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Nonstructural protein 4B (NS4B) is a key organizer of hepatitis C virus (HCV) replication complex
formation. It induces a specific membrane rearrangement, designated membranous web, that serves as a
scaffold for the HCV replication complex. However, the mechanisms underlying membranous web formation
are poorly understood. Based on fluorescence resonance energy transfer (FRET) and confirmatory coimmu-
noprecipitation analyses, we provide evidence for an oligomerization of NS4B in the membrane environment
of intact cells. Several conserved determinants were found to be involved in NS4B oligomerization, through
homotypic and heterotypic interactions. N-terminal amphipathic a-helix AH2, comprising amino acids 42 to
66, was identified as a major determinant for NS4B oligomerization. Mutations that affected the oligomeriza-
tion of NS4B disrupted membranous web formation and HCV RNA replication, implying that oligomerization
of NS4B is required for the creation of a functional replication complex. These findings enhance our under-
standing of the functional architecture of the HCV replication complex and may provide new angles for
therapeutic intervention. At the same time, they expand the list of positive-strand RNA virus replicase

components acting as oligomers.

With an estimated 120 to 180 million chronically infected
individuals, hepatitis C virus (HCV) is a leading cause of
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma
worldwide (26). HCV contains a 9.6-kb positive-strand RNA
genome encoding a polyprotein precursor that is co- and post-
translationally processed into 10 structural and nonstructural
proteins (28, 36). Like all positive-strand RNA viruses inves-
tigated thus far, HCV replicates its genome in a membrane-
associated replication complex composed of viral proteins,
replicating RNA, rearranged intracellular membranes, and ad-
ditional host factors (6, 33, 36). Nonstructural protein 4B
(NS4B) is the least-characterized HCV protein. However, ev-
idence from biochemical, structural, and genetic studies as well
as electron microscopy (EM) indicates that NS4B is a key
organizer of HCV replication complex formation (reviewed
in reference 16). Indeed, one of the best-documented func-
tions of NS4B is to induce the specific membrane rearrange-
ment, designated membranous web, that serves as a scaffold
for the viral replication complex (8, 13). However, the mech-
anisms underlying membranous web formation are poorly
understood.

NS4B is a 27-kDa integral membrane protein comprising an
N-terminal part (amino acids 1 to ~69), a central part harbor-
ing four predicted transmembrane segments (amino acids ~70
to ~190), and a C-terminal part (amino acids ~191 to 261).
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The N-terminal part comprises a predicted and a structurally
resolved amphipathic a-helix, designated AH1 and AH2, re-
spectively. AH2 comprises amino acids 42 to 66 and has been
shown to play an important role in HCV RNA replication (14).
Intriguingly, it has the potential to traverse the phospholipid
bilayer as a transmembrane segment, likely upon oligomeriza-
tion (14).

Oligomerization of membrane proteins represents a poten-
tial mechanism to induce membrane curvature and vesicle
formation (44, 50). A previous study involving chemical cross-
linking provided evidence for the oligomerization of NS4B
(49). However, interactions of membrane proteins are inher-
ently difficult to study. Therefore, we aimed to validate and
extend these observations by using a different experimental
strategy.

In this study, we explored fluorescence resonance energy
transfer (FRET) to investigate the determinants for oligomer-
ization of NS4B. FRET is based on the transfer of energy from
a fluorescent donor protein (e.g., cyan fluorescent protein
[CFP]) to an acceptor protein (e.g., yellow fluorescent protein
[YFP]). It has been employed successfully to investigate inter-
actions of membrane proteins, e.g., the G-protein-coupled re-
ceptors (5) and nodavirus replicase protein A (7). In acceptor
photobleaching FRET, photobleaching of the acceptor results
in increased donor emission when the distance between the
two is <10 nm, i.e., when the two proteins or protein segments
fused to the fluorophores physically interact (5). Thus, accep-
tor photobleaching FRET offers the unique opportunity to
investigate protein-protein interactions at a defined subcel-
lular location within the membrane environment of intact
cells.

By the use of FRET and confirmatory coimmunoprecipita-
tion analyses, we found that HCV NS4B oligomerizes through
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several conserved determinants involving homotypic and het-
erotypic interactions. Amphipathic a-helix AH2 was identified
as a major determinant for the oligomerization of NS4B. Fur-
thermore, mutations in NS4B that affected oligomerization
disrupted membranous web formation and HCV RNA repli-
cation, implying that oligomerization of NS4B is required for
the creation of a functional replication complex.

