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Studies of Hepatitis C virus (HCV) RNA replication have become possible with the development of sub-
genomic replicons. This system allows the functional analysis of the essential components of the viral repli-
cation complex, which so far are poorly defined. In the present study we wanted to investigate whether lethal
mutations in HCV nonstructural genes can be rescued by trans-complementation. Therefore, a series of
replicon RNAs carrying mutations in NS3, NS4B, NS5A, and NS5B that abolish replication were transfected
into Huh-7 hepatoma cells harboring autonomously replicating helper RNAs. Similar to data described for the
Bovine viral diarrhea virus (C. W. Grassmann, O. Isken, N. Tautz, and S. E. Behrens, J. Virol. 75:7791-7802,
2001), we found that only NS5A mutants could be efficiently rescued. There was no evidence for RNA
recombination between helper and mutant RNAs, and we did not observe reversions in the transfected mutants.
Furthermore, we established a transient complementation assay based on the cotransfection of helper and
mutant RNAs. Using this assay, we extended our results and demonstrated that (i) inactivating NS5A
mutations affecting the amino-terminal amphipathic helix cannot be complemented in trans; (ii) replication of
the helper RNA is not necessary to allow efficient trans-complementation; and (iii) the minimal sequence
required for trans-complementation of lethal NS5A mutations is NS3 to -5A, whereas NS5A expressed alone
does not restore RNA replication. In summary, our results provide the first insight into the functional
organization of the HCV replication complex.

Hepatitis C virus (HCV) is an enveloped RNA virus that
constitutes the genus Hepacivirus within the Flaviviridae family
(53). A common feature of this virus group is a single-stranded,
linear RNA genome of positive polarity. In the case of HCV
the genome has a length of �9,600 nucleotides (nt), and it
carries at the 5� and 3� ends short highly structured nontrans-
lated regions (NTRs) that are important for RNA translation
and replication (reviewed in reference 2). Located within the
5� NTR is an internal ribosome entry site (IRES) directing
translation of an approximately 3,000-amino-acid polyprotein
that is co- and posttranslationally cleaved by cellular and viral
proteinases into the following 10 products (listed from the N to
the C terminus): core, envelope protein 1 (E1), E2, p7, non-
structural protein 2 (NS2), NS3, NS4A, NS4B, NS5A, and
NS5B. The region from core to NS2 is processed by cellular
signal peptidases and a signal peptide peptidase, whereas the
proteins from NS3 to NS5B are generated by the NS2-3 and
the NS3/4A viral proteinases. Defined functions have been
ascribed to most of the nonstructural proteins. NS3 carries in
the N-terminal domain a serine-type proteinase, whereas the
C-terminal region possesses helicase and nucleoside triphos-
phatase activities (21, 24, 32). NS4A acts as a cofactor for the
NS3 serine proteinase, and NS5B functions as RNA-depen-
dent RNA polymerase (RdRp) (3, 5, 14, 40). The very hydro-
phobic NS4B protein appears to have no intrinsic enzymatic
activity. However, it induces the formation of intracellular
membranous vesicles, building up the so-called membranous
web, which most likely is the site of HCV RNA replication (12,

20, 47). It is assumed that in analogy to other positive-strand
RNA viruses, within the membranous web a multiprotein com-
plex exists that contains, in addition to most if not all viral
proteins, one or several host cell factors.

NS5A, which is presumed to be part of this replication com-
plex (RC), is a highly phosphorylated polypeptide that associ-
ates with membranes via an N-terminal amphipathic �-helix (7,
13). Interestingly, a large number of cell culture-adaptive mu-
tations that enhance RNA replication localize to the center of
this molecule (6, 34). Several of them affect serine residues that
are potential sites for phosphorylation by an as-yet-unknown
cellular kinase(s) (28, 49). While single substitutions affecting
these serine residues (S2197, S2202, and S2204) increase rep-
lication of HCV replicons to various extents, the combination
of these mutations reduces or completely blocks RNA repli-
cation (38). It is not clear how these mutations enhance RNA
replication, but their incompatibility suggests that they act via
the same mechanism (38).

Several cellular proteins were found to interact with NS5A
in vitro and in transfected cells (reviewed in reference 50).
Some of these interactions, such as binding to and inhibition of
the interferon-induced double-strand RNA-dependent protein
kinase (PKR), are thought to play a role in the evasion by HCV
of the interferon host defense system (16). In addition, NS5A
was found to interact with growth factor receptor-bound pro-
tein 2 (Grb2) adaptor protein (48), karyopherin �3 (9), tran-
scription factor SCRAP (18), p53 (42), cyclin-dependent ki-
nase 1 (1), and tumor necrosis factor receptor-associated
factor 2 (44). These interactions may perturb kinase signaling
cascades or cause alterations in cell growth and cell signaling
and thereby contribute to pathogenesis. More recently, an in-
teraction of NS5A with two cellular proteins involved in intra-
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cellular vesicle transport, amphiphysin II (54) and human ves-
icle-associated membrane-protein associated protein A
(hVAP-33, renamed hVAP-A) (52), was found. While inter-
action with the first seems to be dispensable for RNA replica-
tion, expression of a dominant negative hVAP-A mutant as
well as an RNA interference-mediated knockdown of hVAP-A
expression reduces RNA replication (17). This result suggests
that the interaction of NS5A with this cellular protein is of
functional importance and underscores the essential role of
NS5A in HCV RNA replication. However, the exact mode of
action is not known.

Virtually all positive-strand RNA viruses replicate their ge-
nomes on virus-induced vesicular membrane compartments.
These membranous complexes are rather enclosed structures
with a limited possibility for exchange of viral RNA and pro-
teins by trans-complementation. For instance, in the case of
Poliovirus (PV), only a very inefficient complementation of
mutations in the proteins 2C and 3D (RdRp) was found (51).
In the case of Kunjin virus (KV), efficient trans-complementa-
tion was reported for mutations affecting NS1, the NS3 heli-
case, or the NS5 RdRp (29–31, 37). For the Bovine viral diar-
rhea virus (BVDV), Grassmann and coworkers demonstrated
that NS5A was the only nonstructural protein that could be
complemented in trans (22).

With the aim of gaining insights into the functional organi-
zation of the HCV RC and the relationship between its indi-
vidual components, in this study we established two alternative
trans-complementation assays. The first one is based on the
supertransfection of replicon cell clones with defective select-
able subgenomic HCV RNAs, and the second approach is
based on the cotransfection of defective and helper replicons
into naive Huh-7 cells. Using these assays, we demonstrate that
certain mutations in NS5A, but not in NS3, NS4B, or NS5B,
can be complemented in trans. Coexpression of a minimal
sequence from NS3 to NS5A is sufficient to rescue replication
of mutants, whereas expression of NS5A alone does not re-
store functionality of defective replicon RNAs. Based on these
results, we propose three alternative models for trans-comple-
mentation by HCV NS5A.

