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cis -acting RNA elements required for replication
of bovine viral diarrhea virus—hepatitis C virus 5 !

nontranslated region chimeras

ILYA FROLOV,! M. SCOTT McBRIDE,*? and CHARLES M. RICE *
Department of Molecular Microbiology, Washington University School of Medicine, St. Louis, Missouri 63110-1093, USA

ABSTRACT

Pestiviruses, such as bovine viral diarrhea virus (BVDV), share many similarities with hepatitis C virus (HCV) yet are
more amenable to virologic and genetic analysis. For both BVDV and HCV, translation is initiated via an internal

ribosome entry site (IRES). Besides IRES function, the viral 5

" nontranslated regions (NTRs) may also contain

cis -acting RNA elements important for viral replication. A series of chimeric RNAs were used to examine the function
of the BVDV 5 ' NTR. Our results show that: (1) the HCV and the encephalomyocarditis virus (EMCV) IRES element can

functionally replace that of BVDV; (2) two 5
replication; (3) replacement of the entire BVDV 5

" terminal hairpins in BVDV genomic RNA are important for efficient
' NTR with those of HCV or EMCV leads to severely impaired

replication; (4) such replacement chimeras are unstable and efficiently replicating pseudorevertants arise; (5) pseudo-

revertant mutations involve deletion of 5

" sequences and/or acquisition of novel 5

" sequences such that the 5 '

terminal 3—4 bases of BVDV genome RNA are restored. Besides providing new insight into functional elements in the
BVDV 5’ NTR, these chimeras may prove useful as pestivirus vaccines and for screening and evaluation of anti-HCV

IRES antivirals.

Keywords: antiviral screening; hepatitis C virus; pestivirus; RNA replication; translation initiation

INTRODUCTION

The Flavivirdae is an important family of human and an-
imal RNA viral pathogens (Rice, 1996). Virus particles
consist of a lipid bilayer envelope with embedded trans-
membrane glycoproteins surrounding a protein—RNA
nucleocapsid. Genome RNAs are single-stranded, of
positive polarity, and function as the sole mRNA spe-
cies for translation of a single long open reading frame
(ORF). Mature viral proteins are produced by co- and
posttranslational processing of the resulting polyprotein
by the action of cellular and viral proteases. Structural
proteins destined for incorporation into virus particles are
encoded in the N-terminal portion of the polyprotein with
the nonstructural proteins which form components of
the viral RNAreplicase being encoded in the remainder.
RNA replication occurs via synthesis of a full-length
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Wisconsin, Madison, Wisconsin 53706, USA.

negative-strand intermediate and is asymmetic, favor-
ing synthesis of positive-strand RNAs.

Besides these common features, the three currently
recognized genera of the Flaviviridae exhibit distinct
differences in transmission, host range, and pathogen-
esis. Members of the classical flavivirus genus, such as
yellow fever virus and dengue virus, are typically trans-
mitted to vertebrate hosts via arthropod vectors and
cause acute self-limiting disease (Monath & Heinz,
1996). The pestiviruses, such as bovine viral diarrhea
virus (BVDV) and classical swine fever virus (CSFV),
cause economically important livestock disease and
are spread by direct contact or the fecal-oral route (Thiel
et al., 1996). The most recently characterized member
of this family is the common and exclusively human
pathogen, hepatitis C virus (HCV). HCV, the sole mem-
ber of the hepacivirus genus, is transmitted by contam-
inated blood or blood products and is the most common
agent of non-A, non-B hepaititis, affecting more that 1%
of the population worldwide (Houghton, 1996). Unlike
flavivirus and pestivirus infections, which are usually
eliminated by host immune response, chronic HCV in-
fections are common and can cause mild to severe
liver disease including cancer.

1418


http://www.rnajournal.org

Downloaded from www.rnajournal.org on February 14, 2006

Viable pestivirus—hepacivirus 5° NTR chimeras

Despite the importance of this virus family, little is
known about the details of how RNA replication occurs.
For all three genera, full-length functional cDNA clones
have been constructed and RNAs transcribed from
these cDNA templates are infectious (Ruggli & Rice,
1998). For flaviviruses and pestiviruses, mutagenesis
of these clones and efficient RNA transfection of per-
missive cell cultures provides a means of probing the
role of cis RNA elements and viral proteins in replicase
assembly and function. Such analyses are not yet pos-
sible for HCV since this virus is unable to replicate
efficiently in cell culture.

Like many other RNA viruses (Huang, 1997), the 5’
and 3’ terminal sequences of the Flaviviridae are thought
to contain conserved cis-elements important for trans-
lation, RNA replication, and packaging (Bukh et al., 1992;
Deng & Brock, 1993; Cahour et al., 1995; Kolykhalov
etal.,, 1996; Men et al., 1996; Tanaka et al., 1996; Mand|
et al., 1998). The 5’ nontranslated region (NTR) func-
tions initially at the level of translation. Similar to most
cellular mRNAs, flavivirus genome RNAs are trans-
lated in a cap-dependent manner. These RNAs contain
a 5’ cap structure that is presumably added by virus-
encoded RNA triphosphatases, guanylyl-, and methyl-
transferases (Rice, 1996). In contrast, the pestiviruses
and HCV use a distinct translational strategy more sim-
ilar to picornaviruses. These RNAs appear to be un-
capped and contain long 5" NTRs with cis RNA elements
that function as internal ribosome entry sites (IRES) for
translation initation at the polyprotein AUG (Lemon &
Honda, 1997). Despite containing only short stretches
of high sequence identity, the 5 NTRs of HCV and
BVDV have similar structural and functional organiza-
tion (Wang & Siddiqui, 1995; Lemon & Honda, 1997).
The IRES within each NTR is located at the 3’ end of
the NTR at a position proximal to the AUG initiation
codon of the ORF. Although the 5’ terminal sequence
of each of these viruses is apparently not required for
IRES function (Rijnbrand et al., 1995; Honda et al.,
1996b; Rijnbrand et al., 1997), these sequences are
highly conserved among different strains of HCV (Bukh
etal., 1992) or BVDV (Deng & Brock, 1993) suggesting
other roles in viral replication. Besides their importance
in translation initiation, sequences in the 5" NTR may
be required for regulating translation versus initation
of negative-strand RNA synthesis. This could occur
by direct interaction of 5’ and 3' RNA elements or
indirectly, via RNA-protein interactions. Sequences
in the 5" NTR may also modulate packaging versus
translation. Finally, sequences complementary to the
5" NTR, located at the 3’ end of negative-strand RNA,
are likely to function in the initiation of positive-strand
RNA synthesis.

In this report, we have used a functional clone of
BVDV (Mendez et al., 1998) to construct and charac-
terize a series of 5 NTR chimeras with sequences
derived from HCV and the picornavirus, encephalo-

1419

myocarditis virus (EMCV). Our results help to define
the requirements of a functional BVDV 5" NTR and
provide replication-competent BVDV-HCV chimeras de-
pendent on a functional HCV IRES.

