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We identified an N-terminal amphipathic helix (AH) in one of hepatitis C virus (HCV)’s nonstructural
proteins, NS5A. This AH is necessary and sufficient for membrane localization and is conserved across isolates.
Genetically disrupting the AH impairs HCV replication. Moreover, an AH peptide-mimic inhibits the mem-
brane association of NS5A in a dose-dependent manner. These results have exciting implications for the HCV

life cycle and novel antiviral strategies.

Hepatitis C virus (HCV) is a significant cause of morbidity
and mortality, infecting over 100 million people worldwide (1,
9). Despite recent progress, current therapies remain inade-
quate for the majority of patients (27, 29, 45). HCV is a pos-
itive, single-stranded RNA virus. Its 9.6-kb genome encodes a
single ~3,000-amino-acid polyprotein which is proteolytically
processed by cellular and viral proteinases into structural
(components of the mature virus) and nonstructural (NS) (el-
ements proposed to help replicate new virions) proteins (2, 6,
33). Like other plus-strand RNA viruses, HCV is thought to
replicate its RNA in association with cytoplasmic membranes
(4, 8, 12, 25, 34), although how the RNA replication complex
is assembled and maintained remains unknown. That NS5A,
one of the NS proteins of HCV, may play a key role in mem-
brane-associated RNA replication is suggested by its apparent
association with host cell membranes (17, 30, 37). NS5A has
also been reported to interact with a variety of host cell pro-
teins (13, 41, 44) and to determine the response to interferon
therapy in some patients (11), although to date its precise role
in HCV replication is not clear.

The study of HCV replication has been hampered by the
lack of a convenient cell culture system. The recent advent of
high-efficiency HCV subgenomic replicons (5), however, now
opens the prospect of performing detailed molecular genetic
studies. Such replicons, based on the original report by Loh-
mann et al. (28), contain all the cis and trans elements required
for HCV RNA replication and should allow an analysis of
structure-function relationships of engineered HCV mutants.

In the hope of further characterizing the role of NS5A in the
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HCV life cycle and identifying potential novel targets for an-
tiviral therapy, we have been studying the cell biology of this
NS protein. We were particularly interested in its mechanism
of membrane association since it has no obvious transmem-
brane or endoplasmic reticulum (ER)-targeting domains (32).
Here we report the identification of a key mechanism of the
membrane association of NS5A and show that disrupting this
mechanism abolishes HCV RNA replication.

Disruption of the N-terminal AH of NS5A abolishes mem-
brane localization. To study the determinants of NS5A intra-
cellular localization, we first expressed NS5A in Huh-7 cells (a
liver-derived cell line) by using the vaccinia virus expression
system and a vector that encodes most of the HCV NS proteins
(16). The cells were fixed with 4% formaldehyde and stained
with a monoclonal antibody against NSSA (Virostat, Portland,
Maine) and a Texas red-labeled anti-mouse secondary anti-
body (15). The staining pattern of NSSA in the transfected
cells shows a cytoplasmic localization characteristic of mem-
brane-associated proteins (Fig. 1A, middle panel). A perinu-
clear punctate vesicular staining suggestive of a Golgi-like in-
tracellular distribution pattern was readily observed, as was,
occasionally, a reticular chicken wire-like staining pattern,
characteristic of the ER. Both patterns have been reported
previously when NS5A is expressed either alone or in combi-
nation with other HCV NS proteins in a variety of expression
systems (18, 21, 30, 37). As mentioned previously, although
these findings strongly suggest that NSSA is associated with
intracellular membrane compartments, no obvious transmem-
brane domains, ER retention domains, or evidence of lipid
modifications—features commonly responsible for membrane
association of proteins—have been reported.

