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Chimeric yellow fever virus (YF) RNAs were constructed in which the YF structural genes were replaced by
the hepatitis C virus (HCV) structural genes or fusions between the YF and HCV structural genes. Interest-
ingly, RNA replication required nucleotide complementarity between the 3�-located conserved sequence 1 and
an RNA sequence located in the 5� end of the YF capsid sequence. The (chimeric-)HCV structural proteins were
efficiently expressed and processed, and the native E1/E2 heterodimer was formed. However, no indication for
the production of HCV-like particles was obtained.

Yellow fever virus (YF) is the type member of the genus
Flavivirus in the family Flaviviridae, a group of viruses that also
contains the genera Pestivirus and Hepacivirus (for recent re-
views, see references 5 and 23). The YF genome is a positive-
stranded RNA molecule of approximately 11 kb that contains
a 5� end cap structure. The 3� end is nonpolyadenylated but
instead contains an extensive secondary RNA structure (17, 27,
28). The genome encodes for a single polyprotein of over 350
kDa that is co- and posttranslationally processed by host and
viral proteases (23). The capsid (C) protein is released from
the N-terminal part of this polyprotein by the viral protease
NS2B-3. The envelope proteins prM and E are processed by
signal peptidase cleavages, while the YF nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) are processed
from the remainder of the polyprotein by host proteases and
the viral NS2B-3 protease.

Hepatitis C virus (HCV) has been classified as a separate
genus (Hepacivirus) in the family Flaviviridae. HCV encodes a
polyprotein of approximately 3,000 amino acids. Co- and post-
translational cleavage of the polyprotein generates at least 10
polypeptides: the putative structural proteins C, E1, and E2
and several nonstructural proteins (NS2, NS3, NS4A, NS4B,
NS5A, NS5B). In addition, a small hydrophobic polypeptide
(p7) is encoded between the E2 and NS2 genes. The function
of this polypeptide is unknown, but studies on the closely
related bovine viral diarrhea virus p7 protein indicate that it
has a function in virion formation (18). The C protein is the
putative nucleocapsid protein, and E1 and E2 are the HCV
envelope glycoproteins (15, 25) that form heterodimers stabi-
lized by noncovalent interactions (11). These heterodimers are
believed to constitute the native prebudding complex (11) and
do not leave the endoplasmic reticulum (ER) due to retention
signals present in the C termini of E1 and E2 (8, 9, 14).

Studies on HCV have been hampered by the lack of an
efficient cell culture system. Recently, a system that allowed
the replication of selectable full-length HCV genomes in a
hepatoma cell line was established (19, 26). Despite the ex-
pression of HCV structural proteins, no evidence for the as-
sembly of virions could be obtained.

