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Hepatitis C virus (HCV) RNA replication is dependent on the enzymatic activities of the viral RNA-depen-
dent RNA polymerase NS5B, which is a membrane-anchored protein. Recombinant NS5B lacking the C-ter-
minal transmembrane domain (21 amino acids) is enzymatically active. To address the role of this domain in
HCV replication in vivo, we introduced a series of mutations into the NS5B of an HCV subgenomic replicon
and examined the replication capabilities of the resultant mutants by a colony formation assay. Replicons
lacking the transmembrane domain did not yield any colonies. Furthermore, when Huh-7 cells harboring the
HCV subgenomic replicon were treated with a synthetic peptide consisting of the NS5B transmembrane do-
main fused to the antennapedia peptide, the membrane association of NS5B was completely disrupted. Cor-
respondingly, the HCV RNA titer was reduced by approximately 50%. A scrambled peptide used as a control
did not have any effects. These findings suggest that the membrane association of NS5B facilitates HCV RNA
synthesis. However, a related transmembrane domain derived from bovine viral diarrhea virus could not re-
place the HCV NS5B transmembrane segment. This finding suggests that the C-terminal 21 amino acids not
only have a membrane-anchoring function but also may perform additional functions for RNA synthesis in vivo.

Hepatitis C virus (HCV) is a significant cause of morbidity
and mortality, infecting over 170 million people worldwide (1,
8). Despite recent progress, the current method of treatment
for HCV infection remains inadequate for the majority of
patients (24, 29, 39). HCV is an enveloped, positive-sense,
single-stranded RNA virus (25). Its 9.6-kb genome encodes a
single polyprotein, which is proteolytically processed by a com-
bination of host- and virus-encoded proteinases into 10 struc-
tural and nonstructural (NS) proteins (16, 26).

The establishment of the HCV subgenomic replicons and
the subsequent studies of them revealed that most of the HCV
NS proteins are involved in HCV RNA replication (2, 15, 28,
35). NS3 is a helicase and a serine protease whose function is
dependent on NS4A. Chimpanzee studies showed that the
enzymatic activities of NS3-4A serine protease and NS3 heli-
case are essential for the productive replication of HCV (21).
Thus, these enzymatic activities may be key components in the
replication of HCV subgenomic replicons. NS4B is an integral
membrane protein which induces intracellular membrane al-
terations (9, 18). NS4B may play an important role in the
formation of the HCV RNA replication complex (14a). NS5A
is also involved in HCV RNA replication, as adaptive muta-
tions in NS5A are associated with increased replication effi-
ciency of HCV RNA (2, 22, 27). Its membrane association
through its N-terminal transmembrane domain is essential for
RNA replication of the subgenomic replicon (11). NS5B is an
RNA-dependent RNA polymerase, a key enzyme involved in
viral replication (21). NS5B contains a hydrophobic domain
(21 amino acids [amino acids 571 to 591]) at its C terminus,

which is a transmembrane segment (20, 34). All of these NS
proteins, together with host proteins, are believed to form a
membrane-associated RNA replication complex (14a).

Replication of most positive-stranded RNA viruses occurs in
large complexes associated with intracellular membranes (4).
Previous studies have revealed that HCV NS3 (30), NS4A (30),
NS4B (18), NS5A (3, 11, 36, 37), and NS5B (19, 20, 34) pro-
teins are associated with the endoplasmic reticulum and/or the
Golgi apparatus when they are expressed alone, in the context
of the entire polyprotein, or in the context of subgeno-
mic replicon. NS4B, NS5A, and NS5B have all been found to
be integral membrane proteins; the membrane anchorage do-
mains of NS5A and NS5B have also been defined (11, 20, 34).
We previously demonstrated that the HCV replication com-
plex was cofractionated with a detergent-resistant, cavolin-2-
rich membrane (35). All of the evidence so far is consistent
with the formation of a membrane-associated HCV RNA rep-
lication complex that contains most of the HCV NS proteins.