Inspection of the extreme N-terminal amino acid sequence
of NSS5A revealed the presence of a potential amphipathic
a-helix (36) (Fig. 1A, bottom panel). Preliminary deletion
analysis suggested that the membrane localization is mediated
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FIG. 1. Disruption of the hydrophobic face of the N-terminal AH of NS5A abolishes the intracellular membrane localization pattern of NS5A.
(A) (Top) The region of NS5A found to harbor an AH is shown in gray (above the picture) and in more detail in the bottom panel. (Middle) Huh-7
cells were infected with a vaccinia virus expressing T7 RNA polymerase and then transfected with plasmid pBRTM/HCYV 827-3011 containing the
HCV NS proteins downstream of a T7 promoter. Expression of NSSA was detected by indirect immunofluorescence using a monoclonal antibody
against NS5A and a Texas red-labeled anti-mouse secondary antibody. (Bottom) a-Helix net diagram of the N terminus of NS5A wherein the
cylindrical a-helical segment is “cut” longitudinally along one face and then “flattened” into the plane of the page. The amino acid sequence of
NS5A from amino acids 4 to 27 in the N-terminal to C-terminal direction is shown. Hydrophobic amino acids in the amphipathic helix are shaded
in green. Note the long, continuous stretch of such amino acids along one face of the helix, defining its amphipathic nature. (B) Same as for panel
A except that plasmid 827/5SAA7-28, which harbors a mutation of NS5A wherein the AH segment has been deleted (deleted amino acids shown
between red brackets in bottom panel), was substituted for pPBRTM/HCV 827-3011. (C) Same as for panel A except that plasmid 827/SANH,
wherein mutations which disrupt the hydrophobic nature of the AH (depicted in the bottom panel) were engineered into NSSA, was used for
transfection. (D) Cells transfected with plasmid T7-GFP, which expresses wild-type GFP, a non-membrane-associated protein of 236 amino acids
(schematically represented in the top panel). It is diffusely distributed throughout the cytoplasm and nucleus. (E) Cells transfected with plasmid
T7-5AGFP, which expresses a fusion protein wherein the N-terminal segment of NS5A (containing the first 31 of the 448 amino acids of the full-
length protein) which harbors the AH is grafted onto GFP (schematically represented in the top panel). The fusion protein displays an intracellular
localization of a membrane-associated protein. (F) Cells transfected with plasmid T7-5SANHGFP, which is identical to T7-5SAGFP except that the

AH in the NS5A segment has been disrupted with the same mutations as in panel C (schematically represented in the top panel). This mutant
displays a localization pattern similar to that of the native GFP.

by the N-terminal portion of NS5A (results not shown; consis- first test of this hypothesis, we used PCR mutagenesis (14) to
tent with results in references 20 and 39). We hypothesized construct a mutant of pBRTM/HCV 827-3011, termed 827/
that the N-terminal amphipathic helix (AH) might be respon- 5AA7-28, wherein the predicted AH of NSSA was deleted.
sible for mediating the membrane association of NS5A. As a This mutation resulted in a dramatic change in the intracellular
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distribution of NS5A (Fig. 1B, middle panel). Cytoplasmic
membrane localization was completely abolished and replaced
predominantly by a nuclear localization pattern.

We interpreted this result as being consistent with activation
of a previously described cryptic nuclear localization signal
(NLS) located within the C-terminal domain of NS5A (20).
The NLS presumably became functional after the loss of the
normal cytoplasmic membrane-targeting sequence of NS5A,
which apparently lies within the deleted segment. These results
are similar to those recently reported with an NS5A mutant
harboring a larger N-terminal deletion consisting of the first 45
amino acids (7).

