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Hepatitis C virus (HCV) replicates its genome in a membrane-associated replication complex, composed of
viral proteins, replicating RNA and altered cellular membranes. We describe here HCV replicons that allow the
direct visualization of functional HCV replication complexes. Viable replicons selected from a library of Tn7-
mediated random insertions in the coding sequence of nonstructural protein 5A (NS5A) allowed the identifi-
cation of two sites near the NS5A C terminus that tolerated insertion of heterologous sequences. Replicons
encoding green fluorescent protein (GFP) at these locations were only moderately impaired for HCV RNA rep-
lication. Expression of the NS5A-GFP fusion protein could be demonstrated by immunoblot, indicating that the
GFP was retained during RNA replication and did not interfere with HCV polyprotein processing. More im-
portantly, expression levels were robust enough to allow direct visualization of the fusion protein by fluores-
cence microscopy. NS5A-GFP appeared as brightly fluorescing dot-like structures in the cytoplasm. By confocal
laser scanning microscopy, NS5A-GFP colocalized with other HCV nonstructural proteins and nascent viral
RNA, indicating that the dot-like structures, identified as membranous webs by electron microscopy, represent
functional HCV replication complexes. These findings reveal an unexpected flexibility of the C-terminal
domain of NS5A and provide tools for studying the formation and turnover of HCV replication complexes in
living cells.

Hepatitis C virus (HCV) infection is a major cause of
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma
worldwide (37). A protective vaccine does not exist to date and
therapeutic options are still limited. The virus contains a sin-
gle-stranded 9.6-kb RNA genome of positive polarity that en-
codes a polyprotein of about 3,000 amino acids (aa) (reviewed
in references 27 and 33). The polyprotein precursor is co- and
posttranslationally processed by cellular and viral proteases to
yield the mature structural and nonstructural proteins. The
structural proteins include the core protein, which forms the
viral nucleocapsid, and the envelope glycoproteins E1 and E2.
The nonstructural proteins NS2 through NS5B include the
NS2-3 autoprotease and the NS3 serine protease, an RNA
helicase located in the C-terminal region of NS3, the NS4A
polypeptide, the NS4B and NS5A proteins, and the NS5B
RNA-dependent RNA polymerase.

Similar to all positive-strand RNA viruses investigated thus
far (reviewed in references 1 and 12), HCV forms a mem-

brane-associated replication complex, composed of viral pro-
teins, replicating RNA, and altered cellular membranes (13,
16, 31, 44). Determinants for membrane association of the
HCV nonstructural proteins have been mapped (reviewed in
references 11 and 34), but the protein-protein interactions
involved in formation of a functional HCV replication complex
are poorly understood (10). A specific membrane alteration,
termed the membranous web, was recently identified as a site
of HCV RNA replication in Huh-7 cells harboring subgenomic
HCV replicons (16). The membranous web could be induced
by expression of NS4B alone and was similar to the “sponge-
like inclusions” previously observed by electron microscopy in
the liver of HCV-infected chimpanzees (13). Given the often
close association with the endoplasmic reticulum (ER) and
based on earlier studies demonstrating the colocalization of
individually expressed HCV proteins with the ER (8, 20, 43,
46), as well as more recent data indicating that HCV RNA
replication takes place in a compartment that sustains endogly-
cosidase H-sensitive glycosylation (22), it is believed that the
membranous web is derived from membranes of the ER (16).
However, the steps involved in membranous web formation,
the interplay between HCV translation and replication, and
the turnover of HCV replication complexes are poorly under-
stood. Such investigations would be enhanced by systems that
allow tracking of functional HCV replication complexes in
living cells.
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Toward this goal, we used transposon-mediated mutagenesis
to identify sites in the HCV NS5A protein where exogenous
sequences could be inserted with minimal effect on replicon
function. Viable replicons harboring a green fluorescent pro-
tein (GFP) inserted at two permissive sites in the C-terminal
domain of NS5A allowed direct visualization of the NS5A-
GFP fusion protein by fluorescence microscopy. NS5A-GFP
colocalized with other HCV nonstructural proteins and nas-
cent viral RNA, indicating that the fusion protein is incorpo-
rated into functional replication complexes. These results in-
dicate that the C-terminal region of NS5A is highly flexible and
provide a system for studying the assembly and disassembly of
functional HCV replicases in living cells.