HCV NS5B is a tail-anchored transmembrane protein (20,
34). It is likely that the membrane association of NS5B plays an
important role in HCV replication. However, the recombinant
NS5B lacking the C-terminal transmembrane domain is an
active RNA-dependent RNA polymerase in vitro (13, 31, 32).
Thus, the role of the transmembrane domain of HCV NS5B in
HCV replication is so far not clear.

The C-terminal transmembrane domain of NS5B is essen-
tial for HCV replicon replication. To address the role of the
NS5B transmembrane domain in HCV RNA replication in
vivo, we introduced a series of mutations into the NS5B of an
HCV subgenomic replicon (Fig. 1). To generate a wild-type
subgenomic replicon, Rep(wt), we constructed plasmid pUC-
Rep/S1179I as follows. The cDNA based on HCV 1b replicon
I377/NS3-3� (GenBank accession no. AJ242652) 28) was assem-
bled from chemically synthesized DNA oligonucleotides ac-
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cording to a published procedure and placed behind a T7 RNA
polymerase promoter (2). A previously described adaptive mu-
tation in NS5A, S1179I, was incorporated into this sequence
(2). As a negative control, a mutation in the catalytic motif of
NS5B (GDD3AAA) was generated by using the Quickchange
mutagenesis kit according to the manufacturer’s recommen-
dations (Stratagene, La Jolla, Calif.). Rep/del5B2 was con-
structed by introducing an in-frame deletion of 19 amino acids
(amino acids 571 to 589) into the NS5B transmembrane do-

main. All of the mutations were confirmed by DNA sequenc-
ing. The in vitro transcribed RNA was transfected into Huh-7
cells, and G418-resistant colonies were stained at 3 weeks
posttransfection according to a procedure previously reported
(17). As shown in Fig. 2, Rep(wt) gave rise to a large number
of colonies, whereas Rep/GDD and Rep/del5B2 did not yield
any colonies. This result suggests that the HCV NS5B trans-
membrane domain is indispensable for HCV RNA replication
in the subgenomic replicon system.

It has been suggested that there are six evolutionarily con-
served stem-loop structures in the NS5B-encoding region (38).
One of them, SL9118, is located in the C-terminal transmem-
brane domain of NS5B. This structure is also located in the
replicon from nucleotides 7717 to 7747 (nucleotide numbering
is according to the published replicon sequence [GenBank
accession no. AJ242652]), which is partially deleted in Rep/
del5B2. To rule out the possibility that this deletion altered the
cis-acting element of HCV RNA, we constructed Rep/del5B3
by introducing two consecutive stop codons at amino acid 571
(nucleotides 7707, 7709, and 7710 were mutated to adenosine
to generate stop codons); the resulting construct expressed a
truncated NS5B protein lacking the C-terminal 21 amino acids
without altering the RNA structure (Fig. 1). Rep/del5B3 also
did not yield any colony (Fig. 2). This result suggests that the
C-terminal transmembrane domain, rather than the coding
RNA element, is important for RNA replication.

The synthetic peptide consisting of the C-terminal trans-
membrane domain of NS5B fused to the antennapedia peptide
partially disrupted the membrane association of NS5B and
HCV replication. To examine whether the membrane-anchor-
ing property or the primary sequence of the 21 amino acids is
important for HCV RNA replication, we employed a cell-
permeable peptide to attempt to disrupt the membrane asso-
ciation of NS5B without altering the RNA or protein sequence
of the replicon (14). We used a peptide (AP-NS5BTM) corre-
sponding to the C-terminal transmembrane domain (amino
acids 571 to 590) of HCV NS5B fused to a portion of the ho-
meodomain of Antennapedia (AP) (16 amino acids), a Dro-
sophila transcription factor, which has been reported to facil-
itate the uptake of peptides into cultured mammalian cells
through a nonendocytic, nondegradative pathway with 100%
efficiency (5–7). The control peptide (AP-NS5BSc) was of the
same length and amino acid composition but was scrambled in