RESULTS

Features of the BVDV, HCV, and EMCV 5 ' NTRs
important for chimera design

Schematic representations of the proposed secondary
structures of the 5" NTRs of HCV, BVDV, and EMCV
are shown, and the location of each IRES is indicated
in Figure 1. EMCV is a member of the cardiovirus ge-
nus within the family Picornaviridae. While not a mem-
ber of the Flaviviridae, EMCV is similar to HCV and
BVDV in that it is a positive-strand RNA virus shown to
contain an IRES within its 5" NTR (Jang et al., 1988).
Based on their proposed secondary structures, the HCV
IRES and the BVDV IRES have been classified as type
3 IRESs, while the EMCV IRES is classified as a type
2 IRES (Lemon & Honda, 1997). However, these three
IRESs as well as IRESs from other members of the
Flaviviridae and the Picornaviridae have been pro-
posed to contain a common structural core (Le et al,,
1996).

The model for the secondary structure of the 341-nt
HCV 5’ NTR has been refined by enzymatic and chem-
ical analysis of synthetic transcripts (Brown et al., 1992;
Wang et al.,, 1994; Honda et al.,, 1996a; Lima et al.,
1997). This element contains four discreet hairpins (re-
ferred to here as H1, H2, H3 and H4) and a pseudoknot
at the base of hairpin H3 (Wang et al., 1995). The
secondary structure of the 385-nt BVDV 5’ NTR has
not been as extensively studied, but is proposed to be
similar to that of HCV (Brown et al., 1992) with four
discrete hairpins (referred to here as B1’, B1, B2, and
B3) and a pseudoknot at the base of B3 (Rijnbrand
et al., 1997). The secondary structure of the longer
(>700 nt) EMCV 5’ NTR consists of a series of hair-
pins A-M (Duke et al., 1992; Hoffman & Palmenberg,
1996). Recently, a revised model of the EMCV 5’ NTR
suggests moderately different secondary structures for
the C and G subregions, and significantly different sec-
ondary structures for the I-M subregion (Palmenberg
& Sgro, 1997).

For HCV, H1 is nonessential for IRES function (Reyn-
olds et al., 1995; Rijnbrand et al., 1995; Honda et al.,
1996b; Reynolds et al., 1996; Kamoshita et al., 1997)
and its deletion has actually increased translation effi-
ciency in some analyses (Rijnbrand et al., 1995; Honda
et al., 1996b). Most studies have found that hairpin H2
and H3 and the pseudoknot are essential for IRES
function (Wang et al., 1993; Rijnbrand et al., 1995;
Honda et al., 1996b). However, two studies indicate
that H2 may not be essential (Tsukiyama-Kohara et al.,
1992; Urabe et al., 1997). The 3’ boundary of the HCV
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FIGURE 1. Schematic representation of the 5" NTRs of BVDV, HCV, and EMCYV. The position of the start codons of the ORF

are indicated, and the canonical IRES elements are boxed.

IRES is more controversial. The IRES clearly extends
to the AUG initiation codon. However, some studies
indicate that sequences affecting the efficiency of trans-
lation initiation extend into the ORF (Reynolds et al.,
1995; Honda et al., 1996a; Honda et al., 1996b; Lu &
Wimmer, 1996). By analogy to the HCV IRES and the
related pestivirus CSFV IRES, the BVDV IRES proba-
bly requires hairpins B2 and B3 and the pseudoknot for
function, with B1’ and B1 probably not required for
IRES activity (Poole et al., 1995; Rijnbrand et al., 1997).
For EMCV, hairpins H-L have been shown to be re-
quired for IRES function in mono- or dicistronic con-
structs (Jang & Wimmer, 1990; Duke et al., 1992). The
remaining portion of the EMCV 5’ NTR is thought to be
required for RNA replication or unknown steps in viral
replication that are important for pathogenesis (Duke
et al., 1990; Martin & Palmenberg, 1996).

Replacement of the BVDV 5 ' NTR with the HCV
5’ NTR results in a large decrease
in specific infectivity

Since the BVDV 5’ NTR and the HCV 5’ NTR are
proposed to have similar RNA secondary structure and
functional organization, we tested whether the BVDV
5" NTR could be replaced by the HCV 5’ NTR. p5'HCV
has an exact replacement of the BVDV 5' NTR with
that of HCV (Fig. 2A), while the coding sequence and
3’ NTR of p5’'HCV are identical to pBVDV. Positioning
of the HCV 5’ NTR in such a manner was necessary
since translation initiation from the HCV IRES begins at
or near the AUG start codon (Honda et al., 1996a;
Reynolds et al., 1995; Reynolds et al., 1996; Rijnbrand

et al., 1996). The specific infectivity of 5’ HCV RNA syn-
thesized in vitro was compared to that of BVDV RNA by
transfection of MDBK (bovine kidney) cells (Fig. 2A).
The specific infectivity of BVDV RNA was approxi-
mately 4 X 10° plaque forming units (PFU)/ug RNA. In
contrast, the specific infectivity of 5’"HCV RNA was near
the limit of detection (30-50 PFU/ug RNA) and con-
siderable plague heterogeneity was apparent. These
results suggested that the HCV 5' NTR replacement
chimera might be incapable of efficient replication and
plaque formation and that the plaque forming virus ob-
served had arisen by secondary mutation(s). Sequence
analysis of plaque-purified 5’'HCV viruses presented
below confirmed that the replicating pool of virus con-
tained such pseudorevertants.

We next analyzed the in vitro translation efficiency of
these two RNAs in rabbit reticulocyte extracts to test
whether the defect in specific infectivity of 5’"HCV RNA
could be attributed to lower translation efficiency. Al-
though the specific infectivity of 5’"HCV RNA was re-
duced ~5 logs compared to BVDV RNA, its translation
efficiency was only slightly reduced, ~twofold (Fig. 3,
lane 1 vs. lane 2). The apparent size of the N-terminal
cleavage product, NP was identical for both RNAs
suggesting that translation initiated with the correct AUG.
These data are consistent with the hypothesis that the
BVDV 5’ NTR contains signals that are required for a
step in replication other than translation which are not
present in the 5’"HCV chimera.

Given the low specific infectivity of 5’ HCV RNA, we
next tested the effect of placing the BVDV 5 NTR
sequence upstream of the HCV 5 NTR, resulting in
tandem BVDV and HCV 5’ NTRs (called BVDV+HCV).
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This arrangement actually decreased translation effi-
ciency (Fig. 3, lane 14 vs. lane 1) yet restored infec-
tivity (Fig. 2A). The plaques produced by BVDV+HCV
were also heterogeneous in size, indicating that this
virus was unstable. Upon passage, RT-PCR analysis
indicated that pseudorevertants had indeed arisen in
which portions of the BVDV and/or HCV 5" NTRs
had been deleted (data not shown). These data show
that sequences in the BVDV 5’ NTR required for vi-
rus replication can function when placed upstream of
a functional HCV IRES driving translation of the BVDV
polyprotein.

Hairpins B1 ’ and B1 in conjunction with the
HCV IRES are sufficient for stable and
efficient BVDV replication

We next attempted to map the sequences within the
BVDV 5’ NTR that restored replication in the context
of the HCV 5" NTR. To do so we used three dele-
tion variants. The deletion BVDV+HCVdelB3 re-
moved a large portion of hairpin B3; the deletion within
BVDV-+HCVdelB2B3 removed hairpins B2 and B3, and
the deletion within BVDV+HCVdelB1B2B3 removed
hairpins B1, B2 and B3. The specific infectivities of
RNAs from these deletion mutants were near that of
BVDV RNA (Fig. 2). Upon passage of these viruses,
RT-PCR analyses and sequencing indicated that
BVDV+HCVdelB3 and BVYDV+HCVdelB2B3 were sta-
bly propagated and produced homogeneous plaques
slightly smaller than those of wild-type BVDV (data not
shown). In contrast, BVDV+HCVdelB1B2B3 produced
smaller heterogeneous plaques. Reverse transcription—
polymerase chain reaction (RT-PCR) analysis and
sequencing indicated that BVDV+HCVdelB1B2B3 un-
derwent a reversion event described in more detalil
below. The translation efficiencies of these three RNAs
(Fig. 3, lanes 9, 10, and 12) were similar to BVDV+HCV
RNA (Fig. 3, lane 14), indicating that the deleted por-
tions (hairpins B1, B2, and B3) are not required for
translation in the BVDV+HCV chimera. These results
show that B1’ and B1 are the minimal elements suffi-
cient for stable replication in conjunction with the HCV
5" NTR.