MATERIALS AND METHODS

Cell cultures and viruses. Cell monolayers of the human hepatoma cell line
Huh-7 were grown in Dulbecco’s modified minimal essential medium (DMEM)
(Life Technologies, Karlsruhe, Germany) supplemented with 2 mM L-glutamine,
nonessential amino acids, penicillin at 100 U/ml, streptomycin at 100 �g/ml, and
10% fetal calf serum. G418 (Geneticin; Life Technologies) was added at a final
concentration of 250 �g/ml to cell lines carrying HCV neomycin replicons. For
generation of cell clones carrying subgenomic hygromycin replicons, 10 �g of in
vitro-transcribed replicon RNAs hyg-ET and hyg-5.1 (Fig. 1A) was transfected
into naive Huh-7 cells as described below. After selection for several weeks with
hygromycin B at 50 �g/ml, single-cell colonies were isolated and expanded to
obtain cell clones Huh-7-hyg/ET and Huh-7-hyg/5.1, respectively. Transient-
replication assays were performed with a highly permissive Huh-7 cell clone that
was generated as described recently (15).

Plasmid constructions. All nucleotide and amino acid numbers refer to the
Con-1 HCV genome (EMBL accession number AJ238799). Subgenomic repli-
cons carrying the hygromycin phosphotransferase (hyg) gene were generated by
replacing the selectable marker neo with the hyg gene in the subgenomic replicon
pFK-rep-neo/5.1. For this purpose, the hyg gene was amplified from the plasmid
pTKhyg by overlap PCR with primers that add AscI and PmeI restriction sites at
the 5� and 3� ends of the amplicons, respectively, and that remove by silent
mutation a ScaI site near the 3� end of the gene. Upon restriction with AscI and
PmeI, the fragment was inserted into pFK-rep-neo/5.1. Replicon hyg-ET was

generated by transferring the SfiI fragment from replicon pFK-rep-luc-PI/ET
into replicon hyg-5.1. The basic construct for selection assays, pFK-rep-neo/
E1202G carrying one weak adaptive mutation in NS3 (Fig. 1A), has been de-
scribed elsewhere (34). The plasmids carrying inactivating mutations in NS5A
(�1977-1983, ins. 1980Ala, ins. 1983Ala, �2194-2207, �2200-2202, S2194A�
S2197A�S2201A�S2204A, S2197A�S2201A, S2197A�S2204A, S2201A�
S2204A, S2194A�S2201A�S2204A, and S2194A�S2200A�S2201A�S2202A)
were generated by site-directed mutagenesis (25) with oligonucleotide primers car-
rying all necessary nucleotide alterations. EcoRI-XhoI (nt 6699 to 7186)- or HpaI-
EcoRI (nt 5982 to 6699)-restricted PCR fragments were inserted into the parental
replicon pFK-rep-neo/E1202G. For transient-replication assays the same PCR frag-
ments were inserted into reporter replicons pFK-rep-luc-PI/ET and pFK-rep-luc-
PI/E1202G�T1280I (38). These constructs contain the complete HCV 5� NTR, a
random 63-bp spacer element, the PV IRES, the luciferase gene of the firefly
(Photinus vulgaris), the encephalomyocarditis virus (EMCV) IRES, the HCV non-
structural proteins NS3 to NS5B, and the HCV 3� NTR (Fig. 1A). Plasmids har-
boring inactivating mutations or deletions in NS3 (A1027D and P1028H) or NS4B
(V1897D, V1897K, V1897P, �1782-1821, �1822-1882, and �1905-1933) were gen-
erated by PCR-based mutagenesis and standard recombinant DNA technologies
(46).

Plasmids pFK-rep-neo/wt, pFK-rep-neo/E1202G�T1280I, pFK-rep-neo/
�GDD, pFK-rep-neo/5Badapt, pFK-rep-neo-stop, and pFK-rep-PI-luc/GND
have been described recently (34, 38). The expression vector pTM was used to
generate in vitro transcripts of NS3 to the 3� NTR, NS3 to NS5A, and NS5A
under translational control of the EMCV IRES. pTM/NS3-3� plasmid variants
containing different adaptive mutations (T, E1202G�T1280I; ET, E1202G�
T1280I�K1846T; JT, and E1202G�T1280I��S2202) were generated by trans-
ferring SfiI fragments (nt 3622 to 8499) from subgenomic adapted replicons into
pTM/NS3-3�/wt (33).

Sequence analysis. Nucleotide sequences of the final replicon constructs were
confirmed by automated nucleotide sequencing with an ABI 310 sequencer
(Applied Biosystems). Big Dye version 2.0 (Applied Biosystems) was used for
cycle sequencing according to the instructions of the manufacturer.

In vitro transcription. In vitro transcripts were generated by using the protocol
described recently (41). In brief, plasmid DNA was restricted with AseI and ScaI
in the case of replicon constructs or with XbaI and SpeI in the case of the pTM
vectors. After extraction with phenol and chloroform, linearized plasmid DNA
was precipitated with ethanol and dissolved in RNase-free water. In vitro tran-
scription reaction mixtures contained 80 mM HEPES (pH 7.5), 12 mM MgCl2,
2 mM spermidine, 40 mM dithiothreitol (DTT), 3.125 mM (each) nucleoside
triphosphate, 1 U of RNasin (Promega, Mannheim, Germany) per �l, 0.1 �g of
restricted plasmid DNA per �l, and 0.6 U of T7 RNA polymerase (Promega) per
�l. After 2 h at 37 C, an additional 0.3 U of T7 RNA polymerase per �l was
added, and the reaction mixture was incubated for another 2 h. Transcription was
terminated by the addition of 1.2 U of RNase-free DNase (Promega) per �g of
plasmid DNA and 30 min of incubation at 37°C. After one extraction with acidic
phenol and chloroform, RNA was precipitated with isopropanol and dissolved in
RNase-free water. The concentration was determined by measurement of the
optical density at 260 nm, and RNA integrity was checked by denaturing agarose
gel electrophoresis.

Electroporation and trans-complementation by coselection of replicons. The
conditions for electroporation have been described in detail elsewhere (34, 39).
In pilot experiments, we found that the number of G418-resistant colonies
obtained after transfection of naive Huh-7 and Huh-7-hyg cells depends on the
amount of RNA transfected into the cells, the G418 concentration, and the
duration of selection. Optimal results with respect to lowest colony formation of
the mutants after transfection into naive cells and highest colony numbers when
using Huh-7-hyg cells carrying the helper replicon were obtained with 250 �g of
G418 per ml and 1 �g of mutant replicon RNA. Under these conditions, it took
�6 months to establish a cell clone from one individual colony. Briefly, 1 �g of
in vitro transcripts adjusted with total RNA from naive Huh-7 cells to a final
amount of 10 �g was mixed with 400 �l of a suspension of 107 Huh-7 cells per
ml. Electroporation conditions were 960 �F and 270 V with a Gene Pulser II
system (Bio-Rad, Munich, Germany) and a cuvette with a gap width of 0.4 cm
(Bio-Rad). Cells were immediately transferred to 7 ml of complete DMEM and
seeded into a 10-cm-diameter cell culture dish. After 24 h, the medium was
replaced by complete DMEM supplemented with 250 �g of G418 per ml. The
medium was changed weekly, and at 5 to 8 weeks after electroporation, colonies
were stained with Coomassie brilliant blue (0.6 g/liter in 50% methanol–10%
acetic acid). For each replicon, about five independent transfections were per-
formed.