FIG. 1. (A) Amino acid sequences of the C-terminal transmem-
brane domain (amino acids 571 to 591) of HCV and BVDV NS5Bs
(23, 34). Underlined boldface letters correspond to residues observed
in more than 10% of the 307 HCV isolates (34). The rest occurred
infrequently. Sequences are listed in decreasing order of observed
frequency from top to bottom. Numbers above amino acid sequences
represent amino acid positions in HCV and BVDV NS5Bs. (B) Sche-
matic diagrams of the NS5B mutants in various replicons used in this
study. Open and gray boxes represent HCV and BVDV NS5B trans-
membrane domains (TMD), respectively. Angled and straight lines
represent the deletion and a noncoding RNA, respectively.

FIG. 2. Deletion of the transmembrane domain of HCV NS5B abolishes replication of subgenomic replicons in Huh-7 cells. In vitro-transcribed
replicons were transfected into Huh-7 cells, and G418-resistant colonies were stained with 0.2% crystal violet 3 weeks after transfection. For
Rep/GDD, the GDD catalytic motif of HCV NS5B was changed to AAA.
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sequences of the NS5B transmembrane domain. We first de-
termined the localization of the peptides in Huh-7/replicon
cells by using the peptides labeled with rhodamine at their N
termini. Huh-7/replicon cells were treated with the specific
peptides at 2.5 �M. Two days after treatment, slides were
washed in phosphate-buffered saline and fixed in 4% formal-
dehyde for 20 min at room temperature, followed by mounting
in ProLong Antifade (Molecular Probes, Eugene, Oreg.). Both
AP-NS5BTM and AP-NS5BSc were localized mainly in the
cytoplasm, although there was slight staining in the nucleus
(Fig. 3). We did not notice any difference between the two
peptides with regard to intracellular localization.

To examine the possible effect of these synthetic peptides on
the membrane association of HCV NS5B, we treated Huh-7/
replicon cells with synthetic peptides at 25 �M. Forty-eight
hours later, membrane flotation analysis of cell lysates was
performed as previously described (33). Under the conditions
involved in this analysis, the membrane-containing materials
float to the top of the sucrose gradient, while the cytosolic
fractions remain at the bottom. The presence of NS5B in each
fraction was determined by immunoblotting by using a mono-
clonal anti-NS5B antibody. The result showed that NS5B was
in both the membrane fraction (fraction 2) and the cytosolic
fractions (fractions 6, 7, 8, and 9) in the cells treated with either
1% dimethyl sulfoxide (DMSO) or the AP-NS5BSc peptide
(Fig. 4A, top and middle panels). In contrast, when cells were
treated with the AP-NS5BTM peptide, almost no NS5B was
found in the membrane fractions (Fig. 4A, bottom panel). This
result was confirmed in another replicon cell line, 1bneo/delS,
in which NS5B was predominantly associated with the mem-
brane (35; data not shown). In contrast, calnexin, which is an
endoplasmic reticulum transmembrane protein (10), was not
affected by the peptide treatment (Fig. 4B), indicating the
specificity of these peptides. This result suggests that the syn-
thetic peptide specifically and selectively inhibited the mem-
brane anchorage of NS5B protein in the Huh-7/replicon cells.
It is possible that AP-NS5BTM blocked the host cell mem-
brane receptor for NS5B or that AP-NS5BTM perturbed the
lipid membrane itself so as to alter efficient binding by NS5B.

Finally, AP-NS5BTM might directly bind to NS5B and thereby
prevent the latter from membrane binding.