MATERIALS AND METHODS

Cell lines and reagents. U-2 OS human osteosarcoma (40) and Huh-7 human
hepatocellular carcinoma (38) cells were cultured in Dulbecco’s modified Eagle
medium supplemented with 10% fetal calf serum. The U-2 OS-derived, tetracy-
cline-regulated cell lines UHCVcon-57.3 and UHCVcon-AH2mut, expressing
the entire polyprotein derived from the HCV H77 consensus clone and harbor-
ing wild-type NS4B and NS4B with alanine substitutions of the 6 fully conserved
aromatic residues in AH2 (AH2mut), respectively, have been described previ-
ously (14, 42). Transfections were performed by calcium phosphate precipitation
(3). Polyclonal anti-NS4B antibody 86 was kindly provided by Ralf Barten-
schlager (University of Heidelberg, Germany). Polyclonal anti-hemagglutinin
(anti-HA) and monoclonal anti-FLAG antibodies were from Sigma-Aldrich (St.
Louis, MO). Alexa 594-conjugated goat anti-rabbit antibody was from Molecular
Probes (Eugene, OR).

Plasmids. HCV NS4B fragments were derived either from the H77 consensus
clone present in pPBRTM/HCV1-3011con (23) (kindly provided by Charles M.
Rice, The Rockefeller University, New York, NY) or from the JFH-1 clone
present in pSRG-JFH1 (22) (kindly provided by Takaji Wakita, Tokyo Univer-
sity, Japan). The BamHI restriction site present in the NS4B sequence of the
JFH-1 strain was inactivated by site-directed mutagenesis with primers JFH4B-
G174mut-fd and JFH4B-G174mut-rv (see Table S1 in the supplemental mate-
rial), resulting in a G-to-A substitution at nucleotide position 1450.

Green fluorescent protein (GFP) fusion constructs harboring full-length NS4B
or NS4B fragments 1-130, 1-116, 40-130, 61-130, and 130-261 (derived from the
HCV H77 consensus clone), designated pCMVNS4B-GFP, pCMVNS4B, _3,-
GFP, pCMVNS4B, ;,4-GFP, pCMVNS4B,_;30-GFP, pCMVNS4By, ;5,-GFP,
and pCMVNS4B,5,.,4,-GFP, respectively, were obtained by PCR, using
pBRTM/HCV1-3011con as a template and the primers listed in Table S1 in
the supplemental material, followed by cloning into the EcoRI-BamHI sites
of pPCMVKEB-EGFP (2).

Optimized Cerulean CFP (41) (kindly provided by David W. Piston, Vander-
bilt University, Nashville, TN) and Venus YFP (37) (kindly provided by Atsushi
Miyawaki, RIKEN Brain Science Institute, Saitama, Japan) sequences (referred
to as CFP and YFP, respectively, in the following) were used to prepare
pecDNA3.1(+) (Invitrogen, La Jolla, CA)-based founder constructs pPCMVCFP-X-HA,
pCMVYFP-X-FLAG, pCMVHA-X-CFP, and pCMVFLAG-X-YFP, allowing N- or
C-terminal fusion of CFP or YFP to a protein of interest (X), with or without an
HA or FLAG tag (1). Subcloning through BspEI or BamHI sites yielded short
SG or GS linkers, respectively (pPCMVCFP-X-HA, Kpnl-YFP-SG[BspEI]-X-GS
[BamHI]-FLAG-Apal; pCMVYFP-X-FLAG, KpnI-CFP-SG[BspEI]-X-GS[BamHI]-
HA-Apal; pCMVHA-X-CFP, Kpnl-FLAG-SG[BspEI]-X-GS[BamHI]-YFP-Apal;
pCMVFLAG-X-YFP, Kpnl-HA-SG[BspEI]-X-GS[BamHI]-CFP-Apal).

A positive-control construct for FRET in which CFP and YFP were fused
through a 5-amino-acid (SGGGG) linker sequence (25) was kindly provided by
Roland Nitschke (University of Freiburg, Germany). Cotransfection of unfused
CFP and YFP served as a negative control.

Fusion constructs harboring N-terminal CFP or YFP and full-length NS4B
derived from the HCV H77 consensus clone were obtained by PCR, using
pBRTM/HCV1-3011con as the template and primers NS4B-1-Bsp-fd and NS4B-
261-Apa-1v (see Table S1 in the supplemental material), followed by cloning into
the BspEI-Apal sites of pPCMVCFP-X-HA and pCMVYFP-Y-FLAG to yield
constructs pPCMVCFP-NS4B and pCMVYFP-NS4B, respectively. Note that
cloning through the BspEI-Apal sites removed the HA and FLAG tags present
in the founder constructs (see above).