Transient trans-complementation assay. Huh-7 cells were cotransfected by
electroporation as described above with 5 �g of a neo replicon as helper RNA
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and 1 �g of a replication-deficient luciferase reporter replicon. After addition of
12 ml of complete DMEM, 1-ml aliquots of the cell suspension were seeded into
a 10-cm2 culture dish and harvested at the time points given in Results. For
determination of luciferase activity, cells were washed three times with phos-
phate-buffered saline and scraped off the plate into 350 �l of ice-cold lysis buffer
(1% Triton X-100, 25 mM glycylglycine, 15 mM MgSO4, 4 mM EGTA, and 1
mM DTT). One hundred microliters of lysate was mixed with 360 �l of assay
buffer (25 mM glycylglycine, 15 mM MgSO4, 4 mM EGTA, 1 mM DTT, 2 mM
ATP, and 15 mM K2PO4 [pH 7.8]) and, after addition of 200 �l of a 200 �M
luciferin stock solution, measured in a luminometer (Lumat LB9507; Berthold,
Freiburg, Germany) for 20 s. Values obtained with cells harvested 4 h after
electroporation were used to determine the transfection efficiency.

Amplification of RNA by RT-PCR and cloning of amplified DNA fragments.

One microgram of total RNA and 50 pmol of primer A9413 (CAG GAT GGC
CTA TTG GCC TGG AG) were mixed in a total volume of 10.5 �l and
denatured for 10 min at 65°C. Reverse transcription was performed with Ex-
pand-RT (Roche Biochemicals, Mannheim, Germany) in a total volume of 20 �l,
and after 1 h at 42°C, different amounts of the reaction mixture were used for
PCR with the Expand Long Template PCR system (Roche Biochemicals) and
primers Sneo (CAA CGG GCG CGC CAT GAT TGA ACA A) and A9386Spe
(CGT ACT AGT TTA GCT CCC CGT TCA TCG GTT GG). Cycle conditions
were 2 min of initial denaturation at 94°C and 30 cycles of 10 s at 94°C, 90 s at
54°C, and 480 s at 68°C. After 10 cycles, the extension time was increased 10 s for
each additional cycle. After a final 10-min incubation period at 68°C, PCR
products were purified by preparative agarose gel electrophoresis, restricted with
AscI and SpeI or SfiI, and inserted into the parental construct pFK-I389neo/NS3-

FIG. 1. (A) Structures of replicon RNAs used for trans-complementation assays. Adaptive mutations localized in NS3 (E1202G and T1280I),
NS4B (K1846T), NS5A (S2197P), and NS5B (R2884G) are indicated by asterisks. Numbers refer to amino acid positions of the HCV Con-1
complete polyprotein. In the case of the selectable replicons (upper panel), expression of the first cistron is mediated by the HCV IRES, whereas
translation of the nonstructural proteins NS3 to -5B is directed by the EMCV IRES (EI). For the luciferase (luc) replicons, translation of this
reporter is mediated by the PV IRES (PI), which was fused to the 3� end of the HCV IRES. Translation of the HCV replicase is again mediated
by the EMCV IRES. (B) Schematic drawing of the experimental approach used to analyze trans-complementation. Mutations were introduced into
a subgenomic neo replicon carrying one weak adaptive mutation in NS3 (E1202G, indicated by an asterisk). Huh-7 cells containing hyg helper
replicons were transfected with mutated RNAs and subjected to selection with G418. Possible outcomes are depicted at the bottom. G418-resistant
colonies may arise in case of reversion, recombination, or trans-complementation. Neo or N, neomycin phosphotransferase; Hyg or H, hygromycin
phosphotransferase; Luc, P. vulgaris luciferase gene; �GDD, deletion of the NS5B GDD motif.
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3�/wt (41). To control for the specificity of the reverse transcriptase PCR (RT-
PCR), 1 �g of total RNA from naive Huh-7 cells was mixed with 107 molecules
of hyg or neo replicon in vitro transcript and RT-PCR was performed as de-
scribed above. To control for PCR-mediated recombination, we mixed 107 mol-
ecules of hyg replicon with 107 molecules of a neo replicon lacking the sequence
downstream of NS5A. Only in the case of the neo replicon alone did we obtain
a PCR product with the correct size. All reactions performed in the absence of
RT or with hyg or a shortened neo replicon as the template were negative (data
not shown). Moreover, by using extension times of several minutes, we reduced
the chance for PCR-mediated recombination.

Preparation of total RNA and Northern blot analysis. Total RNA was pre-
pared by a single-step isolation method (8), denatured by treatment with 5.9%
glyoxal in a solution containing 50% dimethyl sulfoxide and 10 mM sodium
phosphate buffer (pH 7.0), and analyzed after denaturing agarose gel electro-
phoresis by Northern blotting. Prior to hybridization, the membrane was stained
with methylene blue and cut �0.5 cm below the 28S rRNA band. The upper strip
containing the HCV replicon RNA was hybridized with a 32P-labeled negative-
sense riboprobe complementary to the neo gene, the hyg gene, or the NS5A
sequence. The lower strip, which was hybridized with a �-actin-specific antisense
riboprobe, was used to correct for total RNA amounts loaded onto each lane of
the gel (not shown).

RESULTS

Establishment of a trans-complementation assay by using
selectable replicons. In order to study which components of
the HCV RC are exclusively cis active or can act in trans, we
developed a trans-complementation assay that utilizes the
transfection of selectable replication-deficient HCV replicons
encoding the neomycin phosphotransferase (neo replicons)
into Huh-7 cells that harbor replicons expressing the hygromy-
cin phosphotransferase (hyg replicons) (Fig. 1B). Since the
efficiency of trans-complementation can be affected both by the
level of HCV proteins expressed from the helper RNA and by
the compatibility of certain cell culture-adaptive mutations
(see below), we used two different helper cell clones: Huh-7-
hyg/ET, which harbors the hyg-ET-replicon, and Huh-7-hyg/
5.1, which carries the hyg-5.1-replicon (Fig. 1A). These repli-
cons have two adaptive mutations in NS3 in common but differ
with respect to the highly adaptive mutation that resides in
NS4B or NS5A (hyg-ET and hyg-5.1, respectively). To increase
the efficiency of trans-complementation, transfected cells were
cultured in the presence of only G418. Under these conditions,

cells carrying only the hyg helper replicon are eliminated within
about 1 week. The efficiency of trans-complementation was
determined by the increase of G418-resistant cell clones ob-
tained after transfection of the Huh-7-hyg cell clones in com-
parison to naive Huh-7 cells that lack the hyg helper RNA.

Three different mechanisms could account for the G418
resistance of a cell clone: (i) reversion or compensatory muta-
tions in the defective neo replicon RNA, (ii) recombination
between mutant and helper RNA, or (iii) trans-complementa-
tion (Fig. 1B). To differentiate between these possibilities,
RNA present in G418-resistant cell clones was analyzed by
Northern hybridization with neo- or hyg-specific probes and by
sequence analysis of the mutated neo replicon RNA after am-
plification by RT-PCR and subcloning.