It has previously been shown that the membrane fraction of
Huh-7/replicon cells contained RdRp activity, while cytosolic
fractions did not (12; H. Aizaki, K. J. Lee, V. M.-H. Sung, H.
Ishiko, and M. M. C. Lai, submitted for publication). There-
fore, we examined whether changes in the membrane associ-
ation of NS5B would affect HCV RNA replication. Huh-7/
replicon cells were treated with the appropriate peptides at 25
�M for 48 h, and total cellular RNA was isolated with TRI-
reagent (Molecular Research Center, Inc., Cincinnati, Ohio).
HCV-specific RNA levels were determined by real-time re-
verse transcription (RT)-PCR amplifications with primers spe-
cific for the HCV 5� untranslated region (Aizaki et al., submit-
ted): 5�-GAGTGTCGTGCAGCCTCCAG-3� (sense, 10 �M),
5�-CACTCGCAAGCACCCTATCA-3� (antisense, 10 �M),
and 5�-FAM-CCCGCAAGACTGCTAGCCGAGTAGTGTT
GG-TAMRA-3� (probe, 10 �M; Biosearch Technologies, Inc.,
Novato, Calif.). RT reaction mixtures were incubated for 50
min at 60°C, followed by inactivation of the reverse transcrip-
tase coupled with activation of Taq polymerase for 5 min at
95°C. Forty cycles of PCR were performed with cycling condi-
tions of 15 s at 94°C, 10 s at 55°C, and 1 min at 69°C. The
real-time PCR signals were normalized to that of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH; Applied Biosys-
tems, Foster City, Calif.). As shown in Fig. 5, AP-NS5BTM
peptide treatment reduced the amount of HCV RNA by more
than 50% compared to that in the cells treated with AP-
NS5BSc or 1% DMSO alone. This result suggests that the
membrane association of HCV NS5B is important for HCV
RNA synthesis. Thus, the membrane association of NS5B fa-
cilitates HCV RNA synthesis. It is not clear why the peptide
did not completely inhibit RNA accumulation. It is possible
that the NS5B not associated with the membrane still retained
some polymerase activity in vivo. It is also possible that AP-
NS5BTM peptide inhibits membrane association of newly syn-
thesized NS5B while not disrupting already-associated NS5B.
NS5B was found predominantly in the membrane fraction
when the 1bneo/delS replicon was used in a previous analysis

FIG. 3. Intracellular localization of the cell-permeable peptides. The various synthetic peptides were labeled with rhodamine at the N terminus.
Huh-7/replicon cells were plated onto chamber slides and treated with the indicated peptides at 2.5 �M for 48 h. Cells were then washed with
phosphate-buffered saline and fixed in 4% paraformaldehyde. Peptides were visualized by fluorescence microscopy.
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(14a, 17, 35; Aizaki et al., submitted). In contrast, the NS5B
from the replicon used in this study, which is based on the
HCV ConI strain (28), was found in both the membrane and
the cytosolic fractions. Furthermore, the amount of NS5B in
the cytosolic fractions was larger than that in the membrane
fractions. It is possible that the difference in the replicon se-
quences may alter the property of NS5B.

A related transmembrane domain derived from BVDV could
not replace the HCV NS5B transmembrane domain. We next
examined whether the transmembrane domain of NS5B could
be replaced with the comparable transmembrane domains of
other viruses, such as bovine viral diarrhea virus (BVDV). A
hydrophobicity profile comparison between BVDV and HCV
revealed a highly hydrophobic domain of 24 amino acids at the
C terminus of BVDV NS5B (23) (Fig. 1A). We first studied
whether the hydrophobic domain of BVDV NS5B could confer
the membrane-binding property. The hydrophobic domain of
BVDV NS5B and the corresponding transmembrane domain
of HCV NS5B were fused to the C terminus of green fluores-
cence protein (GFP) (Clontech, Palo Alto, Calif.). Huh-7 cells
were transfected with plasmids expressing these GFP fusion
proteins or GFP alone. The membrane flotation assay was
performed. Fractions 1 to 4 and 5 to 9 from the top of the