MATERIALS AND METHODS

Transposon library and plasmids. A library of replicon clones with random
insertions were created in a blasticidin selectable Con1 HCV replicon plasmid
harboring the S2204I adaptive mutation (5), pCon1/SG-Bsd(I) (15), by using the
GPS-LS linker scanning system according to the manufacturer’s instructions
(New England Biolabs, Beverly, Mass.). This TnsABC transposase-based system
allows essentially random and single-hit in vitro insertion of a Tn7-based
transprimer, a minimal transposable element, into a plasmid of interest (4).
Plasmids carrying an insertion can be selected based on kanamycin resistance
encoded within the transposon. To concentrate transposon insertions in a sub-
region of the polyprotein, an EcoRI-to-MfeI fragment containing the C-terminal
two-thirds of NS5A and about one-quarter of the NS5B N terminus was sub-
cloned into pCon1/SG-Bsd(I) and replated on tetracycline and kanamycin to
select for transposon containing replicon plasmids. A PmeI site, present near the
transposon ends, was used to remove all but 10 bases of the insert, which, in
addition to a five-base duplication of the target generated during the transposase
reaction, results an insertion of 15 nucleotides or 5 aa.

Subsequently, a second transprimer, containing an ampicillin selectable
marker followed by the FLAG sequence (amp-FLAG) (15), was cloned as a
blunt-ended fragment into the NS5A transposon library after digestion with
PmeI to liberate the original transprimer. Transformants were selected on agar
plates containing both tetracycline and ampicillin to select for replicon clones
with the amp-FLAG cassette randomly inserted within the region of interest.

The final stage of library construction entailed the removal of the majority of
the amp-FLAG cassette leaving only the small FLAG linker. This was achieved
by subjecting the pool of clones to DraI digestion, which cuts only within the
ampicillin cassette, and religation. Since the FLAG sequence left behind will
code for this epitope only in a single orientation and frame, stop codons were
designed in all other possible translational frames. The presence of a stop codon
in any non-FLAG coding insertion would prevent translation of the full comple-
ment of viral proteins required for replication and would thus prevent selection
of replicons not coding for the FLAG peptide after transfection into Huh-7 cells.

Two permissive sites were identified, as described in Results, resulting in
replicon constructs pCon1/SG-Bsd(I)/FlagI.1 and pCon1/SG-Bsd(I)/FlagI.6 (15).
Subsequently, the GFP coding sequence was excised from a vector containing a
human codon-optimized, red-shift variant GFP kindly provided by Brian Seed
(Harvard University, Boston, Mass.) and cloned into the DraI sites of pCon1/
SG-Bsd(I)/FlagI.1 and pCon1/SG-Bsd(I)/FlagI.6 to yield pCon1-SG-Bsd(I)/
GFP-FLAGI.1 and pCon1-SG-Bsd(I)/GFP-FLAGI.6, respectively. The sites and
the amino acid sequences flanking these insertions are illustrated in Fig. 1A.

