter
was synthesized by in vitro translation in the presence of
[3H]leucine, purified by SDS-PAGE, electroblotted onto an
Immobilon polyvinylidine difluoride membrane, and subjected
to Edman degradation analysis. The release of radioactivity
during the course of the cyclic Edman degradation peaked in
cycles 8 and 13. The spacing of the two peaks fitted with
leucine residues at positions 1144 and 1149 of the polyprotein
and identified glutamic acid 1137 as the N terminus of NS2
(Fig. 2A). Accordingly, p7 encompasses 70 amino acids. An
alignment of the amino acid sequences of representatives of all
four pestivirus species showed that the character of the amino
acids at 23 and 21 positions of the putative p7-NS2 cleavage
site in all cases was in line with the requirements for a signal
peptidase cleavage. It is suggested that the determined cleav-
age site is representative of all pestiviruses (Fig. 2B).

FIG. 1. (A) Schematic representation of SP6/wt and mutant plasmids which encode the BVDV E2 to NS2 proteins. The wt is shown at the top: the N-terminal
domain of preprolactin (S) acts as a signal peptide (9) and is fused to E2. Amino acid sequences around the cleavage sites and the charged stretch of p7 are shown
below. Amino acids which were substituted in this study are underlined. S*, signal peptide of the mouse immunoglobulin k chain; aa, amino acids. The degree of
cleavage at different sites after the introduction of mutations is indicated (see the box). (B) In vitro translation analysis of RNAs transcribed from SP6/wt and mutant
plasmids. Microsomal membrane fractions of the translated products were analyzed by SDS-PAGE (9% polyacrylamide). The positions of BVDV proteins are indicated
on the right. Sizes (in kilodaltons) of marker proteins are indicated on the left. The lanes combined in the figure are derived from the same gel.
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Processing at the E2-p7 site. Cleavage at the E2-p7 site of
the pestivirus polyprotein appears to be incomplete, since not
only E2 and p7 but also the fusion protein E2-p7 can be
detected (9, 41). However, it is so far not known whether E2-p7
represents a precursor or remains stable in the infected cells.
To this end, we looked for any precursor-product relationship
between E2-p7 and its processing products. The relative
amounts of E2-p7 and E2 were investigated in BVDV CP7-
infected MDBK cells by a pulse-chase experiment. As shown in

Fig. 3, E2-p7 and E2 could be detected after a 15-min pulse.
Moreover, while the amount of E2 increased gradually during
this period, the E2-p7 molecule did not appear to be subject to
further cleavage at least during a 4-h chase period. This con-
clusion was supported by the result obtained after digestion of
the same precipitates with PNGase F (Fig. 3). There is thus no
clear precursor-product relationship between E2-p7 and E2.

It should be noted that the level of E2 appeared to increase
during the chase even though cycloheximide had been added.
In contrast, such an increase was not observed during the same
chase for NS2 (data not shown). One possible explanation for
this unexpected observation is that the BVDV E2-specific
MAb used for the immunoprecipitation preferentially recog-
nizes the slowly forming mature conformation of E2. Alterna-
tively, a precursor containing E2 and p7 might not be recog-
nized by the E2-specific MAb. To address this point directly,
we tried to establish whether the amount of p7 is also increas-
ing during the chase. Unfortunately, p7 could not be detected
under the chosen conditions.

E2-p7 is not required for generation of infectious virions.
The result from the pulse-chase experiment described above
indicated that E2-p7 represents a stable protein in BVDV-
infected cells. Based on this observation, we wanted to address
whether E2-p7 is essential for the viral life cycle. To abolish the
synthesis of E2-p7, a bicistronic construct with a translational
stop codon at the end of the E2 gene, an IRES, and a sequence
encoding a foreign signal peptide upstream of the p7 gene
(SP6/E2IRESp7; Fig. 1A) was generated. In vitro translation
analysis showed that an RNA transcribed from SP6/E2IRESp7
led to the synthesis of E2, p7, and NS2 but not E2-p7 (Fig. 1B,
lane 3). Subsequently, the same genetic element was inserted
into the full-length CP7 cDNA clone, resulting in plasmid
CP7/E2IRESp7. To monitor viral RNA replication and gener-
ation of infectious virions, an RNA transcribed from CP7/
E2IRESp7 was transfected into MDBK cells. At 24 h p.t., NS3
expression was taken as a measure of viral replication and
monitored by IF analysis. As a control, BVDV CP7 RNA
encompassing a deletion in the active site of the RNA poly-
merase gene was transfected into MDBK cells. NS3 could not
be detected by IF analysis in the MDBK cells transfected with
this replication-defective RNA (data not shown). Correspond-
ing results were observed in our previous study (48). At 72 h
p.t., cell culture supernatants were collected and used for in-
fection of MDBK cells. These cell cultures were analyzed by IF
at 48 h p.i. The IF analysis revealed that the RNA derived from
CP7/E2IRESp7 led to viral RNA replication and generation of
infectious virions (data not shown). The results indicated that
E2-p7 is dispensable for both viral RNA replication and gen-
eration of infectious virions.