Having shown that B1’ and B1 are sufficient for rep-
lication in conjunction with the HCV 5" NTR, we next
conducted a deletion analysis to determine the se-
guences within the HCV 5’ NTR of BVDV+HCVdelB2B3
required for replication. A large portion of H1 was de-
leted in BVDV+HCVdelB2B3H1, while both H1 and H2
were deleted in BVDV+HCVdelB2B3H1H2. Of these
two RNAs, only BVDV+HCVdelB2B3H1 was as infec-
tious as parental BVDV RNA (Fig. 2B). However, the
BVDV+HCVdelB2B3H1 virus produced smaller plaques
than BVDV+HCVdelB2B3, indicating that hairpin H1
may augment replication of the chimera. In contrast,
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BVDV+HCVdelB2B3H1H2 RNA was not infectious
(Fig. 2B) and was translated poorly (Fig. 3, lane 11).
Diminished HCV IRES activity might be due to deletion
of hairpin H2 or juxtaposition of BVDV hairpins B1’ and
B1 with H3. A third derivative of BVDV+HCVdelB2B3,
with a Sma |1-Sma | deletion abrogating HCV IRES
function by removing H3, was also not infectious (data
not shown). Thus, a 5° NTR consisting of B1’ and B1
and a functional HCV IRES is sufficient for stable BVDV
replication in MDBK cells. Similar results were ob-
tained in BT cells, another BVDV-permissive continu-
ous bovine cell line (data not shown).

Replacement of the BVDV 5 ' NTR
with the EMCV 5 ' NTR

We next attempted to determine whether the BVDV 5’
NTR could be replaced by the 5’ NTR of a more phy-
logenetically distant virus, EMCV. We created a deriv-
ative of BVDV called 5'EMCYV (Fig. 4A), that contains
an exact replacement of the BVDV 5" NTR with the
EMCV 5’ NTR plus an additional guanosine residue at
the 5’ terminus for more efficient transcription initiation
by T7 polymerase. The specific infectivity of 5'EMCV
RNA was more than three orders of magnitude lower
than BVDV RNA, indicating that it was defective for
replication, although its specific infectivity was higher
than that of 5’"HCV RNA (compare Figs. 4A and 2A).
Similar to 5’HCV, 5'EMCV produced heterogeneous
plagues, and sequence analysis indicated that pseudo-
revertants had arisen. The lower specific infectivity of
5’EMCV RNA was not likely because of a defect in
translation, since the translation efficiency of 5’EMCV
RNA was about threefold higher in vitro than that of
BVDV RNA (Fig. 3, lane 20 vs. lane 19).

Similar to BVDV+HCV, we tested whether placing
the BVDV 5" NTR at the 5" end of the 5’EMCV
RNA would increase its specific infectivity.
BVDV+EMCVdelA (Fig. 4A) contained the entire BVDV
5" NTR in tandem with the EMCV 5’ NTR lacking a
portion of hairpin A. BVDV+EMCVdelA RNA had a
specific infectivity near that of BVDV RNA (compare
Figs. 4A and 2A) despite having a lower translation
efficiency than 5’EMCV (Fig. 3, lane 21 vs. lane 20).
Similar to the results with BVDV+HCYV, this impli-
cates the added BVDV 5’ NTR sequence for a step
in viral replication other than translation. Two deriva-
tives of BVDV+EMCVdelA that contain deletions of
portions of the BVDV 5 NTR but maintain the se-
quence of B1’ and B1l, BVDV+EMCVdelB3A and
BVDV+EMCVdelB2B3A (Fig. 4A), also were infec-
tious. These derivatives had translation efficiencies
near that of the parental BVDV+EMCVdelA (Fig. 3,
compare lanes 15 and 16 with lane 21). This demon-
strated that hairpins B1' and Bl were sufficient for
replication in conjunction with a large portion of the
EMCV 5’ NTR. Derivatives of BVDV+EMCVdelB3A
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FIGURE 2. Schematic representation of BVDV and HCV chimeras, plaque phenotypes, reticulocyte translation efficien-
cies relative to parental BVDV, specific infectivities in MDBK cells, titers at 24 and 48 h post-transfection (or 72 h, as
indicated), and an indication of whether pseudorevertants arose. A: BVDV, 5’"HCV, BVDV+HCYV, and BVDV+HCVdelB3.
B: BVDV-+HCVdelB2B3, BVDV+HCVdelB1B2B3, BVDV+HCVdelB2B3H1, and BVDV+HCVdelB2B3H1H2. N.D.: not

determined. (Figure continues on facing page.)

or BVDV+EMCVdelB2B3A that contain further de-
letions of EMCV (BVDV+EMCVdelB3ABC and
BVDV-+EMCVdelB2B3ABC in particular) were trans-
lated efficiently (Fig. 3, lanes 17 and 18) and were
infectious (Fig. 4B). This indicates that the chimeras
did not require putative EMCV RNA replication signals

(Martin & Palmenberg, 1996). However, derivatives with
deletions extending into the canonical EMCV IRES were
not infectious. For example, BVDV+EMCVdelB3A-H
and BVDV+EMCVdelB2B3A-H, in which a portion of
hairpin H is deleted, were not infectious (Fig. 4B) and
were inefficiently translated in vitro (Fig. 3, lanes 22
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FIGURE 2. (Continued.)

and 23). It should be noted that all of the BVDV+EMCV
chimeras produced plaques of heterogeneous size, in-
dicating some instability.

Relatively simple 5 ' NTR mutations are
observed in adapted pseudorevertants

As mentioned previously, BVDV+HCVdelB1B2B3 did
not replicate stably as indicated by the heterogeneity in