To test the hypothesis that it is indeed the amphipathic
nature of the deleted putative helix which mediates intracellu-
lar localization of NSSA, the hydrophobic face of the helix was
disrupted by site-specific PCR mutagenesis. Our strategy was
to introduce three charged amino acids spaced at intervals
along the predicted N-terminal a-helix such that no sustained
hydrophobic patch remained (Fig. 1C, bottom panel). The
primer SANH (5'-TCCGGCTCCTGGCTAAGGGACGACT
GGGACTGGGAATGCGAGGTGCTGAGCGACGATAA
GACC-3") was used to change the coding sequence for isoleu-
cine-8, isoleucine-12, and phenylalanine-19 of NS5A to encode
aspartate, glutamate, and aspartate, respectively. On expres-
sion of this mutant, termed 827/5ANH, in Huh-7 cells, com-
plete loss of the characteristic membrane localization pattern
of NS5A was observed (Fig. 1C, middle panel). Again, as seen
for the mutant lacking the entire helix, nuclear localization was
the predominant pattern observed. Interestingly, in both NSSA
mutants, a few cells were occasionally noted in which the sharp
nuclear localization pattern was replaced by diffuse staining
throughout the cell (data not shown). Even then, however, no
characteristic localization to cytoplasmic membrane structures
was observed. Perhaps these cells represented a different phase
of the cell cycle since no attempt had been made to synchro-
nize cell division in any of our experiments. We conclude that
the predicted N-terminal AH is necessary for the normal cy-
toplasmic membrane localization of NS5A.

We next sought to test the hypothesis that the N-terminal
AH of NS5A is also sufficient to confer cytoplasmic membrane
localization. For this, we first constructed a plasmid, T7GFP, in
which the HCV-encoding sequences of pBRTM/HCV 827-
3011 were replaced with the gene for the jellyfish Aequorea
victoria green fluorescent protein (GFP), a non-membrane-
associated protein (43). Next we modified plasmid T7GFP to
construct plasmid T7SAGFP, in which the first 31 amino acids
of NS5A containing the AH are fused in frame to the N
terminus of GFP. On expression in Huh-7 cells, GFP displays
a diffuse cytoplasmic distribution pattern and also readily en-
ters the nucleus (Fig. 1D). Grafting the N-terminal AH of
NS5A onto GFP results in a dramatic change in intracellular
distribution: the fusion protein can no longer enter the nucleus
and appears restricted to cytoplasmic membrane structures
(Fig. 1E). A similar finding has been recently reported (7). To
determine the critical element within the grafted NSSA seg-
ment responsible for conferring the membrane association, we
made plasmid T7SANHGFP, in which we introduced into the
fusion protein the same mutations as in Fig. 1C, designed to
destroy the hydrophobic face of the AH. As shown in Fig. 1F,
disrupting the amphipathic nature of the NS5A helix portion of
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FIG. 2. An intact AH is required for biochemical association of
NS5A with membranes. Huh-7 cells were infected with a vaccinia virus
expressing T7 RNA polymerase and then transfected with plasmid
pBRTM/HCV 827-3011 (A) or 827/SANH (B), which expresses wild-
type or an AH mutant of NS5A, respectively. Cell extracts were ana-
lyzed by membrane flotation assays for membrane association of NS5A
by overlaying the extracts with an OptiPrep gradient (5 to 40%) and
subjecting them to ultracentrifugation. Non-membrane-associated
proteins remain at the bottom (right side) of the gradient, whereas
membranes and associated proteins float toward the less dense gradi-
ent fractions present at the top (left side). Numbers correspond to
OptiPrep gradient fractions, which were analyzed by Western blotting
using a monoclonal antibody to NSS5A as the probe.

the fusion protein restored the distribution pattern character-
istic of GFP. These results argue for the notion that the AH
has an independent function—namely, membrane targeting—
as opposed to being simply a part of NS5A crucial for proper
folding.