Finally, the XhoI-MfeI fragment of pCon1/SG-Bsd(I)/GFP-FLAGI.1 and
pCon1/SG-Bsd(I)/GFP-FLAGI.6, encompassing the domain of NS5A harboring
the GFP insertions, was subcloned into the XhoI-MfeI sites of G418 selectable
replicon constructs pCon1/SG-Neo(GIT) and pCon1/SG-Neo(I)/AflII. The GIT
replicon construct contains two cell culture adaptive mutations in NS3 (E1202G
and T1280I) and one in NS4B (K1846T) (15), identified by Lohmann et al. (29).
The resulting plasmids were named pCon1/SG-Neo(GIT)/GFP-FLAGI.1 (GIT/
5A-GFP-1) and pCon1/SG-Neo(GIT)/GFP-FLAGI.6 (GIT/5A-GFP-6), as well
as pCon1/SG-Neo(I)/AflII/GFP-FLAGI.1 (I/5A-GFP-1), and pCon1/SG-Neo(I)/
AflII/GFP-FLAGI.6 (I/5A-GFP-6) (Fig. 1B). As a negative control, the XhoI-
MfeI fragments were also subcloned into a replicon construct with substitutions
inactivating the NS5B RNA-dependent RNA polymerase, pHCVrep1bBartMan
(pol�)/AvaII (5) to yield plasmids pCon1/SG-Neo(pol�)/GFP-FLAGI.1 (pol�/
5A-GFP-1) and pCon1/SG-Neo(pol�)/GFP-FLAGI.6 (pol�/5A-GFP-6) (Fig.
1B).

In vitro transcription and RNA electroporation. Plasmids were linearized with
ScaI, and in vitro transcription was performed essentially as described previously
(7). Transcripts were purified by using the RNeasy minikit (Qiagen, Valencia,
Calif.) with an on-column DNase treatment by using the RNase-Free DNase Set
(Qiagen).

Huh-7 or Huh-7.5 cells (7), a highly permissive, alpha interferon-cured Huh-7
human hepatocellular carcinoma cell line derivative, were transfected with in
vitro-transcribed RNA by electroporation essentially as described previously (7).
In brief, RNA transcripts (1 �g) were mixed with 6 � 106 washed cells in 0.4 ml
in a 2-mm gap cuvette and immediately pulsed (820 V, 99-�s pulse length, five
pulses at 1-s intervals) by using a BTX ECM 830 square wave electroporation
system (Genetronics, San Diego, Calif.). Cells were seeded into 100-mm-diam-
eter dishes at 6 � 105, 6 � 104, and 6 � 103 cells per dish, together with cells
transfected with pol� RNA transcripts such that the total cell number was
maintained at 6 � 105 cells per dish. At 72 h after plating, selection was started
with either 1,000 �g of G418 or 3 �g of blasticidin (Invitrogen, La Jolla, Calif.)/
ml, depending on the replicon resistance marker. Three weeks later, drug-
resistant colonies were pooled and further expanded or fixed with 7% formal-
dehyde, followed by staining with 1.25% crystal violet in 25% ethanol to facilitate
colony counting.

Antibodies. Monoclonal antibodies (MAbs) 1B6 against NS3 (46), 4b-52
against NS4B (20) (kindly provided by Michinori Kohara, The Tokyo Metropol-
itan Institute of Medical Science, Tokyo, Japan), 11H against NS5A (8) (kindly
provided by Jan Albert Hellings, bioMérieux, Boxtel, The Netherlands), and
5B-3B1 against NS5B (32) have been described. MAb M2 against the FLAG
epitope was from Sigma (St. Louis, Mo.) and MAb JL-8 against GFP from
Clontech (Palo Alto, Calif.). A polyclonal antiserum against GFP was obtained
from Molecular Probes (Eugene, Oreg.).

Immunoblot. Immunoblot was performed as described previously (35).
Confocal laser scanning microscopy (CLSM). Indirect immunofluorescence

microscopy was performed essentially as described previously (35). In brief, cells
grown as monolayers on glass coverslips were fixed with 2% paraformaldehyde,
permeabilized with 0.05% saponin, and incubated with primary antibodies in
phosphate-buffered saline containing 3% bovine serum albumin and 0.05%
saponin. Bound primary antibody was revealed with a Rhodamine Red-X-
conjugated secondary antibody, and nuclei were counterstained with TO-
PRO-3 iodide (Molecular Probes). Coverslips were mounted in 50% glycerol in
phosphate-buffered saline and examined by using a Zeiss LSM 510 microscope.
Images were processed by using Adobe Photoshop 7.0.