As a tool to study the expression of the HCV structural
proteins and possibly HCV assembly, chimeric YF/HCV ge-
nomes were constructed in which the structural genes of YF-
17D were replaced by the structural genes of a genotype 1a
HCV strain. In the type 1 chimeras, the region encoding the
YF structural proteins C, prM, and E (YF nucleotides [nt] 161
through 2452) was replaced by the region encoding the HCV
structural proteins C, E1, and E2, as well as p7 (HCV nt 342
through 2768 [Fig. 1]). A major complication in the construc-
tion of these chimeras was the presence of a highly conserved
sequence (5� CS; nt 156 through 165) (17) overlapping with a
downstream AUG codon in the YF-C gene (Fig. 1). This se-
quence is essential for flavivirus replication by interacting with
a complementary sequence (CS1) at the 3� end of the genome
(20; J. P. Bredenbeek et al., submitted for publication). In view
of this, four different type 1 chimeras were constructed (1.0,
1.1, 1.2, and 1.3) by fusion PCR. The authentic YF C gene
AUG translation initiation codon was mutated in all four chi-
meric genomes, forcing translation to start at the downstream
AUG codon overlapping the 5� CS. The HCV-C gene was
fused at this downstream AUG codon. In chimera 1.0, the YF
5� CS lacked 2 nt (Fig. 2B), which could be detrimental to the
replication of this chimeric genome. In chimera 1.1, the au-
thentic 5� CS was retained, resulting in an extra Val residue in
HCV-C as the second amino acid (Fig. 1 and 2B). To circum-
vent adding amino acids to the HCV-C protein, chimera 1.2
was constructed by introducing compensating mutations in
CS1 of chimera 1.0 (Fig. 2B). In this way, the putative 5�
CS-CS1 interaction as well as the authentic HCV-C protein
sequence was retained. Finally, a construct (chimera 1.3) was
created in which the (wild-type) 5� CS was combined with a
mutant CS1 (Fig. 2B). In this construct, the putative 5� CS-CS1
interaction was partially disrupted, in addition to the introduc-
tion of an extra Val residue in the HCV-C protein. The rep-
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lication of the in vitro-transcribed YF/HCV chimeric RNAs
was analyzed by electroporating transcripts into BHK-21J cells
(30). Viral RNA was labeled from 18 to 24 h postelectropora-
tion with [3H]uridine in the presence of actinomycin D and
analyzed on agarose gels (Bredenbeek et al., submitted). No
viral RNA synthesis was detected in cells transfected with
chimeras 1.0 and 1.3 (Fig. 2A, lanes 2 and 5). In contrast,
chimeras 1.1 and 1.2 and the YF-17D control replicated effi-
ciently (Fig. 2B, lanes 1, 3, and 4). In all lanes, a band corre-
sponding to 28S rRNA was clearly detected, suggesting that
the lack of chimera 1.0 and 1.3 RNA was not due to technical
problems. These results clearly illustrate that the putative 5�
CS-CS1 interaction is crucial for efficient YF RNA replication.
All further analyses were carried out with chimeras 1.1 and 1.2.
Expression and subcellular localization of the HCV glycopro-
teins expressed from chimera 1.2 were analyzed by immuno-
fluorescence assay (IFA) (Bredenbeek et al., submitted).
When stained with monoclonal antibodies (MAbs) directed
against HCV-E1 (MAb A4 [13]) and HCV-E2 (MAb H53 [9]),
a specific perinuclear staining was observed, suggesting that
the glycoproteins are localized in the ER (Fig. 3). These results

were confirmed by counterstaining for the ER resident protein
disulfide isomerase (data not shown). In various expression
systems, a large fraction of E1 and E2 forms misfolded aggre-
gates (7, 12, 13, 15). Since MAb H53 does not recognize mis-
folded E2 (9), the IFA staining with MAb H53 suggests that at
least a fraction of the HCV glycoproteins is properly folded.
Cells stained with HCV-C MAb MA1-080 (24) showed a clear
membrane-associated signal for both chimeras. Western blot
analysis of YF-NS1 and HCV-C, -E1, and -E2 indicated com-
plete processing of the chimeric protein precursor (data not
shown). Essentially similar results were obtained with chimera
1.1 (data not shown). To study the kinetics of synthesis and
maturation of HCV-E1 and -E2, pulse-chase experiments
were performed (9, 13) and the sensitivity of these proteins to
endo��-N-acetylglucosaminidase H (endo H) was analyzed.
Proteins were labeled for 30 min and subsequently chased for
up to 4 h. Immunoprecipitations (IP) were performed with the
conformation-sensitive E2 MAb H53 (Fig. 4A). For both type
1 chimeras, coprecipitation of E1 was observed, indicating that
native E1/E2 heterodimers were formed. No Endo H-resistant
E1 and E2 proteins were observed, indicating that at least the
majority of the glycoproteins were retained in the ER or cis-
Golgi compartment. Chase periods of up to 8 h gave similar
results (data not shown). Essentially similar data were ob-
tained with the E1-specific MAb A4 (data not shown). The lack
of Endo H-resistant E1 and E2 suggested that HCV-like par-
ticles were not produced by type 1 chimeras. The assembly of
HCV-like particles is likely dependent on RNA encapsidation
sequences for the formation of intracellular HCV capsids. The
type 1 chimeric genomes could lack such sequences. Therefore,
an alternative approach would be to construct chimeric ge-
nomes that express the YF-C protein to ensure the formation
of YF capsid structures. These capsid structures are supposed
to interact during virus assembly with the cytoplasmic domains
of the YF, or possibly HCV, prebudding complex. Studies on
YF/DEN and YF/JE chimeras indicate that intratypic interac-
tions between the capsid and prebudding complex of flavivi-
ruses are, to some extent, conserved (6, 16, 29). To pursue this
approach, a set of YF/HCV chimeric genomes (type 3) was
constructed in which the C gene of YF was present, in addition
to various fusions between (parts of) the glycoprotein genes of
YF and HCV. Studies using flavivirus replicons (21; E. A. Kooi
and P. J. Bredenbeek, unpublished data) demonstrated that all
sequences required for assembly are located outside the struc-
tural genes. Type 3 chimeric RNAs should thus contain all
sequences required for the assembly of YF capsids. In chimera
3.1, the HCV E1, E2, and p7 coding sequences were replaced
by the YF-prM and YF-E genes (Fig. 1), allowing for the
assembly of YF capsids and an HCV prebudding complex. In
chimera 3.2 (Fig. 1), the sequences for YF-prM (YF nt 482
through 866) and -E (YF nt 974 through 2318) ectodomains
were replaced by the putative ectodomains of HCV-E1 (HCV
nt 915 through 1365) and HCV-E2 (HCV nt 1491 through
2436), respectively (10). These glycoprotein domain fusions
were aimed at generating glycoprotein complexes that would
resemble HCV E1/E2 complexes at the luminal side of the ER
while resembling the YF prebudding complex at the cytosolic
side. Finally, as a control, chimera 3.0 (Fig. 1) was constructed.
In chimera 3.0, the sequences encoding YF-prM and the
ectodomain of E (YF nt 482 through 2318) were replaced by