It had to be verified that the infectious virions obtained after
transfection of the bicistronic RNA were not derived from
revertant RNA molecules which had lost the inserted se-
quences. At 72 h p.t., cell culture supernatants of MDBK cells
transfected with RNA derived from CP7/wt or CP7/E2IRESp7
were harvested and were subsequently used for infection of
MDBK cells. Following five serial passages of both viruses on
MDBK cells, total cellular RNA was extracted from infected
cells and analyzed by RT-PCR with BVDV-specific primers
(Fig. 4A). DNA fragments of the predicted size were obtained
from both viral RNAs (Fig. 4B, lanes 2 and 3). The nature of
the RT-PCR products was further confirmed by the use of six
different restriction enzymes (data not shown). Accordingly,
the analyses revealed no evidence for the generation of wild-
type revertants after transfection of CP7/E2IRESp7 RNA and
five passages.

FIG. 2. Processing at the p7-NS2 cleavage site of pestiviruses. (A) N termi-
nus of BVDV NS2, strain CP7. [3H]leucine-labeled NS2 was synthesized from
pRN653E2p7NS2 (9) by in vitro translation and used for N-terminal sequence
analysis. The graph shows the radioactivity (in counts per minute [cpm]) released
during each cycle. The N-terminal amino acid sequence of CP7 NS2 is shown at
the top of the graph. (B) Alignment of the amino acid sequences in the region
of the p7-NS2 cleavage site of representative strains from the four pestivirus
species, BVDV-1 CP7, BVDV-1 NADL, BVDV-2 890, BDV X818, and CSFV
Alfort.

FIG. 3. Pulse-chase analysis of the processing of E2-p7. MDBK cells infected
with BVDV CP7 (CP7) or mock infected (m) are shown. At 19.5 h p.i., the cells
were labeled with 35S-protein-labeling mixture for 15 min and chased for the
indicated times. Cell extracts were immunoprecipitated with a MAb directed
against BVDV E2 and then incubated in the absence (2) or presence (1) of
PNGase F. The precipitates were analyzed under reducing conditions by SDS-
PAGE (11% polyacrylamide). The positions of E2-p7 and E2 before and after
PNGase F digestion (indicated by *) are indicated by arrows on the right. Sizes
(in kilodaltons) of marker proteins are indicated on the left.
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The growth properties of viruses derived from constructs
CP7/E2IRESp7 and CP7/wt in MDBK cells were evaluated by
infection with both viruses at a multiplicity of infection of 0.05.
Cell culture supernatants were collected at the indicated times
to determine the titers of infectious viruses. CP7/wt reached
a titer of 105.8 TCID50/ml (Fig. 4C), while CP7/E2IRESp7
reached a titer of 104.7 TCID50/ml. The fact that the CP7/
E2IRESp7 RNA leads to the generation of significant amounts
of infectious virions excludes an essential role of E2-p7 in this
process.

p7 is required for generation of infectious virions. We next
wanted to determine whether p7 itself is required for the viral
life cycle. Accordingly, we generated a plasmid which encom-
passes an in-frame deletion from amino acid residues 15 to 51
of p7 (SP6/Dp715–51; Fig. 1A). This plasmid encodes the com-
plete E2 but is not capable of expressing authentic p7 and
E2-p7. As expected, in vitro translation of an RNA transcribed
from SP6/Dp715–51 did not lead to the generation of p7 (Fig.
1B, lane 6). Since E2 and NS2 translated from the same RNA
were indistinguishable from the respective wild-type proteins,
cleavages at the E2-p7 site and the p7-NS2 site were apparently
not affected. The corresponding deletion was subsequently in-
troduced into the full-length CP7 cDNA, resulting in plasmid
CP7/Dp715–51. RNAs transcribed from CP7/wt and CP7/
Dp715–51 were transfected into MDBK cells, and viral RNA
replication and generation of infectious virions were moni-
tored as described above. CP7/Dp715–51 RNA replicated in
MDBK cells, but infectious virions could not be detected in the
culture supernatant (Fig. 5C and D); furthermore, no infec-