We next wished to complement the above morphological
data with biochemical evidence. To determine the effect of
disrupting the amphipathic nature of the N-terminal a-helix of
NS5A on the membrane association of NS5A, we performed
membrane flotation assays (26) on cells expressing wild-type
and AH mutant NS5A. Whole-cell extracts from Huh-7 cells
transfected with pPBRTM/HCV 827-3011 or 827/SANH were
overlaid with a 5 to 40% OptiPrep (Sigma) step density gradi-
ent and subjected to ultracentrifugation for 4 h at 40,000 X g
in an SW60 rotor. Fractions were collected from the top, and
the proteins in each gradient fraction were precipitated with
methanol-chloroform and analyzed by Western blotting for
NSS5A using a monoclonal antibody against NS5A and a horse-
radish peroxidase-labeled anti-mouse secondary antibody. In
such assays, non-membrane-associated proteins remain at the
bottom of the gradient whereas membranes—and associated
proteins—*“float” toward less dense gradient fractions present
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FIG. 3. The AH of NS5A is conserved across HCV isolates. Amino acid sequences of the AH of NS5A obtained from sequenced isolates of
HCV from around the world and representing a variety of genotypes are shown. Note that although there are differences in particular amino acids
(shown in red) compared to a reference sequence (A), the amphipathic nature of the helix (indicated by the green hydrophobic continuous band)
is conserved. (A) Genotype 1a (accession no. AF009606), (B) genotype 1b (accession no. P26663), (C) genotype 2a (accession no. P26660), (D)
genotype 2b (accession no. AB030907), (E) genotype 3a-K (accession no. D28917), (F) genotype 3a-NZL (accession no. D17763), (G) genotype
3b (accession no. D49374), (H) genotype 4a (accession no. Y11604), (I) genotype 10a (accession no. D63821), (J) genotype 11a (accession no. D63822).

at the top. As shown in Fig. 2, wild-type NS5A quantitatively
floated with the membrane fraction (Fig. 2A) whereas NS5A
with a genetically disrupted AH did not (Fig. 2B). Moreover,
these Western blots show that this is not simply a function of
the mutant NS5A being expressed at a lower level than the
wild-type protein. Finally, both NS5B and NS4B have been
reported to each be independently targeted to membranes (19,
35) and are thought to interact with NS5A as part of a multi-
protein complex (23, 38). However, as shown in Fig. 1C and
2B, neither of these potential interactions appears to be suffi-
cient to keep AH-mutated NS5A on the membranes.

Genetic disruption of the NS5A AH impairs HCV RNA rep-
lication. The above experiments identified an essential struc-
tural element capable of mediating the membrane association
of NS5A when expressed in cultured cells. To assess the pos-
sible importance of this element in natural infections of HCV,
we examined the predicted amino acid sequences of the N
terminus of NS5A contained in isolates obtained from a variety
of patients and representing multiple genotypes. As shown in
Fig. 3, while there was considerable variability in the specific
amino acid sequence of this region among isolates, the amphi-
pathic nature of the predicted a-helix was preserved. More-
over, when a similar analysis was extended to all sequenced
isolates currently available in public databases, the same result
was observed (7; Y. Yang and J. Glass, personal communica-

tion). This suggests that such a structural motif is indeed im-
portant for some essential aspect of the HCV life cycle.

The dramatic relocalization of NS5A to the nucleus after
disruption of the amphipathic nature of its N-terminal helix
and the strict preservation of this motif in all known HCV
isolates suggest that disruption of the AH may have significant
consequences for HCV RNA replication. To test this hypoth-
esis, we constructed high-efficiency second-generation bicis-
tronic subgenomic RNA replicons of HCV (5) harboring a
neomycin resistance gene along with an HCV polyprotein con-
taining NS5A with either a wild-type or mutated N-terminal
AH (Fig. 4, top panels). The RNA replication efficiency of
these replicons was then assayed on the basis of their ability to
establish G418-resistant colonies after transfection of Huh-7
cells. As shown in Fig. 4, while a replicon with a wild-type
NS5A N terminus gave rise to numerous colonies, as previ-
ously observed (5), disruption of the amphipathic nature of the
N-terminal helix of NS5A resulted in a dramatic inhibition of
HCV genome replication. It is unlikely that these results are
due to an increased cytotoxicity associated with the mutant
NS5A, since we observed no decreased transfection efficiency
or ability to establish colonies by using plasmids encoding a
drug resistance marker along with just the wild-type or mutant
NSS5A proteins (data not shown). It is difficult to suggest that
NSSA simply cannot tolerate mutations, since a much larger
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FIG. 4. Disrupting the amphipathic nature of the SA helix impairs replication of HCV subgenomic replicons. (Top) Schematic representation
of HCV high-efficiency subgenomic replicons used for HCV replication assays. (A) Bart791, a high-efficiency subgenomic replicon of HCV
harboring the neomycin resistance gene (neo) and the HCV NS proteins. (5'NTR and 3'NTR represent the nontranslated regions at the end of
the HCV genomic RNA, which contain presumed recognition sequences for the viral replication machinery. E-IRES, encephalomyocarditis
internal ribosome entry site.) (B) The amphipathic helix-disrupting mutations of Fig. 1C were introduced into the Bart791I replicon, yielding the
depicted Bart5X791. (Bottom) The above replicons were electroporated into Huh-7 cells, and neomycin-resistant colonies were selected and
stained with crystal violet. Each dot represents a colony of Huh-7 cells that was able to grow in the presence of neomycin due to the presence of