the size of plaques produced by this virus. Upon pas-
sage and selection of medium plaque-producing vari-
ants, 5’ RACE analysis and sequencing indicated that
nt 1-26 had been deleted in the pseudorevertants, re-
moving a large portion of B1’ which was apparently
deleterious in the absence of B1. This deletion results
in the 5’ terminal sequence 5’-GUAUCG which is iden-
tical to the first six bases of BVDV genome RNA (Fig. 5)
and is repeated at positions 27-32.
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FIGURE 3. In vitro translation efficiency of BVDV RNA or chimeras. Translations were performed at 30 °C for 45 min in
25-ul reaction mixtures using subsaturating amounts (0.4 wg) of in vitro synthesized RNAs. Two ul of the reactions were
diluted in 10 ul of sample buffer and loaded on 10% sodium dodecyl sulfate-polyacrylamide gels. Labeled proteins were
visualized by autoradiography of the dried gel. Only the portions of the gels containing NP, the N-terminal protein in the
BVDV ORF, are shown in (A). B: The efficiency of translation was measured by phosphorimager analysis (Molecular
Dynamics) by comparing the radioactivity in the band corresponding to NP™. The background was measured separately for
each lane and subtracted, and the translation efficiency normalized with respect to BVDV RNA is indicated. Filled bars are
used to indicate RNAs that were clearly infectious (specific infectivities > 4 x 10% PFU/ug RNA). Open bars indicate
noninfectious RNAs. 5'HCV, lane 1; BVDV, lane 2 and 19; 5'"HCV.R1orig, lane 3; 5'"HCV.R1cons, lane 4; 5'"HCV.R3orig,
lane 5; 5"HCV.R3cons, lane 6; 5’"HCV.R2orig, lane 7; 5’"HCV.R2cons, lane 8; BVDV+HCVdelB3, lane 9; BVDV+HCVdelB2B3,
lane 10; BVDV+HCVdelB2B3H1H2, lane 11; BVDV+HCVdelB1B2B3, lane 12; BVDV+HCVdelB2B3H1, lane 13; BVDV+HCV,
lane 14; BVDV+EMCVdelB3A, lane 15; BVDV+EMCVdelB2B3A, lane 16; BVDV+EMCVdelB3ABC, lane 17;
BVDV+EMCVdelB2B3ABC, lane 18; 5’'EMCYV, lane 20; BVDV+EMCVdelA, lane 21; BVDV+EMCVdelB3A-H, lane 22;

BVDV+EMCVdelB2B3A-H, lane 23; no RNA, lane 24.

Analysis of the passaged 5'EMCYV virus indicated that
the replicating progeny had also undergone a simple de-
letion of sequence at the 5’ end to generate more effi-
ciently replicating variants (Fig. 5). After electroporation,
the 5'EMCYV virus pool was passaged 5 times at a mul-
tiplicity of infection of 0.1-1 PFU/cell on MDBK or BT
cells, and the 5’ termini of three randomly picked plaques
were sequenced. For all three plaques selected, nt
2—-209 had been deleted, again creating a genome RNA
with the 5’ terminal tetranucleotide sequence 5’-GUAU.

Analysis of the 5’"HCV progeny indicated that more
complicated variants had arisen. Most small plaque-
producing variants were unstable and quickly re-
verted to medium plague-producing variants. However,
we were able to isolate one small plaque-producing
variant, and in addition, we isolated two stable me-
dium plaque-producing variants. 5’ terminal sequences
of the variants were amplified by rapid amplification
of cDNA ends (RACE) and cloned into a plasmid vec-
tor, and sequences for several independent colonies
were determined. The sequence of three clones of
the small plaque-producing virus (5'HCV.R1) con-
tained a deletion of HCV sequence from nt 1-34 and

an addition of the dinucleotides 5'-AU in two clones
and 5’-GU in the third clone. This creates a 5’ termi-
nus of 5'-(G/A)UAA (Fig. 5B), reminiscent of the first
three bases of the BVDV genome RNA (5’-GUA). Both
medium plaque variants appeared to have arisen by
RNA recombination with non-viral sequences (Fig. 5).
One medium plaque variant (5'"HCV.R2) had deleted
the first 21 bases of the HCV sequence and con-
tained instead a heterologous sequence of 22 bases.
BLAST searches revealed a perfect match between
this sequence and a sequence in a human retina
cDNA of unknown function (Tsp509I). The second me-
dium plaque variant (5’"HCV.R3) had also undergone
a possible recombination event leading to the addi-
tion of 12 nt to the 5’ end of the HCV sequence.
Given its short length, multiple matches were found
in the database with this sequence. As for the small
plaque variant, sequencing of multiple clones re-
vealed heterogeneity at the extreme 5’ end, with ei-
ther G or A identified as the 5’ base. Remarkably, for
both medium plaque variants, the fused heterologous
sequence began with the tetranucelotide sequence
5'-(G/A)UAU (Fig. 5B). For all three variants, sequenc-
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ing of the entire 5° NTR and a portion of the NP
coding region revealed only these changes at the 5’
termini.

5’ NTR sequence changes are sufficient
for the pseudorevertant phenotypes

To assess the importance of these alterations at the 5’
terminus of the 5’"HCV pseudorevertants, we created de-
rivatives of 5’"HCV with the changes determined by 5’
RACE (Fig. 6A) and analyzed the specific infectivities of
these RNAs (Fig. 6B). Corresponding to the small plaque
variant, we engineered a derivative called 5’"HCV.R1orig
with a5’ NTR consisting of the dinucleotide 5’-GU at the
5’ terminus of HCV nt 35-341. This results in a 5’ ter-
minus consisting of 5'-GUAA. 5'"HCV.R1orig RNA had
a specific infectivity at least four orders of magnitude
higher than 5’"HCV RNA (Figs. 6B and 2A). This dem-
onstrates that this 5’ NTR structure is sufficient for phe-
notypic reversion to high specific infectivity. However,
small plaques and considerable heterogeneity were
observed for 5’HCV.R1orig suggesting that additional
mutations may be present in the original small plaque
variant.

The engineered derivative 5'"HCV.R2orig had a 5’
NTR consisting of 22 nt of Tsp509I-homologous se-
quence followed by HCV nt 22-341. We also con-
structed 5'HCV.R3orig with the 12 nt of the other
heterologous sequence fused to the intact HCV 5’ NTR.
Specific infectivities for both these derivatives were es-
sentially the same as observed for wild type BVDV
RNA (2—4 X 10° PFU/ug; Fig. 6B). Transfection with
these transcripts produced medium plaques, as ob-
served for the original variants, and this phenotype was
stable upon passaging. These results show that the
altered 5'NTR sequences were responsible for the
pseudorevertant phenotypes rather than changes else-
where in their genomes.

Addition of the tetranucleotide sequence
5’-GUAU to the HCV 5’ NTR allows
efficient BVDV replication

For all three 5’'HCV variants studied, as well as the
BVDV+HCVdelB1B2B3 and 5’EMCV pseudorever-
tants, 5’ NTR alterations seemed to involve creation of
a three- or four-base “consensus” sequence identical
to the 5’ terminus of BVDV genome RNA. To test the
importance of this sequence, as opposed to fused het-
erologous sequences, we created a set of variants with
the BVDV 5’ tetranucleotide sequence linked to the
HCV 5’ NTR or the deletion/recombinant break points
identified during sequence analysis of the 5’'HCV
pseudorevertants (Fig. 6A). 5’"HCV.R1cons had the
tetranucleotide sequence 5'-GUAU fused to HCV nt
35-341. 5’"HCV.R2cons had the 5’-GUAU tetranucle-
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otide sequence fused to HCV nt 22—-341. 5’"HCV.R3cons
contained the tetranucleotide sequence 5'-GUAU fused
to the intact 5’ terminus of the HCV NTR. RNAs from all
three of these derivatives had specific infectivities more
than five orders of magnitude higher than 5'"HCV and
comparable to parental BVDV (Fig. 6B).

There were, however, significant differences between
the phenotypes of some of these derivatives versus the
reconstructed pseudorevertants. As mentioned above,
5'"HCV.R1orig yielded tiny and small plaques and pro-
duced low virus yields even after 48 h. In contrast, the
addition of four bases rather than two bases (5'-GUAU
vs. 5'-GU) yielded virus with near wild-type plaque
morphology (Fig. 6B) and growth rates (Fig. 7). In the
case of the smaller deletion, 5’"HCV.R2o0rig and
5’"HCV.R2cons were indistinguishable, suggesting that,
other than the 5’ four bases, the fused heterologous
sequences were dispensable. This was not the case,
however, for the chimera containing the 5’-GUAU tetra-
nucleotide sequence fused to the intact HCV 5" NTR.
5'"HCV.R3cons produced small plaques (Fig. 6B) and
grew more slowly than 5’"HCV.R3orig (Fig. 7) suggest-
ing that the sequence/structure of the sequences down-
stream of the 5’ four bases can affect replication
efficiency.