tious virus could be recovered if the cell extract was prepared
by freezing and thawing (data not shown). MDBK cells trans-
fected with this RNA showed a single-cell fluorescence, which
also indicated that this RNA is not capable of producing in-
fectious progeny virions. The RNA was capable of inducing a
cytopathic effect in the absence of plaque formation, which is
typically observed in CP7-infected cells. On the other hand, the
formation of foci of infected cells as well as severe cytopathic
effect was observed in cells transfected with RNA transcript of
CP7/wt (Fig. 5A and B). These results demonstrated that p7 is
required for the generation of infectious virions.

The pestivirus p7 protein is composed mainly of hydropho-
bic amino acids interrupted by a stretch of charged amino acid
residues (Fig. 1A) which is highly conserved among pestivi-
ruses. By analogy, p7 of HCV also encompasses a stretch of
charged residues. The conservation of this element was taken
as an indication of functional importance. To test this directly,
mutations were introduced into the charged stretch of p7. In
the polyprotein encoded by SP6/p7SVV, three amino acids
were exchanged: Arg1100 to Ser, Glu1101 to Val, and Glu1102 to
Val (Fig. 1A). Moreover, we constructed SP6/p7II, which en-
codes an exchange of two amino acids: Lys1105 to Ile and
Lys1106 to Ile (Fig. 1A). RNAs transcribed from both con-
structs were used for in vitro translation. Cleavages at both the
E2-p7 site and the p7-NS2 site were apparently not affected by
the respective mutations (Fig. 1B, lane 4 and 5). To test
whether the mutations affect viral replication and/or genera-
tion of infectious virions, full-length CP7 cDNAs containing
the mutations present in SP6/p7SVV and SP6/p7II were con-

FIG. 4. Characterization of viruses derived from CP7/wt and CP7/E2IRESp7. (A) Schematic representation of the RT-PCR analysis. Viral RNAs were transcribed
from CP7/wt and CP7/E2IRESp7. UAG, translational stop codon; AUG, translational initiation codon; hatched box, signal sequence from the mouse immunoglobulin
k chain; arrows a and b, locations of primers used for the RT-PCR analysis. (B) RT-PCR analysis. cDNAs were synthesized from total RNAs of MDBK cells infected
with viruses derived from CP7/wt (lane 2) and CP7/E2IRESp7 (lane 3). Mock-infected MDBK cells served as a control (lane 1). The amplified DNAs were separated
by electrophoresis on a 1.5% agarose gel and stained with ethidium bromide. M, marker. (C) Growth analysis of viruses derived from CP7/E2IRESp7 and CP7/wt.
MDBK cells were infected with the CP7/wt virus or CP7/E2IRESp7 virus at a multiplicity of infection of 0.05. Cell culture supernatants were collected at the indicated
time points p.i.; virus titers were determined as log TCID50 per milliliter.
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structed, resulting in plasmids CP7/p7SVV and CP7/p7II. Viral
RNAs transcribed from both mutated full-length cDNA con-
structs were transfected into MDBK cells, and viral replication
and the generation of infectious virions were monitored as
described above. RNAs derived from CP7/p7SVV and CP7/
p7II replicated, but infectious virions could not be demon-
strated in the respective cell culture supernatant (Fig. 5E to
H). In addition, MDBK cells transfected with the RNAs were
passaged five times but infectious virus was not observed.
These results showed that the charged stretch of BVDV p7 is
essential for the generation of infectious virions.

E2-p7 cannot substitute for E2 and p7. Next we tested
whether the two proteins E2 and p7 can be replaced by fusion
protein E2-p7. To do this, cleavage at the E2-p7 site was
prevented by the exchange of two codons (those encoding
Ala1064 to Asn and Gly1066 to Arg) at the E2-p7 cleavage site
in SP6/wt, resulting in construct SP6/E2-p7 (Fig. 1A). In vitro
translation of the corresponding RNA transcript revealed that
E2-p7, but not the final products E2 and p7, was generated
(Fig. 1B, lane 7). On the basis of this plasmid, we generated a
full-length BVDV CP7 cDNA construct containing the muta-
tions described above, resulting in plasmid CP7/E2-p7. After
transfection, the corresponding RNA replicated but infectious

virions were not generated (Fig. 5 I and J). Thus, E2-p7 cannot
substitute for E2 and p7.