efficiently replicating intracellular replicons.

alteration (47 deleted amino acids) than our three point mu-
tations was tolerated without any effect on RNA replication
(5). Nor are these results likely to be due to disruption of a
critical RNA structural motif, since multiple mutations appear
to be tolerated within the mutated segment of NS5A (including
wobble mutations at the amino acid codons mutated in
NSSANH [Fig. 3]). Rather, it is the altered intracellular tar-
geting of NS5A that is most clearly associated with the pro-
found inhibition of HCV RNA replication.

Because the three mutations completely disrupting the am-
phipathic nature of the NS5A AH contained in Bart5X791
resulted in no HCV RNA replication, we hypothesized that a
partial disruption of the hydrophobic face of the AH might be
associated with an intermediate level of replication. Indeed,
while Bart791 with a wild-type AH had a ~3% G418 transduc-
tion efficiency and Bart5X791 gave rise to no colonies, when
just one of the mutations illustrated in Fig. 1C (I12E) was
introduced into the Bart791 replicon, a G418 transduction ef-
ficiency of ~0.0003% was observed (data not shown). This
4-log-unit-reduced level of replication is comparable to that
observed with the first-generation HCV replicons without
adaptive mutations (5, 28). A more complete description of a
larger collection of such intermediate mutants will be pre-
sented elsewhere.

Most, if not all, plus-strand RNA viruses appear to replicate
in association with cytoplasmic membranes (4, 8, 12, 25, 34).
The detailed mechanisms of RNA replication complex assem-
bly, however, are not known. The AH of NS5A might play a
role in localizing, inducing, or maintaining such membrane-
associated replication complexes and may be an example of a

more general theme. For example, the NS protein 2C of both
poliovirus and hepatitis A virus also contains a membrane-
associating AH (24, 42), which, at least for poliovirus, appears
to play a role in RNA synthesis (31) and the induction of
membrane rearrangements derived from the host ER and
Golgi (40) on which replication complexes are localized (3). In
this regard, the HCV NS4B protein has also recently been
associated with the induction of novel intracellular membrane
structures hypothesized to be the site of HCV RNA replication
(10). It is interesting that we also have found an AH within
NS4B, which will be presented elsewhere.