The tetranucleotide sequence 5 '-GUAU
is important for efficient BVDV RNA
accumulation

We next analyzed the effects of the different 5’ termini
on virus-specific RNA accumulation directly after trans-
fection. This allowed a direct comparison between
5’"HCV and the reconstructed pseudorevertants as well
as selected BVDV+HCV deletion constructs. MDBK
cells were transfected with in vitro synthesized RNAs and
labeled for 10 h beginning at 6 h post-transfection with
3H-UTP in the presence of actinomycin D (Fig. 8). RNA
replication of the 5’"HCV chimera was severely impaired
to a level below detection (Fig. 8, lane 2). In contrast, ev-
ery 5’ NTR alteration of 5'"HCV that increased RNA spe-
cific infectivity and allowed efficient virus growth led to
readily detectable viral RNA accumulation. Addition of
B1’ and B1 to the 5’ terminus of the HCV 5’ NTR re-
stored RNA replication to a level ~50% of that observed
for BVDV (BVDV+HCVdelB2B3; Fig. 8, lane 3 vs.
lane 1). BVDV+HCVdelB2B3H1 displayed reduced
RNA synthesis compared to BVDV+HCVdelB2B3
(Fig. 8, lane 4 vs. lane 3) perhaps explaining its small
plaque phenotype and suggesting a possible positive
role for H1 in replication of this chimera. 5’HCV.R1orig,
which had exhibited plaque heterogeneity and slow
growth, accumulated less RNA when compared to
5'"HCV.R1cons (Fig. 8, lane 5 vs. lane 6). 5’"HCV.R2orig
and 5’'HCV.R2cons showed similar RNA accumulation
(Fig. 8, lane 9 vs. lane 10) consistent with their medium
plague phenotypes; and 5’"HCV.R3cons exhibited re-
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280 | 2x106 | 5x105 | 7x107 | Yes
216 | 4x10% | 6x105 | 5x107 | Yes

FIGURE 4. Schematic representation of EMCV chimeras, plaque phenotypes, reticulocyte translation efficiencies rela-
tive to parental BVDV, specific infectivities in MDBK cells, titers at 24 and 48 h post-transfection (or 72 h, as indicat-
ed), and an indication of whether pseudorevertants arose. A: 5’EMCV, BVDV+EMCVdelA, BVDV+EMCVdelB3A,
and BVDV+EMCVdelB2B3A. B: BVDV+EMCVdelB3ABC, BVDV+EMCVdelB2B3ABC, BVDV+EMCVdelB3A-H, and
BVDV+EMCVdelB2B3A-H. (Figure continues on facing page.)

duced RNA synthesis compared to 5'HCV.R3orig
(Fig. 8, lane 8 vs. lane 7), consistent with their small- ver-
sus medium-plaque phenotypes.

Although these RNA phenotypes are complex, the
most striking result is that addition of the B1’ B1 hair-

pins, addition of heterologous 5’ sequences terminat-
ing with 5’-GUAU or simply fusion of this tetranucleotide
sequence with the HCV 5’ NTR or short 5’ truncations
of the HCV 5’ NTR all dramatically upregulated RNA
accumulation. This occurred without increasing trans-
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FIGURE 4. (Continued.)

lation efficiency, at least as measured in a cell-free
assay (Fig. 3, compare lanes 3-8 to lane 1), suggest-
ing that these sequences function at the level of RNA
replication or stability.

DISCUSSION

The work presented here helps to define the require-
ments for a functional BVDV 5’ NTR. The BVDV-specific

5’ NTR sequences required for efficient replication in
cell culture are minimal and consist of the 5’ terminal
sequence, 5'-GUAU. The sequence 5’-AUAU, detected
for some pseudorevertants, may also be functional but
this was not tested for technical reasons. This simple
5’-terminal tetranucleotide sequence, which is con-
served among pestivirses (Ruggli et al., 1996; Becher
et al., 1998), was shown to function in the context of
functional IRES elements derived from the hepacivirus
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guauacgagaauuagaaaaggcacucguauacguaCAUGGCACGUgccagcccccugaugggggc

guauacguaCAUGGCACGUgccagcccccugaugggggc

> < H2

gccagcccccugaugggggcgacacuccaccaugaaucacuccccugugaggaac

(G/A)Uaaucacuccccugugaggaac

(G/A) UAUCAGAAGUGCGAAUGCUGAacacuccaccaugaaucacuccccugugaggaac
(G/A) UAUUGCAGUUUgccagcccccugaugggggcgacacuccaccaugaaucacuccccugugaggaac

201
* -guuugucuauauguuauuuuccaccauauug
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FIGURE 5. Pseudorevertant analyses. A: Relative positions of mutations detected within the plaque-purified variants
of passaged BVDV-+HCVdelB1B2B3, 5’'EMCV, and 5'HCV. B: 5’ terminal sequences of pseudorevertants of
BVDV+HCVdelB1B2B3, 5'EMCV, and 5'"HCV. Novel nucleotides or sequences are shown in bold upper case type. Pseudo-
revertants are numbered and designated by the suffix “R”. The upper case sequence in BVDV+HCVdelB1B2B3 and
BVDV+HCVdelB1B2B3.R1 is a remnant of downstream BVDV 5’ NTR sequences and was created during the cloning

procedures.

HCV or the picornavirus EMCV. As discussed below,
this may indicate that the 5’ signals required for BVDV
RNA replication are rather simple or that elements in
these heterologous IRESs can functionally replace de-
leted BVDV sequences.

Sequences at the extreme 5’ end of BVDV genome
RNA could modulate the efficiency of RNA accumula-
tion by affecting RNA stability, translation, promoter ef-

ficiency, or some combination of these processes. At
this time, we can not distinguish among these possi-
bilities but favor an effect on RNA replication. The com-
plement of the BVDV 5’ sequence at the 3’ end of
negative-strand RNA presumably functions in the initi-
ation of positive-strand RNA synthesis. Thus, AUAC-3’
at the 3-terminus of minus-strand RNA may be impor-
tant for positive-strand RNA synthesis. Interestingly, for
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some positive-strand RNA viruses such as rubella virus
(Pugachev & Frey, 1998), flock house virus (Ball, 1994)
and turnip crinkle virus (Guan et al., 1997), only mini-
mal cis-acting sequences at the 3’ termini of negative-
strand RNAs are required positive-strand RNA synthesis.
In contrast to the 5’ NTR replacements, we were un-
able to generate replication-competent BVDV-HCV chi-
meras (or pseudorevertants) with the 3" NTR of HCV
replacing that of BVDV (data not shown). This may
indicate that the signals within the pestivirus 3" NTR
required for initiation of negative-strand RNA synthesis
are more complex and virus specific. Once the repli-
cation complex has assembled at the 3’ NTR and trans-
versed the RNA during negative-strand synthesis, the
requirements at the 5 NTR for initiation of positive-
strand synthesis may be minimal.