FIG. 1. Schematic outline of the structural gene region of YF,
HCV, and the chimeric genomes used in this study. YF structural
genes are indicated by black boxes, and HCV structural genes are
indicated by shaded boxes. Hatched boxes represent the YF-NS1 gene.
The amino acid sequences of the constructed gene fusions are shown
below the fusion points. The nucleotide sequence at the C fusion of the
type 1 chimeras is also shown. The 5� CS is underlined. tprM, TMD
and C terminus of YF-prM; tE, TMD and C terminus of YF-E.
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the HCV-E1 coding sequence and the putative ectodomain
coding sequences of HCV-E2 (HCV nt 915 through 2436),
respectively. This chimeric genome is likely unable to produce
E1/E2 heterodimer due to the absence of interaction between
the HCV-E1 and YF-E transmembrane domains (TMDs). All
of the type 3 chimeric RNAs replicated at similar efficiencies
compared to the YF-17D control (Fig. 2A, lanes 6, 7, and 8).
IFA revealed that HCV-E1 and -E2 were efficiently expressed
(Fig. 3). To study the maturation of HCV glycoproteins, we
performed pulse-chase experiments. Upon IP with MAb H53

(Fig. 4B), E2 was detected but no coprecipitation of E1 was
observed for chimeras 3.0 and 3.2. In contrast, for chimera 3.1,
clear coprecipitation of E1 was detected. These results suggest
that chimeras 3.0 and 3.2 are unable to form the noncovalently
linked E1/E2 heterodimers. Upon IP with MAb A4 (Fig. 4C),
coprecipitation of E2 was observed for all type 3 chimeras. This
observation is probably due to precipitation of the cysteine-
linked E1/E2 aggregates with MAb A4. The glycoproteins and
glycoprotein complexes produced by all type 3 chimeric repli-
cons did not acquire Endo H resistance during a 4-h chase
period, demonstrating that at least the majority of the glycop-
roteins were retained in the ER or cis-Golgi compartment.
Again, these data suggest that no HCV-like particles were
produced.

For tick-borne encephalitis virus, it has been demonstrated
that de novo-synthesized prM and E form heterodimers (1,
31). The interaction between the TMDs of the prM and E
proteins is required for this heterodimer formation (1, 2). The
design of chimera 3.2 was based on these apparently similar
characteristics of the HCV and flavivirus envelope protein
TMDs. However, the results obtained with chimera 3.2 dem-
onstrated that the YF-prM and YF-E TMDs could not substi-
tute for the function of the HCV-E1 and HCV-E2 TMDs in
the formation of E1/E2 heterodimers. Exchanging the E2
TMD for the TMD of CD4 demonstrated that this E2-CD4
protein had lost the ability to interact with E1 (9). However, it
could be argued that the rapid transport of the E2-CD4 protein
to the cell surface prevented interactions required for the het-
erodimerization of E1 and E2-CD4. Our results with chimeras
3.0 and 3.2 show that, even when the TMDs of E1 and E2 are

FIG. 2. (A) Analysis of viral RNA replication. Cells were electroporated with the indicated chimeric RNAs and labeled with [3H]uridine in the
presence of actinomycin D. RNA was isolated, denaturated with glyoxal, and separated on an agarose gel. (B) Putative cyclization motifs in YF
and type 1 YF/HCV chimeras. Mutated sequences are shown in bold italics. In chimeras 1.0 and 1.3, the complementarity between 5� CS and CS1
is partially destroyed whereas the complementarity is restored in chimeras 1.1 and 1.2. See text for details.