In the first set of experiments we compared the permissive-
ness of naive Huh-7 cells and the cells carrying the two differ-
ent helper RNAs. This comparison was necessary because host
cell permissiveness has a strong influence on the efficiency of
RNA replication, and therefore, differences in the number of
G418-resistant colonies obtained with different Huh-7 cells
could merely reflect different levels of permissiveness rather
than trans-complementation. To this end, we transfected a
wild-type (wt) replicon or a replicon that carried two adaptive
mutations in NS3 (E1202G and T1280I), enhancing RNA rep-
lication about two- to fivefold (replicon neo-T) (Fig. 1A). After
G418 selection for 4 to 5 weeks, cells were fixed onto the plates
and stained with Coomassie blue solution. As shown in Fig. 2,
there was no difference in the number of G418-resistant colo-
nies between naive Huh-7 cells and cells that carry the hyg
helper RNAs, demonstrating the comparable permissiveness
of the different Huh-7 cell cultures used for the trans-comple-
mentation assay.

Mutations in HCV NS5A can be complemented in trans. To
analyze whether HCV nonstructural proteins could be com-
plemented in trans, we generated a panel of neo replicons that
carried the adaptive mutation E1202G in NS3 and additional
inactivating mutations in NS3, NS4B, NS5A, or NS5B that
abolished RNA replication. The NS3 mutation served as a
genetic marker of this RNA and would support RNA replica-

FIG. 2. Representative results of trans-complementation experiments using selectable replicon mutants. Hygromycin replicon cells (Huh-7-
hyg/ET and Huh-7-hyg/5.1) and naive Huh-7 cells were transfected with the neo replicons specified at the top. After G418 selection for 6 weeks,
cells were fixed and colonies were stained with Coomassie blue solution.
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tion synergistically in the case of trans-complementation. For
the inactivating NS3 mutation P1028H, we have recently
shown that it has no influence on proteinase activity and there-
fore does not interfere with polyprotein processing (33). The
exact reasons for the replication defects caused by the various
mutations that we introduced into NS4B and NS5A are not
known because thus far the exact functions of these proteins
have not been firmly established. However, we analyzed all
NS4B and NS5A mutants for their influence on polyprotein
processing and found that in no case was it affected (reference
33 and data not shown). It is interesting that the amino acid
substitutions S2197A, S2201A, and S2204A increased RNA
replication when introduced individually into a replicon,
whereas the combination of two or more of these mutations
completely abolished RNA replication (N. Appel and R. Bar-
tenschlager, unpublished results). In the case of NS5B, we
inactivated the RdRp activity by deletion of 10 amino acids
spanning the active-site GDD motif of the polymerase. Equal
amounts of in vitro transcripts generated from these mutated
template DNAs were introduced by electroporation into naive
Huh-7 and the Huh-7-hyg cells. After 4 to 5 weeks of cultiva-
tion in medium containing only G418, cells were fixed, stained
with Coomassie blue, and counted. In the case of mutations
affecting NS3, NS4B, or NS5B, we found no difference in the
number of G418-resistant colonies between naive Huh-7 cells
and the two Huh-7-hyg cell clones (Fig. 2). The fact that a very
low number of colonies were obtained after transfection of the
NS5B mutant, which by definition is unable to replicate, argues
that these colonies are most likely due to integration of a DNA
fragment that carries the neo gene. Therefore, we considered
this low number of G418-resistant colonies to be background.
Furthermore, several repetitions of this experiment resulted in
no colonies upon transfection of this NS5B mutant and G418
selection of transfected cells. In contrast to these results, about
a 50- to 100-fold increase in the number of G418-resistant
colonies was obtained upon transfection of Huh-7-hyg cells
with RNAs that carried mutations in NS5A. This result sug-
gested that only mutations in NS5A can be complemented in
trans.

To further support this assumption, single-cell clones ob-
tained after transfection of Huh-7-hyg cells with NS5A mu-
tants were established, and replicon RNAs present in these
cells were analyzed by Northern blot hybridization. To discrim-
inate between the mutated and the helper RNAs, positive-
strand-specific riboprobes that hybridized to the neo or the hyg
gene, respectively, were used. Figure 3A shows the results of an
analysis of nine independently generated cell clones. Except
for two clones, both types of RNA were consistently detected
in the cells. In total, we established 28 independent cell clones,
of which 25 contained both RNA species, whereas for 3 cell
clones we only detected the neo RNA. This argues that the hyg
replicon indeed complemented the NS5A mutant, which in
turn conferred G418 resistance to the cells. Alternatively, the
mutated RNAs might have acquired reversions or second-site
compensatory mutations or lost the inactivating mutations due
to recombination with the helper RNA. In these cases, the neo
replicon would be capable of self-replication. Although this
possibility was not likely due to the rapid reduction of the hyg
replicon in the absence of selective pressure (the cells were
cultured in the presence of G418 only), we analyzed the se-

quences of the neo replicons in more detail. A neo-specific
RT-PCR was performed to amplify almost the complete rep-
licon sequence (see Materials and Methods) (Fig. 3B). After
subcloning of an SfiI DNA fragment that spans most of the
HCV coding region, at least two independent clones of each
fragment were sequenced in the regions carrying the intro-
duced mutations. We found that in all sequenced cell clones
harboring both replicon RNA species, the inactivating muta-
tions were still present in NS5A (Fig. 3B and Table 1). In
addition, all of the replicons had preserved the adaptive mu-
tation in NS3 at amino acid position 1202. Cell clones 3, 5, and
6 had one additional conserved mutation in NS3 (Table 1),

FIG. 3. (A) Analysis of HCV RNA species in G418-resistant cell
clones by Northern hybridization. Huh-7 cells carrying stably replicat-
ing hyg helper RNAs (hyg-ET or hyg-5.1) were transfected with neo
replicon mutants carrying lethal mutations in NS5A. After several
months of G418 selection, single-cell clones (clones 1 to 9) were es-
tablished and analyzed for HCV RNAs by using neo- or hyg-specific
(negative-sense) riboprobes. As controls for specificity, neo and hyg
replicon transcripts (108 molecules) as well as total RNA of naive
Huh-7 cells were analyzed in parallel. (B) Conserved mutations in neo
replicons isolated from cell clones 3 to 7 and 9. After RT-PCR, two
independent DNA clones were sequenced for each given cell clone.
Conserved mutations are indicated by a asterisk in the case of the
adaptive NS3 mutation and by vertical lines. The minimum region
examined by sequence analysis is indicated by dotted lines. In the case
of cell clone 4, the entire SfiI fragment was sequenced, and no further
mutation was detected.
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whereas cell clones 4, 7, and 9 had no further mutations in this
region. Sequence analysis of the complete SfiI fragment de-
rived from cell clone 4 revealed that no further mutations were
present in the HCV coding region, excluding the possibility
that the NS5A mutations were compensated by amino acid
substitutions elsewhere in the polyprotein. Moreover, we had
no evidence for RNA recombination. This statement is based
on the fact that the hyg helper replicon differed from the neo
mutant RNA that was originally transfected into Huh-7 cells at
12 nucleotide positions. These were scattered throughout the
coding sequence for NS3 to NS5A, with seven of them result-
ing in amino acid substitutions and the remaining ones being
silent (34). The fact that none of these nucleotide substitutions
was present in the neo mutant RNA amplified from cell clone
4 (and the other ones) clearly shows that our RT-PCR was
specific for only this RNA and that RNA recombination did
not occur in cells harboring both the mutant and the helper
RNAs.