Although the RNA replication signals within the 5’
NTR appear to be rather simple, we cannot exclude the
possibility that the signals important for RNA replica-
tion actually extend into the IRES and are more com-
plicated. For instance, our 5’"HCV pseudorevertants
were more stable and grew to higher titers than the
5’EMCYV counterparts, despite the fact that the 5’ EMCV
RNAs were translated more efficiently in vitro. This may
indicate that the BVDV and HCV IRESs contain signals
important for RNA synthesis that are absent in the EMCV
IRES. Unfortunately, due to technical difficulties we were
unable to measure the translation efficiency of the chi-
meric RNAs directly in MDBK cells capable of support-
ing BVDV replication using transient expression assays.
Thus we cannot exclude the possibility that the trans-
lation efficiencies that we observe in vitro do not cor-
relate with the translation efficiencies in infected cells.
We have not yet measured the RNA synthesis levels of
any of our 5’"EMCYV pseudorevertants directly, so it may
be that they are actually impaired at some other step in
viral replication.

It is perhaps not surprising that 5’"HCV appeared to
recombine with cellular mRNAs to acquire a 5’ termi-
nus with the 5’-(G/A)UAU consensus, given that non-
cytopathic strains of BVDV can recombine with BVDV
RNA or cellular mRNAs to generate cytopathic strains
of BVDV (Meyers & Thiel, 1996). Presumably, this re-
combination event involves template switching during
negative-strand RNA synthesis, as observed for polio-
virus (Kirkegaard & Baltimore, 1986). In contrast to
5’HCV, simple deletions of 5’ terminal viral sequences
could account for the BVDV+HCVdelB1B2B3 and
5’"EMCYV pseudorevertants since the tetranucleotide se-
quence is present in these 5’ NTRs upstream of func-
tional IRES elements. Such deletions could occur by
partial degradation of positive-strand template prior to
negative-strand synthesis, by premature termination dur-
ing negative-strand RNA synthesis, or by degradation
of 3’ terminal negative-strand sequence after synthe-
sis. We hypothesize that 5’HCV was forced to recom-
bine with cellular sequences because HCV does not
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have an 5’-(G/A)UAU sequence upstream of its IRES.
The first occurrence of an (G/A)UAU tetranucleotide
sequence is at nt 94-97 within hairpin H2, and a 5’
deletion extending into this sequence would presum-
ably inactivate or severely impair HCV IRES activity. It
is interesting that BVDV+HCVdelB1B2B3 and 5'EMCV
pseudorevertants were generated at much higher fre-
guency than 5’"HCV pseudorevertants. This may indi-
cate that recombination between BVDV and cellular
RNAs is a rare event compared to the processes which
lead to deletion of terminal viral sequences.

Poliovirus chimeras dependent upon a functional HCV
IRES have been reported (Lu & Wimmer, 1996). Inter-
estingly, viable poliovirus chimeras were produced only
when HCV sequences included both the IRES and the
N-terminal portion of the HCV ORF. Nucleotide se-
guences or structures in the downstream ORF can mod-
ulate HCV IRES translational efficiency (see Reynolds
et al., 1995; Honda et al., 1996a) but it was also sug-
gested that the N-terminal portion of the HCV core
polypeptide might be involved. In the case of our 5’"HCV
pseudorevertants, there is no requirement for HCV C
protein sequences. Although we have not directly as-
sessed the translation efficiency of the HCV IRES in
the presence of additional HCV sequences 3’ to the
AUG start, the HCV chimeras and pseudorevertants
were translationally active and infectious in the ab-
sence of any portion of the HCV ORF. This indicates
that either the HCV IRES does not extend into the HCV
ORF or that the BVDV ORF contains analogous se-
guence which functions in our 5’"HCV chimeras. There
is some limited identity between HCV and BVDV within
this region. For example, HCV nt 359-394 and BVDV
nt 405—440 are identical at 21 of 36 positions, although
identity within this sequence may be attributed to a
high adenosine content. It is interesting to note that the
luciferase (LUC) and chloramphenicol acetyl transfer-
ase (CAT) reporter genes previously used to detect
HCV IRES activity (Tsukiyama-Kohara et al., 1992;
Wang et al., 1993) also have adenosine- or purine-rich
regions in relatively the same position as the HCV ORF
and BVDV OREF. If this region is indeed important for
IRES activity, this may explain why some have ob-
served that the HCV IRES does not require a portion of
the HCV ORF for translation of CAT or LUC (Tsukiyama-
Kohara et al., 1992; Wang et al., 1993). Point mutations
and insertions within this region of HCV have been
shown to reduce HCV IRES activity in vitro (Honda
et al., 1996a,b).

Despite the fact that B1’ and B1 are conserved among
different strains of BVDV and similar hairpins are present
in border disease virus and CSFV (Deng & Brock, 1993,
Becher et al., 1998), B1" and B1 were dispensable for
BVDV replication, provided that the 5’ tetranucleotide
sequence 5’-(G/A)UAU remained. This may indicate a
role for B1’ and B1 in viral replication in vivo that we do
not observe in cell culture. It will be interesting to test
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FIGURE 6. (Legend on facing page.)
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the phenotype of chimeras that lack B1" and B1 in vivo
to determine if they are attenuated and might serve as
useful BVDV vaccines. In this vein, several studies with
flaviviruses have demonstrated that alterations in 5’
NTR or 3’ NTR elements can lead to attenuation in vivo
(Cahour et al., 1995; Men et al., 1996; Mandl et al.,
1998). BVDV chimeras that utilize the HCV or EMCV
IRES may also prove to be attenuated simply due to
the presence of the heterologous IRES. For poliovirus,
it has been shown that differences in IRES efficiency in
different host-cell environments can modulate host range
and virulence (Shiroki et al., 1997).

BVDV-HCV chimeras that are dependent on a func-
tional HCV IRES may have another practical applica-
tion. It may be possible to use these chimeras to
screen for anti-HCV therapeutics that target the HCV
IRES. Other researchers have shown antisense
oligonucleotide-mediated inhibition of HCV gene ex-
pression in hepatocytes by targeting the oligonucleo-
tides to the HCV IRES (Hanecak et al., 1996). It will
be of interest to measure the efficacy of antisense
oligonucleotides or ribozymes (Lieber et al., 1996)
against replicating virus, and these chimeras are more
useful than HCV for this purpose since they are able
to replicate efficiently in cell culture. We consider BVDV
to be a reasonable model of HCV replication not only
because of homology and conserved motifs within
the 5 NTR but also because of similarities in overall
genetic organization (Rice, 1996) and polyprotein pro-
cessing strategy (Tautz et al., 1997; Xu et al., 1997).
It will be interesting to see if the approach used here
can be extended to produce viable BVDV-HCV chi-
meras dependent upon other HCV functions.