BrUTP labeling. Newly synthesized viral RNA was labeled with 5-bromouri-
dine 5�-triphosphate (BrUTP) during a 3-h incubation period in the presence of
5 �g of actinomycin D/ml to selectively inhibit cellular DNA-dependent RNA
synthesis as described previously (17). BrU-labeled viral RNA was detected with
a MAb against BrdU (Bio Cell Consulting, Reinach, Switzerland), followed by a
Cy3-conjugated secondary antibody. CLSM was performed as described above.

EM and IEM. For conventional electron microscopy (EM), cells were fixed in
2.5% glutaraldehyde and 2% OsO4 and embedded in Poly/Bed 812 (Poly-
sciences, Warrington, Pa.) according to standard protocols. For immuno-EM
(IEM), cells were fixed and embedded in LRGold (London Resin Co., London,
United Kingdom) at �20°C as described previously (13). Bound primary anti-
bodies were revealed with gold-conjugated secondary antibodies (Amersham
Pharmacia Biotech, Piscataway, N.J.) as described previously (13).

RESULTS

Identification of insertion sites in NS5A. To identify sites in
NS5A permissive to the insertion of heterologous sequences, a
library of replicon constructs containing randomly inserted
FLAG epitope coding sequences in the NS5A/5B region was
generated by using a Tn7 transposon-mediated strategy. Ac-
cording to the least-efficient stage of library construction, this
library represented 25 random in-frame insertions throughout
NS5A/5B. Huh-7 cells were electroporated with RNA tran-
scribed from this library and subjected to drug selection to
score for viable replication events. The library RNA exhibited
an �12-fold reduction in colony-forming ability compared to
the parental replicon, suggesting that a significant proportion
of the population was impaired for replication, as expected.

Fourteen individual drug-resistant colonies were isolated
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and expanded for additional examination. All but one clone
expressed an NS5A-FLAG fusion protein, as determined by
immunoblotting (data not shown). To determine insert loca-
tions, the NS5A/5B region was amplified by reverse transcrip-
tion-PCR (RT-PCR) from RNA purified from these clones,
followed by sequence analysis. All clones that were positive for
the FLAG epitope by immunoblot contained an insert close to
or within a serine-rich region in the C-terminal domain of
NS5A. The one clone that was negative for NS5A-FLAG by
immunoblot contained no FLAG insert in NS5A/5B when ex-

amined by RT-PCR and sequence analysis. Three replicons
contained an insert after amino acid position 2356 (aa 384 of
NS5A), and 10 replicons contained an insert after amino acid
position 2390 (aa 418 of NS5A).

HCV replicons harboring GFP insertions in the C-terminal
domain of NS5A are viable. The GFP coding sequence was
inserted into the two FLAG-permissive sites in replicon con-
structs with cell culture adaptive changes in NS3 (E1202G and
T1280I) and NS4B (K1846T) (GIT) (29) or in NS5A (S2204I)
(5) (Fig. 1). RNA was in vitro transcribed from these plasmid

FIG. 1. Replicon constructs. (A) Sites and amino acid sequences of the GFP insertions in NS5A. (B) Replicon constructs. Cell culture adaptive
mutations in NS3 and NS4B (GIT constructs) or NS5A (S2204I constructs) are marked by circles. The pol� control constructs harbor an
inactivating GDD3AAG mutation in the NS5B RNA-dependent RNA polymerase.
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templates and electroporated into Huh-7.5 cells, followed by
G418 selection. Three weeks later, G418-resistant colonies
were pooled and expanded or stained with crystal violet, as
shown in Fig. 2. Each of the four different constructs was
viable, albeit with different colony formation efficiencies.
Counting of G418-resistant colonies resulting from three inde-
pendent electroporation experiments revealed a colony forma-
tion efficiency of about 1 CFU/ng of replicon RNA for GIT/
5A-GFP-1, 0.1 CFU/ng for I/5A-GFP-1, 10 CFU/ng for GIT/
5A-GFP-6 and I/5A-GFP-6, and 250 CFU/ng for the unmod-
ified parental GIT and S2204I replicons. Thus, replicons
harboring the GFP insertion after aa 2390 (GIT/5A-GFP-6
and I/5A-GFP-6) were 10-fold (compared to GIT/5A-GFP-1)
or 100-fold (compared to I/5A-GFP-1) more efficient in initi-
ating HCV RNA replication than the constructs with GFP
inserted after aa 2356. However, even for I/5A-GFP-1, G418-
resistant cell populations or individual clones could be easily
expanded, particularly if the G418 concentration was reduced
to 400 �g/ml (data not shown). Efficiency of the parental rep-
licon constructs GIT and S2204I was about 25-fold higher than
that of the constructs harboring the GFP-6 insertion. As ex-
pected, the pol� control constructs yielded no G418-resistant
colonies.