Pharmacologic disruption of NS5A AH-mediated membrane
association. Finally, because genetically mutating the ability of
the AH to associate with membranes disrupts RNA replication
efficiently, we hypothesized that the AH-mediated membrane
association of NS5A might also be amenable to pharmacologic
disruption and thereby form the basis for a novel approach to
anti-HCV therapy. To test this hypothesis, we used a modified
version of the membrane flotation assay to evaluate the ability
of a first-generation inhibitor to competitively block the asso-
ciation of NS5A with host cell membranes. Because NSSA
associates with membranes in a posttranslational manner (7),
aliquots of in vitro-translated and *>S-labeled NS5A proteins
prepared using the TNT reticulocyte lysate kit (Promega, Mad-
ison, Wis.) were combined with a membrane fraction derived
from Huh-7 cells, with or without synthetic peptides, and over-
laid with a 5 to 40% OptiPrep step gradient. Following ultra-
centrifugation, the proteins in each gradient fraction were pre-
cipitated with methanol-chloroform and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The per-
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FIG. 5. Pharmacologic disruption of AH-mediated membrane association of NS5A. (A and B) Membrane association of NSSA (containing a
wild-type AH) (A) and NSSANH (NS5A with a genetically mutated AH) (B) proteins was analyzed by in vitro membrane flotation assays. Numbers
correspond to OptiPrep gradient (5 to 40%) fractions. Non-membrane-associated proteins remain at the bottom (right side) of the gradient,
whereas membranes and associated proteins float toward the less dense gradient fractions present at the top (left side). (C) Same as panel A except
that the reaction mixture was treated with the detergent Triton X-100 to dissolve the membranes prior to gradient assembly. (D) Pharmacologic
inhibition of NS5A membrane association. Huh-7 cell-derived membranes were treated with the indicated concentration of PEP1 (SG
SWLRDVWDWICTVLTDFKTWLQSKLDYKD), a peptide mimicking the wild-type amphipathic helix of NS5A, or PEP2 (SGSWLRDDW
DWECTVLTDDKTWLQSKLDYKD), a control peptide mimicking the NSSANH mutant amphipathic helix, or mock treated with water and
incubated with in vitro-translated NS5A, NS5ANH, or VAMP2 before being analyzed by membrane flotation assays. The percentage of NS5A,
NS5ANH, or VAMP?2 floating to the top of the gradient with the membrane fraction (fraction 2 from the top) under the indicated conditions was
quantified using a PhosphorImager and expressed relative to the mock-treated control. Error bars represent standard error of the mean.

centage of protein floating to the top of the gradient with the
membrane fraction (fraction 2 from the top) was then quanti-
fied using a PhosphorImager (Molecular Dynamics, Sunnyvale,
Calif.). Similar to the results shown in Fig. 2, wild-type NS5A
specifically floated with the low-density gradient membrane
fraction (Fig. 5A). In contrast, when NS5A contained the mu-
tations (depicted in Fig. 1C) that disrupt the amphipathic na-
ture of the N-terminal helix, minimal flotation was observed
(Fig. 5B). As expected, if the cell extracts were treated with the
detergent Triton X-100 to dissolve the target membranes prior
to gradient assembly, no flotation of NS5A was observed (Fig.
5C). These results are in good agreement with the morphologic
and biochemical evidence for AH-mediated membrane asso-
ciation (Fig. 1 and 2), especially considering the potential lim-
itations of this type of in vitro assay (22). Moreover, as shown
in Fig. 5D, a synthetic peptide (PEP1) designed to mimic the
wild-type AH not only inhibited membrane association of
NSS5A but also did so in a dose-dependent manner. A control
peptide (PEP2) mimicking the mutated AH had no such effect
on NS5A membrane association. An additional measure of
specificity against NSSA was provided by testing the effect of
PEP1 on the membrane association of VAMP2, a control host
cell protein whose membrane association is mediated by its
own AH in a posttranslational fashion (22). The precise mech-
anistic details of how the peptide exerts its inhibition remains

to be determined, although a variety of interesting possibilities
can be envisaged. For example, the host cell membrane recep-
tor for NS5A may be composed of a specific protein—presum-
ably different from that used by VAMP2—which can be spe-
cifically blocked by PEP1 but not by the control peptide, PEP2.
Alternatively, PEP1 may somehow perturb the lipid membrane
itself so as to alter efficient binding by NS5A. Finally, PEP1
might directly bind to NS5A and thereby prevent the latter
from efficient membrane binding. Experiments are being per-
formed to help distinguish between these models. Whatever
the precise mechanism, however, the maximal extent of NS5A
inhibition achieved pharmacologically is comparable to that
obtained by genetic mutation of the AH in NSSA. In addition,
unlike current treatments for HCV, the synthetic peptide ap-
pears equally effective against NS5A derived from different
genotypes (data not shown), including those most refractory to
current therapies. This convenient membrane flotation assay
has also proven well suited for current efforts focused on study-
ing the mechanistic details of the AH membrane-targeting
domain and ideal for guiding ongoing development of peptido-
mimetic compounds designed to resemble key elements, or
bind to specific features, of the AH. Such compounds repre-
sent an exciting potential addition to current anti-HCV com-
bination therapy regimens.
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