Functional complementation of E2 and p7 in trans. The
results described above suggest that p7 as well as E2 is essential
for the generation of infectious virions. To directly address this
point, a trans-complementation study was started by the con-
struction of two expression plasmids (Fig. 6A). Plasmid pcEF-
p7neo is designed to express p7 in mammalian cells, whereas

FIG. 5. IF analysis of MDBK cells transfected with RNAs transcribed from
CP7/wt, CP7/Dp715–51, CP7/p7SVV, CP7/p7II, and CP7/E2-p7. At 24 h p.t., NS3
expression was analyzed by IF (A, C, E, G, and I). At 72 h p.t., cell culture
supernatants were collected and subsequently used for incubation of MDBK
cells. At 48 h p.i., the replication of BVDV in the cells was monitored by IF
analysis (B, D, F, H, and J). Only after transfection of CP7/wt RNA were
infectious virions released to the supernatant.

FIG. 6. (A) Schematic representation of pcEF-p7neo and pcEF-
E2IRESp7neo, which were used to establish the cell lines MDBK-p7 and
MDBK-E2IRESp7. The expression vector is schematically shown at the top: the
promoter region of human EF-1a, the polyadenylation signal from the simian
virus 40 late region (PA), and a gene encoding aminoglycoside 39-phosphotrans-
ferase (neo). The inserted fragments in the expression vector are shown below:
the translational initiation codon (ATG); the IRES; genes encoding BVDV CP7
E2, p7, and the N-terminal half of NS2 (E2, p7, and NS2**); and the transla-
tional stop codon (TAG). The black box in pcEF-E2IRESp7neo indicates the
signal peptide sequence derived from CSFV Erns. The shaded boxes indicate the
signal sequence of the mouse immunoglobulin k chain. (B and C) Immunopre-
cipitation analysis with MAb directed against BVDV E2 (B) and Western blot
analysis with rabbit serum directed against BVDV p7 (C) in MDBK, BVDV
CP7-infected MDBK, MDBK-p7, and MDBK-E2IRESp7 cells.
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pcEF-E2IRESp7neo is aimed at the expression of E2 as well as
p7, but not E2-p7. pcEF-p7neo encompasses the human EF-1a
promoter sequence (19), a cDNA encoding a foreign signal
sequence, p7, and the N-terminal half of NS2 of BVDV CP7.
pcEF-E2IRESp7neo encompasses a cDNA encoding a CSFV
Erns signal sequence followed by E2, a translational stop
codon and the EMCV IRES. Downstream of the IRES, the
same gene fragment of pcEF-p7neo was inserted (Fig. 6A).
Following transfection of linearized pcEF-p7neo or pcEF-
E2IRESp7neo into MDBK cells, carrying the plasmids were
selected in medium containing G418. After isolation of G418-
resistant colonies, expression of pestivirus proteins in each
clone was analyzed by immunoprecipitation and Western
blotting. Two cell lines were established and were named
MDBK-p7 (carrying pcEF-p7neo) and MDBK-E2IRESp7
(carrying pcEF-E2IRESp7neo). Analyses of BVDV protein
expression in both cell lines are shown in Fig. 6B and C. These
cell lines were subsequently tested for their ability to rescue
functionally defective viral genomes.

Transfection of RNA from CP7/Dp715–51 into MDBK cells
did not lead to the generation of infectious virions (see above).
At 72 h after transfection of the same RNA into MDBK-p7
cells, cell culture supernatants were used for infection of
MDBK cells. At 48 h p.i., these cells tested positive for the
presence of BVDV antigen by IF analysis. Thus, transfection
of CP7/Dp715–51 RNA into MDBK-p7 cells led to the genera-
tion of infectious virions. This result demonstrated that p7
provided from the cell line was capable of a functional comple-
mentation of defective CP7/Dp715–51 RNA which expresses E2
but, due to the deletion within p7, neither authentic E2-p7 nor
p7 (Fig. 7, second row). This result also confirmed that E2-p7
is not required for the generation of infectious virions. The
rescued CP7/Dp715–51 RNA led to single-cell fluorescence
upon infection of MDBK cells, which indicated that the recov-
ered viruses were not capable of producing infectious virions in
the absence of p7 (data not shown). The release of infectious