gradient were pooled separately, and immunoblotting was per-
formed with an anti-GFP antibody. GFP was localized exclu-
sively in the cytosolic fraction (Fig. 6A, left panel), whereas
GFP fusion proteins with either the HCV or the BVDV trans-
membrane domain were detected in both cytosolic and mem-
brane fractions (Fig. 6A, middle and right panels), although
the transmembrane domain of BVDV NS5B appeared to be
weaker than that of HCV NS5B in membrane-anchoring ac-
tivity. This result suggests that the transmembrane domains
from both HCV and BVDV have a membrane-anchoring
property. To address whether these two transmembrane do-
mains have similar functions, we replaced the transmembrane
domain of HCV NS5B with the corresponding domain of
BVDV NS5B. The results showed that the chimeric NS5B
(Rep/BVDVTM) did not support HCV replication (Fig. 6B);
thus, the transmembrane domain from a related virus cannot
replace that of HCV NS5B, suggesting that the transmem-
brane domain of HCV NS5B not only functions as a membrane
anchor but may have other functions as well. However, we
cannot completely rule out the possibility that the chimeric
RNA may have altered RNA structures. We have recently
found that the full-length and the C-terminal (21-amino-acid)
truncated HCV NS5Bs differed in several enzymatic properties
in vitro, such as template binding, nucleotide substrate selec-
tion, modulation of terminal transferase activity, and the op-
timum enzymatic conditions, indicating that the C-terminal 21
amino acids may affect the catalytic center of NS5B (N. Vo and
M. M. C. Lai, unpublished data). Thus, it is conceivable that
the C-terminal 21-amino-acid region interacts with the remain-
ing parts of NS5B in a sequence-specific manner. It is also
possible that this domain interacts with cellular proteins spe-
cifically. Our unpublished results showed that a cellular vesicle
membrane transport protein, hVAP-33, binds to the N termi-
nus of NS5A as well as the C terminus of NS5B. NS5A is a type
II membrane protein, with its N terminus being the transmem-
brane domain (14a). In contrast, NS5B is a type I membrane
protein. Thus, the NS5A- and NS5B-interacting domains of
hVAP-33 are likely to be close to the membrane. We have
shown that small interfering RNA of hVAP-33 could inhibit

FIG. 4. The C-terminal transmembrane peptide affects the mem-
brane association of HCV NS5B in Huh-7/replicon cells. Cells were
treated with the indicated peptide at 25 �M or with DMSO alone for
48 h. Postnuclear lysates were analyzed by a membrane flotation assay.
Fractions were collected from the top to the bottom of the gradient,
and each fraction was analyzed for HCV NS5B (A) or calnexin (B) by
immunoblotting. Experiments were repeated three times, and the re-
sults of representative experiments are shown.

FIG. 5. The C-terminal transmembrane peptide inhibits HCV
RNA replication in Huh-7/replicon cells. Cells were treated with the
peptides as in the experiments shown in Fig. 4. Total cellular RNA was
analyzed for HCV and GAPDH RNA by real-time Taqman PCR.
Relative HCV RNA copies per GAPDH RNA are presented. The
RNA level in 1% DMSO-treated cells is represented as 100%. Exper-
iments were repeated four times, and the average values for the ex-
periments are shown.
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membrane association of HCV NS proteins and correspond-
ingly inhibit HCV RNA replication (Gaoet al., submitted). It
has also previously been reported that various single amino
acid substitutions within the C-terminal transmembrane do-
main or extensions of the C-terminal transmembrane domain
did not affect membrane association but dramatically impaired
replication competence (20). Together, these findings indicate
that the C-terminal transmembrane domain, in addition to
being a membrane anchor, has other specific functions. It is
also possible that Rep/BVDVTM replicated weakly but could
not form any colonies under our selective condition (an active
dose of 0.5 mg of G418/ml).

In summary, our findings here showed that the C-terminal
21-amino-acid domain of NS5B likely serves dual functions in
viral RNA replication in vivo, both as a membrane anchor and
in participation in RNA synthesis in a sequence-specific man-
ner. This requirement was not seen in the in vitro polymerase
assay of NS5B.
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