In the case of cell clones harboring only the neo replicons
(e.g., cell clones 1 and 8), the inactivating mutations in NS5A
were also still present. However, further analysis of cell clone
8 revealed an additional conserved mutation (Table 1) that
may have compensated for the defects in NS5A. Alternatively,
replication of these neo mutant RNAs may be supported in a
very minor subpopulation of Huh-7 cells. Irrespective of these
possibilities, the absence of such mutations in at least one cell
clone carrying both mutant and helper replicon RNAs strongly
suggests that NS5A was complemented in trans. The fact that
replication of the RNAs with inactivating mutations in the
other nonstructural proteins could not be rescued indicated
that only mutations in NS5A can be trans-complemented. This
result implies that individual NS5A proteins rather than com-
plete replicase protein complexes or RNA templates may be-
come exchanged between helper and mutant RCs. Alterna-
tively, complementing NS5A may provide a function outside
the replicase complex and thereby indirectly rescue replication
of the NS5A mutants.

Establishment of a transient trans-complementation assay.
The results described thus far are based on trans-complemen-
tation of selectable replicon RNAs after supertransfection of
helper replicon cells. Apart from the requirement to perform
cell selection for several months, this approach has the risk of
enriching additional mutations in the nonfunctional neo repli-
con during selection. These mutations may have a compensa-
tory effect for the inactivating mutation and therefore circum-
vent trans-complementation by the helper RNA. To overcome
this limitation and to screen a broader range of lethal muta-
tions for rescue of RNA replication within a shorter time, we
established a transient-complementation assay that was based

on the cotransfection of mutant and helper RNAs. While the
mutated replicon carried the firefly luciferase reporter gene,
the replication-competent helper RNA carried the neo gene to
allow discrimination between the two RNA species (Fig. 4).
After cotransfection into a highly permissive naive Huh-7 cell
clone (see Materials and Methods), replication of the mutant
was determined at 4, 24, 48, and 72 h posttransfection by
measurement of luciferase activity. These cells were chosen
since they allow higher replication efficiencies in comparison to
even highly permissive naive Huh-7 cell passages (38). In par-
allel, replication of the helper neo RNA was determined by
Northern blot hybridization. In an attempt to achieve most
efficient restoration of RNA replication, we used two different
helper RNAs designated neo-ET and neo-5.1 (Fig. 1A). These
replicons carry the same adaptive mutations in NS3 (E1202G
and T1280I) but differ with respect to the additional highly
adaptive mutation, which is K1846T in the case of neo-ET and
S2197P in the case of neo-5.1. The inactivating NS5A muta-
tions were introduced into the luc-T replicon, which harbors
the same two adaptive mutations in NS3 (Fig. 1A). Based on
our previous results indicating that only NS5A may be ex-
changed between different RCs, various combinations of cell
culture-adaptive mutations were possible in trans-comple-
mented RCs, depending on which mutant and helper RNAs
were combined (Fig. 4B). In the first set of experiments we
analyzed replication rescue of a luc replicon carrying the NS5A
double mutation S2197A�S2201A by neo-5.1 and neo-ET
helper RNAs. To exclude nonspecific effects of these helper
RNAs, we used as an additional negative control a neo replicon
that carried a stop codon at the beginning of the NS3-coding
region. This RNA (designated neo-stop) did not give rise to
HCV proteins but otherwise was of the same structure as the
other helper RNAs (Fig. 1A). A representative result of such
a transient-replication assay is shown in Fig. 5A. Forty-eight
hours after transfection, the luciferase activity observed with
the luc-2197 � 2201-T mutant was below the detection limit.
Cotransfection with the defective helper RNA neo-stop had no
effect on the replication ability of the mutant. In contrast,
cotransfection with either replication-competent helper RNA
(neo-ET or neo-5.1) rescued the mutant to a level that was
comparable to that for the parental replicon luc-T. Analysis of
the neo helper replicons by Northern blot hybridization with a
neo-specific probe revealed a much higher level of RNA rep-
lication in the case of neo-ET than in the case of the neo-5.1
replicon (Fig. 5C). Furthermore, using Western blot analysis,
we found that the neo-ET helper RNA produces the highest
levels of HCV proteins, arguing that one should expect a very
high replication level of the mutant after cotransfection with
this helper (data not shown). However, the neo-ET helper

TABLE 1. Sequence analysis of mutated neo replicon RNAs recovered from G418-resistant cell clones

Cell clone Input RNA Rescued RNA

3 E1202G, S2194A, S2201A, S2204A E1202G, G1388E, S2194A, S2201A, S2204A
4 E1202G, S2194A, S2197A, S2201A, S2204A E1202G, S2194A, S2197A, S2201A, S2204A
5 E1202G, S2197A, S2204A E1202G, S1408P, S2197A, S2204A
6 E1202G, S2194A, S2201A, S2204A E1202G, G1388E, S2194A S2201A, S2204A
7 E1202G, S2197A, S2201A E1202G, S2197A, S2201A
8 E1202G, �2194–2197 E1202G, �2194–2197, I2430V
9 E1202G, �2200–2202 E1202G, �2200–2202
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FIG. 4. Transient trans-complementation assay. (A) A replication-deficient luciferase replicon (hatched box) was cotransfected with a neo
helper RNA (open box) into cells of a highly permissive Huh-7 cell passage. Equal numbers of cells were seeded and harvested at given time points
posttransfection. Replication of the mutant was monitored by luciferase assays, whereas replication of the helper RNA was controlled by Northern
hybridization. (B) Possible outcomes of trans-complementation after cotransfection of various helper and mutant replicon RNAs. The jagged
arrows indicate inactivating mutations in NS5A. Asterisks indicate the positions of adaptive mutations in NS3, NS4A, NS5A, or NS5B. Outcomes
of trans-complementation based on the exchange of the NS5A protein and expected replication efficiencies are shown in the right. Numbers in
parentheses indicate rows referred to in the text. �, poor replication; ��, moderate replication; ��� high replication.
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provides a wild-type NS5A protein in trans, and therefore,
cotransfection with the luc-2197 � 2201-T mutant may lead to
an RC that carries only a moderately adaptive mutation in NS3
(Fig. 4B, row 1). The neo-5.1 helper RNA produces an NS5A
protein that carries a highly adaptive mutation in NS5A. Con-
sequently, cotransfection with the luc-T mutant may restore a
much more adapted RC (Fig. 4B, row 2), and therefore smaller
amounts of NS5A are sufficient to rescue RNA replication of
the mutant to the level obtained with the highly replicating
neo-ET helper replicon (Fig. 5A and C). In agreement with
this assumption, we found that increasing the amount of co-
transfected helper RNA from 62 ng to 5 �g led to an increase
of mutant RNA replication (data not shown). Based on these
results, the highest level of rescue was expected for a combi-
nation of an efficiently replicating helper RNA (neo-ET) and
an NS5A mutant that carried the same adaptive mutations
(ET) (Fig. 4B, row 3). In contrast, the combination of the
neo-5.1 helper RNA with the same mutant should lead to a

lower degree of RNA replication rescue, because RCs in which
NS4B and NS5A each carry a highly adaptive mutation may be
generated (Fig. 4B, row 4). However, combination of highly
adaptive mutations in NS4B, NS5A, or NS5B strongly reduces
RNA replication (38, 39).