Taken together, initiation of HCV RNA replication by rep-
licon constructs harboring a GFP insertion in NS5A was sur-
prisingly efficient. In good accordance with the different num-
ber of clones identified in the initial screen for permissive
insertion sites with the FLAG epitope sequence as an insert (3

of 14 after aa 2356 and 10 of 14 after aa 2390), the more
C-terminal insertion site was more tolerant of the GFP insert.

GFP is retained in NS5A during RNA replication. Western
blot analyses of I/5A-GFP-6 and S2204I replicon cells at pas-
sage 10, as well as of naive Huh-7.5 cells as negative control,
were performed to investigate whether the NS5A-GFP fusion
protein was stable during HCV RNA replication. As shown in
Fig. 3, a band of the expected molecular mass of �85 kDa,
corresponding to the NS5A-GFP fusion protein, was detected
in I/5A-GFP-6 cells by using both MAbs directed against NS5A
and against GFP. The unmodified NS5A protein of 56 to 58
kDa was detected in S2204I replicon cells. In addition, cor-
rectly processed NS3, NS4B, and NS5B proteins of the ex-
pected molecular masses of 70, 27, and 68 kDa, respectively,
were detected in both I/5A-GFP-6 and S2204I cells. Analogous
findings were obtained for the other replicon constructs. The
phosphorylation status of NS5A-GFP was not investigated be-
cause replicon constructs harboring the adaptive changes
K1846T (present in the GIT constructs) or S2204I (present in
the I constructs) are impaired for hyperphosphorylation (15).

Taken together, these results demonstrate that the GFP
moiety is retained in NS5A during RNA replication and does
not interfere with HCV polyprotein processing. Cells have
been maintained for 40 passages without any appreciable
changes of their characteristics compared to the earlier pas-
sages. In addition, RT-PCR and sequence analyses performed
on selected clones at passages 8 to 18 revealed that the GFP
insertion is stably retained (data not shown). Further studies

FIG. 2. HCV replicons harboring GFP insertions in the C-terminal region of NS5A are viable. RNA was in vitro transcribed from constructs
GIT/5A-GFP-1, I/5A-GFP-1, GIT/5A-GFP-6, I/5A-GFP-6, and S2204I, as well as pol�/5A-GFP-1 and pol�/5A-GFP-6, and electroporated into
Huh-7.5 cells, followed by plating into 100-mm-diameter dishes at 6 � 105, 6 � 104, and 6 � 103 cells per dish and G418 selection as described
in Materials and Methods. G418-resistant colonies were stained with crystal violet after 3 weeks.
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will be necessary to determine the stability of NS5A-GFP over
more extended passaging.

NS5A-GFP can be directly visualized by fluorescence mi-
croscopy. Huh-7.5 cells harboring the different replicon con-
structs were cultured on glass coverslips and examined by
fluorescence microscopy. As shown in Fig. 4, the GFP fluores-
cence was robust enough to be directly visualized by fluores-
cence microscopy. The signal was found in the cytoplasm as
brightly fluorescing dots and in a reticular staining pattern that
surrounded the nucleus, extended throughout the cytoplasm,
and included the nuclear membrane. As previously observed in
Huh-7 cells harboring unmodified HCV replicons (16), there
was some degree of heterogeneity in the intensity of staining of
individual cells. No nuclear or plasma membrane staining was
observed. This pattern was strikingly similar to the distribution
of HCV nonstructural proteins in Huh-7 cells harboring sub-
genomic HCV replicons, as determined by immunofluores-
cence microscopy (16). In such cells, the dot-like structures
harbor the viral nonstructural proteins and replicating RNA
and, therefore, represent replication complexes, which appear
as membranous webs by electron microscopy (16).