virions upon transfection of CP7/Dp715–51 RNA into MDBK-p7
cells was therefore not due to RNA recombination. Further-
more, RNA extracted from MDBK cells infected with the
rescued CP7/Dp715–51 virus was amplified by RT-PCR with
BVDV-specific primers and three independent subclones of
the RT-PCR products were sequenced. The sequences of the
RT-PCR products exactly corresponded to the sequence of the
primary cDNA construct, demonstrating directly the absence
of genetic recombination (data not shown). Incubation with a
bovine serum against BVDV (see Materials and Methods) led
to complete neutralization of the rescued CP7/Dp715–51 virus,
which proved that the transmission of the CP7/Dp715–51 RNA
was mediated by infectious virions. The infectious titer of the
rescued virus at 72 h p.i. was calculated as described by Khro-
mykh et al. (18). Transfection of CP7/Dp715–51 RNA in
MDBK-p7 cells resulted in ;7.5 3 103 infectious particles per
106 transfected cells, while transfection of CP7/wt RNA
yielded ;3.2 3 105 infectious particles per 106 transfected
cells.

Transfection of RNA derived from CP7/E2-p7 (no E2-p7
cleavage) into MDBK cells did not lead to the generation of
infectious virions (see above). Upon transfection of this RNA
into MDBK-p7 cells, no infectious virions could be detected in
the cell culture supernatants (Fig. 7, third row). This indicated
that p7 supplemented by the cell line was not sufficient to
rescue the defect in RNA CP7/E2-p7. In contrast, rescued
virus was detected in the culture supernatant after transfection
of the same RNA into MDBK-E2IRESp7 cells (Fig. 7, fourth
row). Thus, E2 provided together with p7 in trans was capable
of a functional complementation of defective RNA CP7/E2-p7.
Taken together, these experiments demonstrated that E2 is
essential for the generation of infectious virions.

It should be noted that MDBK-E2IRESp7 cells and
MDBK-p7 cells are not permissive for infections with either
BVDV CP7/wt or the complemented viruses CP7/Dp715–51

and CP7/E2-p7. The reason for the nonpermissiveness is not
known and is the subject of ongoing studies.

To test whether E2-p7 and E2 are sufficient for production
of infectious virus in the absence of free p7, we attempted to
complement uncleaved E2-p7 expressed from viral RNA CP7/
E2-p7 to CP7/Dp715–51 virus. Accordingly, we cotransfected
both RNAs into MDBK cells. No infectious virions could be
detected in the supernatant of the respective cell cultures (Fig.
7, fifth row). Thus, E2-p7 and E2 in the absence of p7 are not
sufficient for the generation of infectious virions.

DISCUSSION

Reverse genetics on an infectious BVDV cDNA was used
for functional studies on the E2-p7 region of the BVDV
polyprotein. Furthermore, a system for trans complementation
of the respective proteins was established and applied. It could
be demonstrated that both p7 and E2 are essential for the
generation of infectious virions while the fusion protein E2-p7
is dispensable for this process.

Previous transient-expression experiments (9), our in vitro
translation study, and the determined cleavage site strongly
suggest that the cleavage between p7 and NS2 is catalyzed by
host signal peptidase. Thus, the C-terminal domain of p7 most
probably acts as a signal sequence for translocation of NS2-3,
which is also supported by computer-assisted sequence analy-
sis. The significance of the cleavage at the p7-NS2 site for
replication of BVDV has not been addressed so far, and there-
fore mutations abolishing this cleavage were introduced into
the infectious BVDV cDNA. No viral RNA replication was
detected in the cells transfected with the corresponding RNA

FIG. 7. Schematic illustration of complementation experiments. Viral RNAs
were transfected into MDBK, MDBK-p7, and MDBK-E2IRESp7 cells. Cell
culture supernatants were used for incubation of MDBK cells. Replication of
BVDV in the cells was monitored by IF analysis. The CP7-encoded polyprotein
is shown at the top. Individual BVDV proteins encoded by the different viral
RNAs are shown: E2-p7 (white box); E2 (shaded box); p7 (dotted box). BVDV
proteins expressed in the MDBK-p7 and MDBK-E2IRESp7 cell lines are illus-
trated below their names in the same way. Rescue of viral RNA is indicated in
columns at the right: 1, positive; 2, negative.
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(data not shown). This indicates that cleavage at the p7-NS2
site and thus the generation of mature NS2-3 is required for
RNA replication. In this context, it is interesting that an RNA
transcript from an infectious CSFV cDNA, in which most of
the p7 gene was removed, did not replicate (33). Taking into
account the p7-NS2 cleavage site determined in our study, the
respective construct still encodes two C-terminal amino acid
residues of p7. Unfortunately, processing of the respective
mutant polyprotein was not investigated, and it therefore re-
mains uncertain whether authentic NS2-3 was released from
the polyprotein. These data suggest that authentic processing
at the N terminus of NS2-3 is essential for pestivirus RNA
replication.