To further substantiate this assumption, we performed an
experiment in which we cotransfected the mutant luc-2197 �
2201-ET with helper replicons neo-ET, neo-5.1, and neo-
5Badapt. As shown in Fig. 5B, the most efficient rescue was
obtained with the neo-ET helper RNA, whereas an about
20-fold-lower rescue of the same mutant was found upon co-
transfection of the neo-5.1 helper RNA. The fact that this
helper did not support a higher rescue can be explained by the
incompatibility of the highly adaptive mutations in NS4B
(present in the mutant) with those in NS5A (present in the
helper) (Fig. 4B) or by lower replication of the neo-5.1 helper
RNA. To differentiate between these two possibilities, we co-
transfected the same mutant with the neo-5Badapt. helper

FIG. 5. trans-complementation of the replicon mutant luc-2197 � 2201 by different helper RNAs. (A) The inactivating mutations
S2197A�S2201A were introduced into the luciferase replicon luc-T (Fig. 1A) carrying two weak adaptive mutations in NS3. After cotransfection
with given helper RNAs, cells were harvested 4, 24, 48 and 72 h later and luciferase activities were determined. Values are the ratios of the values
at 48 and 4 h, reflecting transfection efficiency. For comparison, the mutant was transfected without helper RNA (hatched box). Luciferase
activities measured upon transfection of the parental replicon luc-T served as a positive control (open box). (B) trans-complementation of mutant
luc-2197 � 2201-ET with given helper RNAs as described for panel A. Data are means and standard deviations from two independent experiments,
each with duplicate measurements. (C) Analysis of the helper RNAs specified in panel B by Northern hybridization. Twenty micrograms of total
RNA was analyzed with a neo-specific riboprobe. Total RNA of naive Huh-7 cells served as a negative control. Known amounts of replicon in vitro
transcripts were used as positive controls. p.t., posttransfection.

VOL. 79, 2005 trans-COMPLEMENTATION OF HCV NS5A 903



RNA. Although the replication efficiency of this helper RNA
was lower than that of neo-5.1 (Fig. 5C), rescue of RNA rep-
lication was fivefold more efficient than that with neo-5.1 (Fig.
5B) due to the provision of wild-type NS5A in trans (Fig. 4B,
row 5). Therefore, the lower production of NS5A (Fig. 5C)
from the neo-5.1 helper plays only a minor role in trans-
complementation, whereas the incompatibility of highly adap-
tive mutations seems to be a major determinant for the effi-
ciency of trans-complementation. These results demonstrate
that trans-complementation of NS5A is possible in transient-
replication assays. Moreover, the data support the notion that
either NS5A proteins can be exchanged between different RCs
or NS5A provides a function outside the RC that indirectly
rescues replication of the mutant. In the latter case, the lower
trans-complementation efficiency of neo-5.1 RNA for luc-ET
mutants may be due to a competition between the adapted
proteins for the same replication-supporting function.

Mutations in the N-terminal amphipathic �-helix of NS5A
cannot be complemented in trans. Having established a sensi-
tive transient trans-complementation assay, we analyzed a
comprehensive panel of replicons carrying mutations in differ-
ent HCV proteins for their ability to be complemented in trans.
To this end, a set of mutants was cotransfected with the
neo-ET helper RNA. As summarized in Table 2, none of the
analyzed mutations in NS3, NS4B, or NS5B, all of which re-
duced RNA replication to below the detection limit, could be

complemented in trans. In contrast, all mutations in the central
region of NS5A were rescued (Table 2 and Fig. 6). Among
these were multiple mutations affecting potential phosphory-
lation sites as well as small deletions. In striking contrast, all
replicons in which we had disturbed the structure of the N-
terminal amphipathic helix by introducing a twist (ins. 1980Ala
and ins. 1983Ala) or shortening its length (�1977–1983) could
not be trans-complemented (Fig. 6B). Interestingly, these mu-
tations not only disturb the proper folding of the helix but also
cause a dramatic reduction of NS5A hyperphoshorylation, ar-
guing that these mutations had a more general effect on the
overall folding of the protein (45). In summary, the data show
that neither mutations in NS3, NS4B, or NS5B nor mutations

FIG. 6. trans-complementation of NS5A mutants in a transient as-
say. (A) Schematic drawing of the NS5A protein structure. The region
spanning the N-terminal amphipathic �-helix is shaded. Regions im-
portant for the basal phosphorylation of NS5A are indicated by cross-
hatched boxes. The major phosphoacceptor site (S2194) and the po-
tential hyperphosphorylation sites (S2197, S2201, and S2204) are
marked by black dots. (B) Transient replication of NS5A mutants after
rescue with helper RNA neo-ET (Fig. 1A). Luciferase activities were
determined as described in the legend to Fig. 5. Hatched bars repre-
sent the replication levels of the mutant in the absence of helper RNA.
Bars are means and error ranges of quadruplicate results.

TABLE 2. trans-complementation of HCV replicon mutants

Viral protein Mutation Complementationa

NS3 protease A1027D � (t)
P1028H � (s)

NS3 helicase; motif II H1319A � (t)

NS4B V1897D � (s)
V1897K � (s)
V1897P � (s, t)
�1782–1821 � (s)
�1905–1933 � (s, t)

NS5A �1977–1983 � (s, t)
ins. 1980 Ala � (s, t)
ins 1983 Ala � (s, t)
�2194–2197 � (s)
�2200–2202 � (s, t)
�2194–2207 � (s, t)
S2197A � S2201A � (s, t)
S2197A � S2204A � (s, t)
S2201A � S2204A � (s, t)
S2194A � S2197A

� S2201A �
S2204A

� (s, t)

S2194A � S2200A
� S2201A �
S2202A

� (s, t)

NS5B �GDD/GND � (s, t)
NS5B�C12 � (s, t)
NS5B�C21 � (s, t)
NS5B-LVL � (s, t)
NS5B-R568/570A � (s, t)

a �, no trans-complementation; �, trans-complementation; s, trans-comple-
mentation with hyg replicon helper RNA; t, trans-complementation in transient-
replication assay.
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affecting the N-terminal membrane anchor of NS5A can be
complemented in trans.

trans-complementation does not require replication of the
helper RNA. Encouraged by the successful complementation
of replicon RNAs carrying mutations in the central domain of
NS5A, we were interested to find out whether production of
NS5A in the context of an active RC is required for trans-
complementation. In the first set of experiments, we per-
formed a transient-complementation assay with a helper RNA
that cannot replicate due to a deletion spanning the GDD
motif of the NS5B RdRp (neo-�GDD). As exemplified by the
cotransfection of the NS5A mutants luc-2197 � 2201-ET and
luc-2201 � 2204-ET, trans-complementation was possible to a
level �10-fold above background (Fig. 7A). In contrast, the
mutant with the altered N-terminal �-helix (ins. 1983Ala) was
not rescued in spite of efficient transfection of the helper RNA
as shown by Northern hybridization (Fig. 7A). This result dem-
onstrates that trans-complementation does not require repli-
cation of the helper RNA. However, rescue of RNA replica-
tion of a mutant replicon was at least 10-fold higher when a
replication-competent helper RNA (neo-ET) was used. In ad-
dition, by performing time course experiments we found that
after cotransfection of nonreplicating helper RNA, luciferase
activity, reflecting the replication efficiency of the trans-com-
plemented luc mutant, steadily decreased, whereas an increase
of luciferase activity over time was observed after cotransfec-
tion of replication-competent helper neo-ET (Fig. 7B). This
increase correlates well with the RNA replication of the helper
RNA. The 10-fold difference in rescue efficiency 48 h after
transfection is therefore most likely due to the more continu-
ous and higher expression of NS5A over time when a replica-
tion-competent helper is provided.