The fluorescence patterns of replicon constructs harboring
insertions after aa 2356 and after aa 2390 were identical
(data not shown). However, the dot-like structures were
generally smaller and more dispersed throughout the cyto-
plasm in replicons harboring the GIT adaptive changes (Fig.
4A) compared to the larger dots concentrated in the jux-
tanuclear region found in replicons with the S2204I adaptive
background (Fig. 4B). Further studies will investigate the basis
for this interesting difference.

Time course analyses indicated that fluorescence was stron-
gest in subconfluent cells 5 to 7 days postseeding but dropped
rapidly once cells became fully confluent (data not shown).

This is in accordance with observations made previously in
Huh-7 cells harboring subgenomic HCV replicons (41).

Taken together, the striking similarity of the size, distribu-
tion, and morphology of the dot-like structures identified here
with those previously identified as HCV RNA replication com-
plexes suggests that the NS5A-GFP fusion protein is incorpo-
rated into such complexes.

NS5A-GFP colocalizes with other HCV nonstructural pro-
teins and nascent viral RNA. To further investigate whether
the fluorescent dot-like structures represent replication com-
plexes, we investigated their localization in relation to other
HCV nonstructural proteins and nascent viral RNA. As ex-
pected, CLSM revealed a perfect colocalization of GFP with
the signal of a MAb directed against NS5A (Fig. 5A). More
importantly, the NS5A-GFP fusion protein colocalized with
NS3, as shown in Fig. 5B. Analogous findings were obtained
with MAbs directed against NS4B and NS5B (data not shown).
These results indicate that the NS5A-GFP fusion protein is
incorporated into a multiprotein complex, together with the
other HCV nonstructural proteins.

To conclusively identify sites of active RNA replication, we
determined the site of viral RNA-dependent RNA synthesis by
metabolic labeling with BrUTP in the presence of actinomycin
D, followed by immunostaining with a MAb against BrdU and
CLSM. As shown in Fig. 6, GFP (green in Fig. 6A) and the
BrU signal (red in Fig. 6B) colocalized to the same cytoplasmic
dot-like structures (yellow in Fig. 6C). The finding that NS5A-
GFP colocalizes with newly synthesized viral RNA demon-
strates that the dot-like structures represent the site of viral
RNA synthesis and, therefore, active HCV RNA replication
complexes.

Membranous webs represent the site of HCV RNA replica-
tion. EM and IEM were performed to identify the ultrastruc-

FIG. 3. GFP is retained in NS5A during RNA replication. Lysates of Huh-7.5 cells harboring the replicon constructs I/5A-GFP-6 (5A-GFP)
and S2204I, as well as lysates of naive Huh-7.5 cells, were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed
by immunoblotting with MAbs 1B6 against NS3, 4b-52 against NS4B, 11H against NS5A, 5B-3B1 against NS5B, or JL-8 against GFP. About 100
�g of cellular protein was loaded per lane. Molecular mass standards in kilodaltons are indicated on the left.
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tural equivalent of the dot-like structures harboring the NS5A-
GFP fusion protein, other HCV nonstructural proteins, and
replicating viral RNA, i.e., viral replication complexes. As
shown in Fig. 7A, typical membranous webs, composed of
small vesicles embedded in a membrane matrix, were found in
cells harboring GFP replicon constructs. This specific mem-
brane alteration was very similar to the membranous web pre-
viously identified in U-2 OS human osteosarcoma-derived cell

lines inducibly expressing the HCV polyprotein (13) and in
Huh-7 cells harboring unmodified HCV replicons (16). By
double-labeling IEM with primary antibodies against GFP and
NS5A or NS3 and secondary antibodies conjugated with 10- or
15-nm gold, the NS5A-GFP fusion protein and NS3 were
found to strongly accumulate on membranous webs. Taken
together, and in perfect agreement with a previous report (16),
these results demonstrate that membranous webs are formed
in Huh-7.5 cells harboring GFP replicons and represent the
site of HCV RNA replication in these cells.