MATERIALS AND METHODS

Plasmid Constructs

pACNR/BVDV NADL was previously described (Mendez
et al., 1998). pBVDV is a derivative of pACNR/BVDV NADL
which contains a G—T transversion at nt 14994 that creates
an Xba | site upstream of the T7 promoter (T. Myers & C.M.
Rice, unpubl.). To facilitate construction of the chimeras, sub-
clones were created. First, two fragments were isolated by
PCR amplification of p90/HCVFLIongpU (Kolykhalov et al.,
1997) with primers #498 (5'-TGTACATGGCACGTGCCAGC
CCCC) and #499 (5'-GATCAACTCCATGGTGCACGGTCT)
and pBVDV with primers #481 (5'-AGACCGTGCACCATGG
AGTTGATC) and #482 (5'-CGTTTCACACATGGATCCCTC
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FIGURE 7. Single step growth curve. MDBK cells were seeded on
35-mm dishes (5 X 10° cells/dish) 4 h prior to infection. Infections
were performed with an mutiplicity of infection of 1 PFU/cell for 1 h
at 5°C with continuous shaking. The cells were then washed six
times with phosphate buffered saline, and 1 ml of D-MEM supple-
mented with 10% horse serum was added. The cells were then in-
cubated at 37 °C, and media were harvested and replaced at 3, 6, 9,
12, 22, 32, 46, and 54 h postincubation. Released virus titers were
measured by performing plaque assays on MDBK cells. The plot
shows cumulative viral titers. The detection limit of the plaque assay
(shown in the graph as “0” values) was 50 PFU/ml.

CTC). These two fragments were digested with ApalL | and
ligated to produce a fragment containing a fusion of the HCV
5" NTR to the BVDV ORF. This fragment was digested with
Sac | and ligated into pGEM3Zf(—) which had been digested
with Sma | and Sac | to produce the subclone pGEM498-
Sacl. Next, a fragment containing the BVDV 5’ NTR was
synthesized by PCR amplification of pBVDV with primers
#183 (5'-TTTTCTAGATAATACGACTCACTATAGTATACGA
GAATTAGAAAAGGCACTCG) and #480 (5'-GGGGGCTGG
CACGTGCCATGTACA). This fragment was digested with
Xba | and BsrG | and ligated into pGEM498-Sacl digested
with the same two enzymes, to create the plasmid pGEMXbal-
Sacl. pPGEMXbal-Sacl contains a tandem fusion of the BVDV
5" NTR, the HCV 5’ NTR, and the 5’ portion of the BVDV NP™
gene. pBVDV + HCV was created by digesting pGEMXbal-
Sacl with Xba | and Sac | and ligating the fragment into
pBVDV digested with the same two enzymes, and as such

FIGURE 6. Construction of derivatives of 5’"HCV designed to contain 5’ termini corresponding to the sequence detected
within the three analyzed pseudorevertants. A: 5’ terminal sequence of the 5’"HCV derivatives. The suffix (orig) designates
a derivative containing the original 5’ terminal sequence of the pseudorevertant. The suffix (cons) designates a derivative
containing the consensus tetranucleotide sequence 5'-GUAU at the same position. Novel sequences are shown in bold
upper case type. B: Plaque phenotypes, reticulocyte translation efficiencies relative to parental BVDV, specific infectivities
in MDBK cells, and titers at 24 and 48 h posttransfection are indicated.
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FIGURE 8. Replication of BVDV RNA or chimeric derivatives in trans-
fected MDBK cells. Equal numbers of MDBK cells (~8 x 10°) were
electroporated with 5 ug of each in vitro synthesized RNA. MDBK
cells were also transfected with infectious yellow fever 17D (Rice
et al., 1989) and Sindbis (Rice et al., 1987) RNAs to provide molec-
ular mass markers. One fifth of the transfected cells were seeded on
35-mm dishes and incubated in D-MEM supplemented with 10%
horse serum for 6 h at 37 °C. The media were then replaced with 1 ml
of fresh media containing 2 ng/ml of actinomycin D and 40 n.Ci/ml of
3H-uridine. Incubations were continued for 10 h at 37 °C. RNAs were
isolated as described in Materials and Methods, and one quarter of
the samples was denatured in glyoxal and loaded on an agarose gel.
A: Autoradiograph of the dried gel. Only the portion of the gel con-
taining the genomic RNAs is shown. B: Amount of radioactivity con-
tained within the displayed fragments as determined by scintillation
counting. BVDV, lane 1; 5’"HCV, lane 2; BVDV+HCVdelB2B3, lane 3;
BVDV-+HCVdelB2B3H1, lane 4; 5"HCV.R1orig, lane 5; 5’"HCV.R1cons,
lane 6; 5'"HCV.R3orig, lane 7; 5’"HCV.R3cons, lane 8; 5'"HCV.R2orig,
lane 9; 5'"HCV.R2cons, lane 10; yellow fever 17D, lane 11; Sindbis,
lane 12; nontransfected MDBK cells, lane 13. The experiments shown
is one of two repetitions which yielded similar results.

pBVDV+HCYV contains the T7 promoter, followed by the en-
tire 385-nt 5’ NTR of BVDV, a GT dinucleotide (nt 386—387),
the entire 341-nt 5" NTR of HCV (nt 388—728), and the se-
quence of the BVDV NADL strain including the ORF and
3’ NTR. Derivatives of pBVDV+HCV containing deletions
within the BVDV 5’ NTR and/or the HCV 5° NTR were
created in the subclone pGEMXbal-Sacl, as described
below, prior to ligation into Xba |- and Sac I-digested
pBVDV. For making deletions, restriction sites with non-
compatible protruding ends were treated with the Klenow
fragment of DNA polymerase | prior to ligation. For
creation of pBVDV+HCVdelB3 (deletion of nt 174-374, in-
clusive), pGEMXbal-Sacl was digested with Afl 1l and
BsrG |. For pBVDV+HCVdelB2B3 (deletion of nt 67-374),
pGEMXbal-Sacl was digested with Avr Il and BsrG I.
For pBVDV+HCVdelB1B2B3 (deletion of nt 33-374),
pGEMXbal-Sacl was digested with SnaB | and BsrG I.
For pBVDV+HCVdelB2B3H1 (deletion of nt 67-396),
pGEMXbal-Sacl was digested with Avr Il and Xcm |I.
For pBVDV+HCVdelB2B3H1H2 (deletion of nt 67-513),
pGEMXbal-Sacl was digested with Avr Il and Bsg I. For
pBVDV+HCVdelB2B3H3 (deletion of nt 67-374, 518-704),
subclone pGEMXbal-SacldelB2B3 was digested with Sma .
p5'HCV was created by digesting p90/HCVFLlongpU with
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Xba | and Nru | and ligating the fragment into pBVDV+HCV
digested with the same two enzymes.

The EMCV plasmid, pECg, was provided by Ann Palmen-
berg and is described elsewhere (Hahn & Palmenberg, 1995).
p5’'EMCV contains the entire 710 nt of the 5’ NTR of EMCYV,
followed by the open reading frame of BVDV and the 3’ NTR.
One extra G residue was added between the T7 promoter
and the first nucleotide of the EMCV 5 NTR to facilitate
efficient in vitro transcription. Convenient restriction sites within
the BVDV 5’ NTR or the EMCV 5’ NTR were used to create
additional chimeras. Sites with noncompatible protruding ends
were treated with the Klenow fragment of DNA polymerase |
prior to ligation. For example, the plasmid pBVDV+EMCVdelA
contains nt 1-378 of BVDV 5’ NTR fused with nt 45-710 of
EMCV (the BsrG | site of BVDV ligated to the EcoR V site of
EMCV). pBVDV+EMCVdelB3A contains nt 1-173 of BVDV
fused with nt 45-710 of EMCYV (the Aflll site of BVDV ligated
to the EcoR V site of EMCV). pBVDV+EMCVdelB2B3A con-
tains nt 1-66 of BVDV fused with nt 45-710 of EMCV (the
Avr |l site of BVDV ligated to the EcoR V site of EMCV).
pBVDV+EMCVdelB3ABC contains nt 1-173 of BVDV fused
with nt 161-710 of EMCV (the Afl Il site of BVDV ligated to
the Pspl406 site of EMCV). pBVDV+EMCVdelB2B3ABC
nt 1-66 of BVDV fused with nt 161-710 of EMCV (the Avr Il
site of BVDV ligated to the Pspl406 site of EMCV).
pBVDV+EMCVdelB3A-H contains nt 1-101 of BVDV fused
with nt 289—710 of EMCV (the Nhe | site of BVDV ligated to
the Avr Il site of EMCV). pBVDV+EMCVdelB2B3A-H con-
tains nt 1-62 of BVDV fused with nt 289—-710 of EMCV (the
Avr |l site of BVDV ligated to the Avr Il site of EMCV). The
schematics of the chimeric 5 NTRs are presented in Fig-
ures 2 and 4.