Expression of NS3 to NS5A is sufficient for trans-comple-
mentation. To further confirm that trans-complementation is
possible without replication of the helper RNA and to map the
minimal sequence sufficient for trans-complementation, we co-
transfected the mutant luc-2201 � 2204-ET with RNAs encod-
ing various fragments of the polyprotein encompassing NS3 to
NS5B (Fig. 8A). Cells were harvested 4 and 24 h after trans-
fection, and replication efficiency was determined by measur-
ing luciferase activity. The results in Fig. 8B show that lucif-
erase activity was more than 10-fold increased after
coexpression of RNAs encoding a polyprotein encompassing
NS3 to NS5B compared to the replicon mutant alone. Com-
parable to the results described above, reduced restoration
efficiency was observed in the case of a helper RNA that
carried a highly adaptive mutation in NS5A (Fig. 8A, JT). This
result is most likely due to the incompatibility of the highly
adaptive mutations in NS5A of the helper RNA (�2202) and
NS4B of the mutant replicon (K1846T). Furthermore, cotrans-
fection of an RNA that encodes only NS3 to NS5A was suffi-
cient to restore replication of the mutant replicon to the same
level as with the other helper RNAs. In contrast, when only
NS5A was expressed, no rescue of RNA replication was ob-
served. This was not due to low transfection efficiency, because
the RNA was well detected 4 h after transfection, at a level
comparable to those of the other helper RNAs (Fig. 8C), and
the same was true for the NS5A protein as detected by West-
ern blotting (data not shown). Taken together, these results

show that the minimal region required for trans-complemen-
tation is a polyprotein fragment encompassing NS3 to NS5A.

DISCUSSION

In this study we analyzed the conditions necessary for trans-
complementation of HCV proteins that constitute the viral

FIG. 7. Rescue of NS5A mutants by a nonreplicating helper RNA.
(A) Huh-7 cells were cotransfected with the indicated mutants and
neo-�GDD as helper RNA. The transfection efficiency of the latter
was confirmed by Northern hybridization with total RNA prepared
from cells harvested 4 h posttransfection (p.t.) (upper panel). For
further details, see the legend to Fig. 5C. (B) Huh-7 cells were co-
transfected with the mutant luc-2197 � 2201-ET and given helper
RNAs. Cells were harvested at 4, 24, and 48 h after transfection, and
luciferase activities derived from the mutant were determined. Data
were normalized for transfection efficiency by using the 4 h values. A
representative result from three independent experiments is shown.
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RC. This analysis became possible by the establishment of two
alternative assays. The first one is based on the supertransfec-
tion of nonreplicating selectable neo replicons into Huh-7 cells
that carry a functional helper replicon. The disadvantages of
this assay are the length of time required to establish cell
clones, the low success in recovery of viable cell clones, and the
possibility for accumulation of second-site compensatory mu-
tations or reversions in the replicon mutant. On the other
hand, this approach has the advantage that stable cell clones
can be examined in detail for the replicating RNA species. In
this way we found that only mutations in NS5A could be
rescued and that in all complemented cell clones that were
analyzed, the mutants still carried the inactivating substitutions
in NS5A. Complete sequence analysis of the HCV coding
region of one cell clone revealed no further mutations, sug-
gesting that trans-complementation took place. In 3 out of 28
cases, only the mutated neo replicons were detected. Analysis
of one of these clones revealed that the neo RNAs had ac-
quired an additional mutation that may have compensated for
the defects. Another possibility is that we selected by chance
for a more permissive host cell that supports replication of this
RNA. Further studies will be required to differentiate between
these two possibilities.

Surprisingly, in no case was RNA recombination observed,
although naturally occurring recombinant HCV isolates have
been described (10, 11, 27). Very recently, a model was pro-
posed in which homologous recombination occurs during mi-
nus-strand RNA synthesis by template switching of the poly-
merase that is facilitated by conserved hairpin structures (26).
For members of the Picornaviridae family, recombination is a
well-known phenomenon. For instance, in the case of PV it was
reported that up to 79% of virus strains secreted after vacci-
nation are recombinants (11). RNA recombination was
thought to occur by a copy choice mechanism. More recently,
two independent groups reported the generation of recombi-
nant genomes of PV (19) and BVDV (4, 16a) by a nonrepli-
cative recombination mechanism in vivo.

The second assay allowed us to monitor transient replication
of an inactivated replicon after cotransfection with a helper
RNA. This assay has two advantages over the selection ap-
proach. First, trans-complementation can be measured within a
very short time and does not depend on the selection of cell
clones, and the problem of accumulation of compensatory mu-
tations is circumvented. Second, nonreplicating helper RNAs

FIG. 8. Rescue of an NS5A mutant by coexpression of NS3 to
NS5A in trans. (A) The structure of the mutant is shown at the top, and
the those of the different helper RNAs are given below the mutant
structure. All RNAs carry the EMCV IRES at the 5� end to allow
efficient protein expression. Helper RNAs expressing NS3 to NS5B