DISCUSSION

HCV replicons have allowed, for the first time, studies on
efficient and genuine HCV RNA replication in vitro (5, 21, 30,
40; reviewed in reference 3). HCV nonstructural proteins 3 to
5B form a complex required for autonomous HCV RNA rep-
lication. Since the original reports of functional genotype 1b
replicons, replicons for genotype 1a (6, 18) and 2a (23), as well
as derivatives expressing or activating the expression of easily
quantifiable marker enzymes (luciferase, �-lactamase, and se-
creted alkaline phosphatase) in a separate cistron have been
made to facilitate genetic studies, as well as drug screening and
evaluation (24, 36, 47). Replicon-containing cells have also
provided a source of membrane fractions containing crude
replication complexes for biochemical studies (2, 19, 25).

In the present study, we describe replicons that allow direct
visualization of functional HCV replication complexes in living
cells. Central to this effort was the identification of sites in an
essential replicase component permissive for insertion of GFP.
We used Tn7-mediated in vitro transposition to create a pool
of random insertions within the NS5A coding region (4). Only
replicons with insertions that did not significantly disrupt the
function of the viral protein could replicate and were selected.
Two permissive sites in the C-terminal domain of NS5A were
identified by this approach and were used to insert the GFP
coding sequence. These constructs were only moderately im-
paired for HCV RNA replication, revealing an unexpected
flexibility of NS5A and of the HCV RNA replication machin-
ery. Indeed, the length of NS5A was increased by 58% from
447 to 708 aa by the insertion (Fig. 1A). One possible expla-
nation for why GFP was tolerated as an internal insertion is
that the N and C termini are close to each other in the three-
dimensional structure of GFP (38) and are, therefore, less
likely to displace the surrounding domains of NS5A. Insertions
of alternative heterologous sequences, including selectable
markers and other fluorescent reporters, into the permissive
sites identified here are currently being studied.

NS5A was chosen as a region for insertional mutagenesis
because adaptive mutations (reviewed in reference 3), includ-
ing a 47-aa deletion (5) and a 4-aa insertion (21), suggested a
certain flexibility of this viral nonstructural protein. All FLAG
epitope insertions identified in the initial random insertion
screen mapped to one of two locations at the C-terminal do-
main of NS5A. The more N-terminal, less frequently identified
insertion site at amino acid position 2356 falls directly inside a
cluster of serine residues. Interestingly, the C-terminal, more
frequently identified insertion site at aa 2390 coincides with a
43-aa deletion (aa 2371 to 2413) recently identified as an adap-
tive change in HeLa cells harboring a subgenomic HCV rep-

FIG. 4. NS5A-GFP can be directly visualized by fluorescence mi-
croscopy. Huh-7.5 cells harboring the constructs GIT/5A-GFP-6
(A) and I/5A-GFP-6 (B) were analyzed by fluorescence microscopy at
5 days postseeding. (C) Cells harboring the parental S2204I replicon
without GFP insertion served as the negative control.
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licon (48). Other reports have shown this region of the
polyprotein to be somewhat malleable and perhaps dispens-
able for replicon function (N. Appel and R. Bartenschlager,
personal communication; T. Tellinghuisen and C. M. Rice,
unpublished data). In addition, structure predictions indicate
that whereas the �180 aa immediately following the N-termi-
nal membrane-anchoring �-helix of NS5A (8, 14) are likely to
form a stable subdomain, the C-terminal half of NS5A has
characteristics more typical of unfolded proteins that undergo
“induced folding” by binding to their natural ligands (39).