A pulse-chase experiment demonstrated that there is no
precursor-product relationship between E2-p7 and E2. This
situation is reminiscent of the HCV system, where a stable
E2-p7 molecule has been observed during the chase period
(24). The occurrence of stable E2-p7 in pestiviruses and HCV
suggested an important function for this protein. However, the
results from transfection of the bicistronic full-length BVDV
RNA and the trans-complementation experiments demon-
strated that E2-p7 is dispensable not only for RNA replication
but also for the formation of infectious virions. Even though
E2-p7 is not essential for the life cycle of pestiviruses in cell
culture, it remains to be determined whether it plays a role in
fitness in the natural host.

Our complementation experiments demonstrated that p7
supplied by the MDBK-p7 cells is not sufficient to rescue the
defect in RNA transcribed from CP7/E2-p7 (no E2-p7 cleav-
age). In addition, cotransfection of RNAs transcribed from
CP7/E2-p7 and CP7/Dp715–51 (supplying E2) into MDBK cells
did not lead to the generation of infectious virions. Taken
together, the two experiments indicated that E2 and p7 are
both required for the generation of infectious virions. Pestivi-
rus E2 represents a main structural component of the virion
(50) and was found to be the major target for virus-neutralizing
antibodies (8, 14, 21, 34, 54, 58). The function of p7, however,
is not known. It is certainly not a major structural component
of the virion (9). According to a model proposed for the to-
pology of HCV p7, the molecule comprises two transmem-
brane segments which are separated by a few charged residues
localized on a short cytoplasmic loop (24, 30). A corresponding
topology can be predicted for pestivirus p7 (9). The conserva-
tion of the structure was taken as an indicator of the functional
importance of the charged cytoplasmic loop. In line with this
hypothesis, the RNAs transcribed from CP7/p7SVV and CP7/
p7II, in which the preserved charged residues of p7 are mu-
tated, did not lead to the generation of infectious virions.
According to the rules of Gafvelin et al. (11), it is conceivable
that the mutated p7 polypeptides might be perturbed in their
membrane topology and may subsequently lose their function.
Taken together, our data suggest that p7 is essential for the
production of progeny virus.

Proteins with certain properties similar to ones of p7 have
been described in other virus systems. The small hydrophobic
6-kDa polypeptide of alphaviruses (the 6K polypeptide) has
been demonstrated to correspond in its topology on the endo-
plasmic reticulum membrane to the one described above for p7
of Hepatitis C virus and pestiviruses (22). The physiological role
of 6K has been investigated by a variety of reverse genetic
approaches. These studies suggested that the molecule is im-
portant in the final assembly of virions and facilitates virus
release from the plasma membrane of mammalian cells (23,
25, 62). The small membrane protein E of the coronavirus
Mouse hepatitis virus (MHV) also appears to be analogous to
p7 and 6K in some of its properties, including hydrophobicity,

a cluster of charged amino acids, and a critical role in forma-
tion and release of virions from cells (36, 56). A mutation
introduced into the charged amino acid cluster of the MHV E
protein yielded viruses which appeared to have aberrant mor-
phology (10). Furthermore, the E protein of Equine arteritis
virus, an arterivirus, has a structure which corresponds to that
of MHV E protein, and this protein also appears to be essen-
tial for the production of infectious virions (45). Recently,
several viral proteins capable of modulating membrane per-
meability have been shown to play a crucial role in the release
of virions. The new family of viral proteins are called viropor-
ins (2). Viroporins are rather small polypeptides, which form a
hydrophilic pore on the membrane by oligomerization and
subsequently cause membrane destabilization. It has been pro-
posed that the following proteins belong to the viroporin fam-
ily: 2B of Coxsackievirus (53), NSP4 of Rotavirus (51, 52), ion
channel M2 of Influenza virus (35), NS2B of Japanese enceph-
alitis virus (3), and 6K of alphaviruses (42). Some viroporins
encompass a short stretch of basic amino acids flanked by
membrane-interacting domains, comparable to p7, and are
thought to participate in membrane permeabilization (2).
Therefore, it is tempting to speculate that p7 represents a
further member of the viroporins with a function in the release
of infectious progeny virus.
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