contain the HCV 3� NTR, which is not present with RNAs encoding
for NS3 to NS5A or NS5A alone. GND indicates the position of the
inactivating amino acid substitution in the NS5B RdRp. Adaptive
mutations in NS3, NS4B, and NS5A are marked by asterisks.
(B) Huh-7 cells were cotransfected with mutant luc-2201 � 2204-ET
and a given helper RNA carrying adaptive mutations as shown in panel
A. Cells were harvested at 4, 24 and 48 h after transfection. Shown are
the 24-h values normalized to the 4-h value. Data are means and
standard deviations from at least three independent experiments. The
hatched bar represents the replication efficiency of the mutant in the
absence of the helper RNA. (C) Detection of helper RNAs by North-
ern hybridization. Positions of helper RNAs are indicated on the right.
As a negative control, total RNA from naive Huh-7 cells was used (left
lane). Note that the NS3 to NS5A helper RNA had a size similar to
that of the 28S RNA and therefore could not be detected in this
analysis. p.t., posttransfection.
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can be used, which is not possible with the coselection ap-
proach. In fact, by using this assay we found that expression of
a polyprotein encompassing NS3 to NS5A was sufficient to
rescue replication of an NS5A replicon mutant, whereas NS5A
expressed on its own did not support trans-complementation.
These data suggest that the other nonstructural proteins, NS3,
NS4A, and NS4B, affect production of a functional NS5A
protein. This result is in remarkable agreement with the pre-
vious observation that proper phosphorylation of NS5A re-
quires expression of this protein in the context of the same
polyprotein (33). Such a requirement may reflect the contri-
bution of the region from NS3 to NS4B to the folding of NS5A
in a highly ordered complex, with only properly folded NS5A
being able to rescue RNA replication in trans. In turn, a mis-
folded NS5A that is part of an RC might be difficult to com-
plement because of possible tethering to components of the
complex in a nonproductive way. Such a scenario may explain
why mutations affecting the overall folding or the length of the
N-terminal amphipathic helix could not be rescued. Interest-
ingly, these mutations also caused a dramatic reduction in
NS5A hyperphosphorylation, indicating a more profound ef-
fect on the conformation of the protein, which in turn probably
interferes with its proper phosphorylation (45). We assume
that in addition to its function as a membrane anchor, the N
terminus of NS5A is required for correct folding and incorpo-
ration of the protein into the RC. Mutations in this domain
may therefore result in an NS5A that is nonproductively asso-
ciated with other components of the RC, making trans-comple-
mentation very difficult.

Our results for HCV are in line with a recent report by
Grassmann and coworkers, who studied the conditions for
trans-complementation of the pestivirus BVDV (22). It was
found that only mutations in NS5A, and not mutations in NS3,
NS4A, NS4B, and NS5B, can be rescued by trans-complemen-
tation. However, in that study complementation only was pos-
sible when mutants were transfected into cell clones that car-
ried stably replicating replicons, whereas cotransfection of
helper RNAs or infection with helper viruses did not restore
replication of the mutants. In contrast, we also achieved trans-
complementation with nonreplicating helper RNAs. The rea-
son for this discrepancy is not known, but it may be due to a
higher sensitivity of our transient trans-complementation assay.

trans-complementation has also been described for the two
flaviviruses Yellow fever virus and KV. In both cases, trans-
complementation of NS1 was possible after coexpression of
this protein by noncytopathic Sindbis virus replicons with the
NS1 mutant (30, 36). For KV, it was also possible to comple-
ment NS5 polymerase mutants by expression of isolated NS5,
although rescue in trans was more efficient when NS5 was
expressed as part of a polyprotein encompassing NS1 to NS5
(29, 30). Furthermore, trans-complementation was demon-
strated for the NS3 helicase region of KV (37). In contrast, for
both HCV and BVDV, only mutations in NS5A can be com-
plemented in trans. This result suggests that NS3 (presumably
as a NS3/4A complex), NS4B, and NS5B are strictly cis acting
within a higher-order complex. This result is in agreement with
the general notion that the RC of HCV has a rather closed
conformation. For instance, it was found that in vitro, isolated
RCs are unable to switch to an exogenous template (35). Fur-
thermore, RNA present within this complex is fairly resistant

to nucleases, as are the viral proteins that are actively engaged
in RNA replication (35, 43). Like for virtually all other posi-
tive-strand RNA viruses, HCV RNA replication takes place
within a membranous compartment that probably limits access
for exogenous RNAs and proteins but, on the other side, pro-
tects these viral factors from degradation and reduces the
induction of antiviral defense mechanisms in the host cell. The
formation of such a compartment may limit the possibility for
trans-complementation.

In view of a model for trans-complementation, three possi-
bilities can be envisaged. In the first model, expression of
functional NS5A may confer an increased permissiveness to
the host cell, for instance, by interfering with a cellular inhib-
itor, which would result in an overall enhancement of HCV
RNA replication. In this case NS5A would have the capacity to
support the defective replicon by performing a function out-
side the RC. However, we found that replication of low-effi-
ciency replicons such as the wild type or a replicon carrying two
weakly adaptive mutations in NS3 was not enhanced in trans-
complementation assays. Neither in the coselection approach
nor in the transient assay was an increase in replication of such
RNAs found, suggesting that an indirect function of NS5A that
enhances host cell permissiveness and/or RNA replication in
general is less likely. A second model is based on the exchange
of the complete polyprotein complex encompassing NS3 to
NS5B between the functional and the inactive RCs. This model
seems to be less likely, since trans-complementation due to a
template switch should also be possible for proteins other than
NS5A. In the third model, trans-complementation is mediated
by an exchange of the functional NS5A protein into the altered
RC. Three lines of evidence support this notion. First, trans-
complementation was observed only for NS5A and not for the
other NS proteins. Second, complementation efficiency was
significantly reduced with mutants carrying a highly adaptive
mutation in NS4B upon cotransfection with a helper RNA that
delivered an adapted NS5A protein. This result suggests that a
chimeric RC carrying two proteins with highly adaptive muta-
tions was generated. In this case the reduction of replication is
due to the combination of proteins with highly adaptive mu-
tations that are antagonistic when present in the same RC (38).
Third, NS5A is anchored to endoplasmic reticulum mem-
branes by an amphipathic �-helix but not by a transmembrane
domain, as is the case for NS4B, for NS5B, and, via NS4A, for
the NS3/4A complex. It is therefore tempting to speculate that
NS5A is less tightly associated with membranes that provide
the scaffold of the RC. This looser association may facilitate
trans-complementation.

While this paper was under review, Graziani and Paonessa
described a dominant negative effect of wt NS5A on sub-
genomic replicons carrying adaptive mutations in NS5A (23).
The inhibition was observed upon expression of wt NS5A in
the context of a polyprotein encompassing NS3 to NS5A or
from a wt- or NS5B-adapted replicon, and it reduced replica-
tion of an NS5A-adapted replicon to about 10%, whereas
replicons with wt NS5A were not affected. The authors pro-
posed two models to explain their results. In one of these,
NS5A is engaged in protein-protein interactions, e.g., between
NS5A and NS5B. This hypothesis implies that the dominant
negative effect of wt NS5A is due to its interaction with NS5B,
encoded by another (the NS5A-adapted) replicon. In fact, our
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observation that NS5A mutants can be complemented in trans
is compatible with such an exchange of proteins encoded by
different replicons. Another similarity is the observation that a
dominant negative effect is exerted only when NS5A is ex-
pressed as part of a polyprotein encompassing NS3 to NS5A,
whereas expression of NS5A alone or together with other
individual nonstructural proteins has no effect. Likewise we
found that efficient trans-complementation depends on the ex-
pression of NS5A as part of a polyprotein encompassing NS3
to NS5A. Finally, Graziani and Paonessa observed that an
adapted NS5A protein neither has a dominant negative phe-
notype nor enhances replication of wt replicons (23). We also
did not observe enhanced replication of wt or weakly adapted
replicons in our trans-complementation assays. This result is
difficult to understand, because an exchange of proteins or an
indirect function of NS5A outside the RC should increase
RNA replication of weakly replicating RNAs. Further studies
will be required to clarify the underlying mechanism.

In summary, our results constitute the first report describing
the trans-complementation of an HCV nonstructural protein.
The assays reported here may help us to better understand the
role of NS5A in the viral life cycle.
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