Transposon insertion screens have been useful, among oth-

ers, to identify genes important for herpesvirus (9) and cyto-
megalovirus (45) propagation, as well as to map domains of the
human immunodeficiency virus type 1 (HIV-1) genome (26),
the Moloney murine leukemia virus envelope protein (42), and
Gag protein (2a) required for production of infectious virus.
Although the goal of our study was to create at least one
functional replicon clone expressing a GFP-tagged version of
NS5A, rather than a complete genetic footprint of NS5A, the
random insertion approach appears to have been important in
our success. Based on the complexity of the library and accord-
ing to the least efficient step in the library cloning (cloning of

FIG. 5. NS5A-GFP colocalizes with other HCV nonstructural proteins. Huh-7.5 cells harboring replicon construct I/NS5A-GFP-6 were stained
with MAb 11H against NS5A (A) or MAb 1B6 against NS3 (B), followed by CLSM as described in Materials and Methods. Nuclei were
counterstained with TO-PRO-3 iodide.

FIG. 6. NS5A-GFP colocalizes with nascent HCV RNA. I/5A-GFP-1 replicon cells were metabolically labeled with BrUTP in the presence of
actinomycin D, followed by CLSM. (A) GFP fluorescence. (B) Detection of newly synthesized, BrU-labeled viral RNA with a MAb against BrdU
and a Cy3-conjugated secondary antibody. (C) The overlay demonstrates colocalization (yellow) of the NS5A-GFP fusion protein and nascent viral
RNA. The border and the nucleus of a single cell are highlighted by thick and thin lines, respectively. Negative controls were identically treated
naive Huh-7 cells. Comparable results were obtained in cells harboring replicons with the GIT adaptive background.
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FIG. 7. Ultrastructure of GFP replicon cells and immunogold detection of GFP and HCV nonstructural proteins on the membranous web.
(A) Huh-7.5 cells harboring replicon construct I/5A-GFP-1 were analyzed by EM at 5 days postseeding. A membranous web is marked by the
arrows. Bar, 500 nm. ER, endoplasmic reticulum; G, Golgi apparatus; M, mitochondria; N, nucleus. The same cells were analyzed by double-label
IEM with MAb JL-8 against GFP and the NS5A-specific polyclonal antiserum WU144, followed by 10- and 15-nm gold-conjugated secondary
antibodies, respectively (B), or an anti-GFP polyclonal antiserum and MAb 1B6 against NS3, followed by 15- and 10-nm gold-conjugated secondary
antibodies, respectively (C). GFP and HCV nonstructural proteins are found almost exclusively on the membranous web. Bars, 200 nm.
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the amp-FLAG transprimer) (15), there should have been
about 25 different in-frame FLAG fusions in the replicon li-
brary. Thus, if replicons with only two different insertions were
viable, then fewer than one of ten sites was compatible with
RNA replication. Even the two insertion sites identified in our
study differed by a factor of 10 or 100, depending on the
adaptive background, in terms of efficiency of replication ini-
tiation. In this context, we have also explored directed inser-
tion at the C terminus of NS5B. It was shown previously that
the addition of 19 heterologous amino acids to the C terminus
of NS5B could yield, albeit at very low efficiency, viable repli-
cons (22). However, GFP insertions in this position were not
tolerated regardless of whether a stop codon was introduced
between NS5B and the GFP (D. Moradpour, B. D. Linden-
bach, and C. M. Rice, unpublished data). Thus, apart from
disrupting functional protein domains such insertions may in-
terfere with critical RNA elements in the HCV genome.

The replicons described here represent an attractive system
for live cell imaging studies (28). Such studies have now suc-
cessfully been initiated and should allow us to gain a dynamic
view of the formation and turnover of HCV replication com-
plexes in living cells. Moreover, the replicons described in the
present study may be useful for the rapid identification of cell
types or particular cells in a given population that are permis-
sive for high levels of HCV RNA replication.
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