FIG. 3. Indirect immunofluorescence analysis of HCV protein ex-
pression by YF/HCV chimeras. Typical results are shown for YF-17D,
chimera 1.2, and chimera 3.2. Specific immunofluorescence was de-
tected with MAbs recognizing HCV-E1 (MAb A4), HCV-E2 (MAb
H53), and HCV-C (MAb MA1-080).
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replaced by similar TMDs from proteins normally retained in
the ER, no heterodimerization between E1 and E2 takes place.
These results provide further evidence for a direct role of the
HCV-E1 and -E2 TMDs in the formation of the native glyco-
protein complex. Since a cell culture system in which HCV
particles are produced is not available, it is unknown whether
E1 and E2 acquire Endo H resistance during secretion of the
virus. When the E2 ectodomain was fused to the TMD of CD4,
the chimeric protein did acquire Endo H resistance (9). CD4 is
a protein that is normally transported to the cell surface via the
secretory pathway, which is also proposed to be the pathway
used for the release of flavivirus particles. We therefore believe
that, if the YF/HCV genomes produced HCV-like particles, at
least a fraction of the glycoprotein complexes should have
acquired Endo H resistance. Since it is unknown if E1 or E2
present in virus particles undergoes conformational changes

during transport through the Golgi apparatus, it might have
been possible that an Endo H-resistant E1/E2 complex was no
longer recognized by the conformation-sensitive E2 MAb H53.
However, pulse-chase experiments using conformation-inde-
pendent E2 MAbs (data not shown) yielded similar results.
Additional indications for the lack of HCV-like particle pro-
duction were obtained by transmission and immuno-electron
microscopy studies on transfected cells and reverse transcrip-
tion-PCR analysis of the medium harvested from these cells
(data not shown). Interestingly, intracellular HCV-like parti-
cles were observed by expression of the HCV structural pro-
teins in the baculovirus expression system (3) or by Semliki
Forest virus replicons (4). However, these particles were not
secreted into the medium. Compared to the YF replicons used
in this study, the baculovirus and Semliki Forest virus expres-
sion systems produce a much larger amount of proteins. It still
has to be established whether the particles produced in these
(over-)expressing systems truly resemble native HCV particles.

We can envisage several explanations for the lack of HCV-
like particle production using YF replicons. (i) An important
HCV-specific RNA signal required for the encapsidation of
the viral RNA might be lacking in our type 1 chimeras. As-
sembly of HCV capsids at the site of the prebudding complex
might be required for the assembly of HCV virions. If YF
capsids could substitute for HCV capsids, it should be expected
that the 3.1 chimera produces HCV-like particles. However, it
might be possible that the evolutionary relationship between
HCV and YF is not close enough for the conservation of
intratypic capsid-prebudding complex interactions. Since the
chimera types 3.0 and 3.2 do not produce the E1/E2 het-
erodimer, it is unlikely that in these cases a functional HCV
prebudding complex can be formed. (ii) A cellular factor re-
quired for the morphogenesis of HCV-like particles might be
lacking in the BHK-21J cells. Also in HepG2 and Huh-7 cells,
no evidence has been obtained for HCV-like particles (R.
Molenkamp and P. J. Bredenbeek, unpublished data), suggest-
ing that, if such a factor exists, it is lacking in all tested cell
types. Alternatively, the studied cell lines might express factors
that have an inhibitory effect on HCV-like particle formation.
(iii) An HCV-encoded factor not present in our YF/HCV
chimeric RNAs might be required for the formation of infec-
tious virus. Recent data suggest that YF NS2A plays a crucial
role in the formation of infectious particles (22). However, the
recently established full-length selectable HCV RNAs (19, 26)
containing the entire HCV open reading frame also do not
produce virus particles in Huh-7 cells. The absence of HCV-
like particle production by our YF/HCV chimeras might actu-
ally be due to a combination of the factors mentioned above.
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