All other heterologous 5’ NTRs used in the study were
generated by PCR using an oligonucleotide complementary
to nt 256-272 of the HCV 5’ NTR and primers containing the
sequence of the Xba | restriction site followed by the T7
promoter, the heterologous sequences found in sequenced
pseudorevertants, or sequences corresponding to different
regions of the HCV 5’ NTR. All the fragments were subcloned
into the plasmid, pRS2 (a derivative of pUC19), sequenced,
and recloned into the p5’"HCV plasmid by replacing the frag-
ment between the Xba | site located upstream of the T7
promoter and the Nhe | site (nt 249-254) in the 5° NTR of
HCV.

Cell cultures

MDBK cells were obtained from M. Collett (ViroPharma, In-
corporated) and BT cells were obtained from the American
Type Culture Collection (Rockville, Maryland). Cells were
grown in Dulbecco’s modified Eagle medium (D-MEM) sup-
plemented with 10% horse serum and sodium pyruvate.

Transcriptions and transfections

All the designed plasmids, including pBVDV and the chimeric
derivatives, were digested to completion with Sda | (Sse83871),
purified by phenol extraction, precipitated by ethanol, and
dissolved in water. The transcription reactions were per-
formed using the T7 Megascript kit (AMBION) using the con-
ditions recommended by the manufacturer. Reactions were
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incubated at 37°C for 1 h, and 3H-UTP was added to the
reaction to quantify the RNA synthesis. The quality of the
synthesized RNAs was checked by agarose gel electropho-
resis, and samples containing 50—60% of full-length RNA
were used for electroporations and in vitro translations. The
reaction mixtures were aliquoted and stored at —70°C prior
to electroporation or in vitro translations.

Transfection was performed by electroporation of MDBK
cells using previously described conditions (Mendez et al.,
1998). Two micrograms of in vitro synthesized RNA, corre-
sponding to approximately 1 wg of the full-length transcript,
were used per electroporation. In standard experiments, ten-
fold dilutions of electroporated cells were seeded in 6-well
tissue culture plates containing 5 X 10° naive MDBK cells per
well. After 1 h of incubation at 37 °C in an 5% CO incubator,
cells were overlaid with 3 ml of 0.6% LE Sea Kem agarose
(FMC Bioproducts) containing minimal essential medium sup-
plemented with 5% horse serum. Plaques were stained with
crystal violet after 3 days incubation at 37 °C. The rest of the
transfected cells was seeded into 100-mm dishes and incu-
bated for approximately 48 h or until cytopathic effect was
observed in virtually all cells. Samples of the media were
taken at 24 and 48 h, and virus titers were determined as
described above and previously (Mendez et al., 1998).

Analysis of the 5 ' ends of viral genomes

Sequencing of the 5’ ends of selected variants of BVDV was
performed on plaque-purified viruses. Plaques were typically
isolated from the agarose overlay without staining with neu-
tral red. Virus was eluted in 1 ml of D-MEM/10% horse serum
for several hours and was used to infect 5 X 105 MDBK cells
in 35-mm dishes. After 1 h of virus adsorption at 37 °C, an
additional 1 ml of D-MEM/10% horse serum was added to
the dishes, and incubation was continued for 36—48 h until
cytopathic effect was observed in virtually all cells.

Fifty microliters of harvested viral stocks were clarified by
low speed centrifugation, and viral RNAs were isolated by
TRIzol reagent (Gibco-BRL) using the protocol recommended
by the manufacturer. Sequencing of the 5’ termini was per-
formed using an oligonucleotide/cDNA-ligation strategy de-
scribed elsewhere (Troutt et al., 1992). The primer S1 (5'-
GTCGTTTCACACATGGATCC), complementary to nt 710—
729 of the BVDV genome, was used for cDNA synthesis. A
phosphorylated oligonucleotide tag (5'-GACTGTTGTGGCC
TGCAGGGCCGAATT) with an amino group on the 3’ termi-
nus was ligated to the first strand cDNA (Troutt et al., 1992).
One tenth of this reaction mixture was used for PCR ampli-
fication. The primers for PCR amplification were as follows:
primer A (5'-GCCCTGCAGGCCACAACAGTC), complemen-
tary to the tag; primer B (5'-TCAGGCAGTACCACAA) com-
plementary to nt 281-296 of the HCV 5’ NTR; and primer C
(5'-GGAATGCTCGTCAAGAAGACAG), complementary to
nt 268-289 of the EMCV 5’ NTR. The primer pairs of A + B
or A + C were used for analysis of the pseudorevertants of
5'HCV and BVDV + HCVdelB1B2B3 or 5'EMCV, respec-
tively. For the 5’"HCV pseudorevertants, one tenth of the li-
gation mixture was used for an additional PCR reaction. This
fragment was synthesized using primer S1, described above,
and a primer corresponding to nt 147-175 of the HCV ge-
nome. Fragments were purified by agarose gel electropho-
resis and cloned into the plasmid pRS2. Multiple independent

1433

clones were sequenced by the standard dideoxy-mediated
chain termination method using the Sequenase version 2.0
DNA Sequencing Kit (USB).

Cell-free translation

Cell-free translation reactions were performed in reticulocyte
extracts (Promega) using conditions recommended by the
manufacturer. Usually 0.1-1 ug of the same in vitro synthe-
sized RNAs used in transfection experiments were used in
25 pl translation reactions. After 45 min of incubation at 30 °C,
2 wl were dissolved in 10 ul of sample buffer, and those
samples were analyzed by sodium dodecyl sulfate PAGE.
Labeled proteins were visualized by autoradiography of the
dried gel. The efficiency of translation was measured using
phosphorimager analysis (Molecular Dynamics) by compar-
ing the radioactivity in the band corresponding to the NP™
protein. In preliminary experiments, an eightfold increase in
incorporation was observed for translation of 4 ug versus
0.4 g BVDV transcript RNA. Quantitative data were ob-
tained from reactions using subsaturating (0.4 wg) amounts
of BVDV or BVDV chimera transcript RNAs.

Analysis of virus specific RNAs

The protocols used for radioactive labeling of virus-specific
RNAs are described in the appropriate figure legends. RNAs
were isolated from the cells by using TRIzol reagent as rec-
ommended by the manufacturer (Gibco-BRL). After denatur-
ation with glyoxal in dimethylsulfoxide, cellular RNAs were
analyzed by electrophoresis in a 1% agarose gel containing
a 10 mM phosphate buffer. Pieces of the dried gel containing
the appropriate RNA bands were excised, and their radio-
activity measured by liquid scintillation counting.
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