Fusion constructs harboring full-length NS4B, NS4B fragment 40-130 or 130-
261 (derived from the HCV H77 consensus), or JFH-1 clones and C-terminal
CFP or YFP were obtained by PCR, using pBRTM/HCV1-3011con or pSRG-
JFH1 as the template and using the primers listed in Table S1 in the supple-
mental material. Amplification products were cloned into the KpnI-BamHI sites
of pCMVHA-X-CFP and pCMVFLAG-X-YFP to yield the H77-derived
constructs pCMVNS4B-CFP, pCMVNS4B-YFP, pCMVNS4B, 13,-CFP,
PCMVNS4B 0 130-YFP, pCMVNS4B, 50.6,-CFP, and pCMVNS4B, 39.,-YFP
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and the JFH-1-derived constructs pCMVJFH4B-CFP, pCMVJFH4B-YFP,
PCMVIFH4B,._3-CFP, pCMVJFH4B,q 5)-YFP, pCMVIFH4B, 5, ,-CFP,
and pPCMVJFH4B 5(.,4,- YFP. Note that cloning through the KpnI-BamHI sites
removed the HA and FLAG tags present in the founder constructs (see above).

Fusion proteins harboring the dengue virus (DV) 2K-NS4B sequence and
C-terminal CFP or YFP were obtained by PCR, using pTM1.4-DV-2K(1-
249)GFP (34) (kindly provided by Ralf Bartenschlager) as the template and
primers DV2K4B-Kpn-fd and DV2K4B-Bam-rv (see Table S1 in the supplemen-
tal material), followed by cloning into the KpnI-BamHI sites of pPCMVHA-X-
CFP and pCMVFLAG-X-YFP to yield constructs pCMVDV4B-CFP and
pCMVDV4B-YFP, respectively.

Fusion constructs harboring full-length NS4B or fragment 40-130 with
alanine substitutions of the 6 fully conserved aromatic residues in AH2
(AH2mut) and C-terminal CFP or YFP were obtained by PCR, using
pUHDHCV(H)conAH2mut (14) as the template and using primer pair
NS4B-1-Kpn-fd-NS4B-261-Bam-rv or NS4B-40-Kpn-fd-NS4B-130-Bam-rv
(see Table S1 in the supplemental material), respectively, followed by cloning
into the KpnI-BamHI sites of pCMVHA-X-CFP or pCMVFLAG-X-YFP
to yield constructs pCMVNS4B 4 112mu-CFP, pCMVNS4B A 115mu- YFP,
PCMVNS4Byg. 130a12mu-CFP, and pCMVNS4B,_130A12mu YFP.

Constructs with a C-terminal HA tag were prepared by subcloning of the
KpnI-BamHI fragments from pCMVNS4B-CFP, pCMVNS4B, ,3-CFP, and
PCMVNS4B, 5.26:;-CFP into the Kpnl-BamHI sites of pCMVCFP-X-HA to
yield constructs pPCMVNS4B-HA, pCMVNS4B,_130-HA, and pPCMVNS4B, 3 54~
HA, respectively. Subcloning of the same fragments into the Kpnl-BamHI sites of
pCMVYFP-X-FLAG yielded the FLAG-tagged constructs pPCMVNS4B-FLAG,
PCMVNS4B,._130-FLAG, and pCMVNS4B, 5.,4,-FLAG, respectively. Finally, DV
NS4B constructs with a C-terminal HA or FLAG tag were prepared by subcloning
of the Kpnl-BamHI fragment from pCMVDV4B-CFP into the Kpnl-BamHI
sites of pCMVCFP-X-HA and pCMVYFP-X-FLAG to yield constructs
pCMVDV4B-HA and pCMVDV4B-FLAG, respectively. Note that this subcloning
strategy removed the CFP and YFP sequences present in the founder constructs (see
above).

Fluorescence resonance energy transfer. U-2 OS or Huh-7 cells cultured on
glass coverslips were transfected with constructs expressing CFP- and YFP-
tagged proteins and fixed at 24 h posttransfection with 2% paraformaldehyde for
5 min. The coverslips were mounted on glass slides with SlowFade reagent
(Molecular Probes). Acceptor photobleaching FRET was performed using an
SP5 AOBS confocal laser scanning microscope (Leica, Wetzlar, Germany). CFP
was excited with a 405-nm blue diode laser and detected at 445 to 485 nm. YFP
was excited with the 514-nm line of an argon laser (458, 476, 488, and 514 nm)
and detected at 525 to 575 nm. Cells were examined with a 63X oil immersion
objective following well-defined rules (see Results). Two regions of interest
(ROI) per cell were photobleached in the YFP channel, using the 514-nm argon
laser line at 100% intensity. Ten different healthy-looking and intact cells were
analyzed, yielding 20 measurements for each combination. CFP images were
collected pre- and postphotobleaching to measure changes in donor fluores-
cence. FRET efficiency (FRETeff) was expressed as the percentage of CFP
fluorescence gain after YFP photobleaching. To calculate the apparent FRETeff
in the ROI, the Leica software uses the formula FRETeff = [(EDpost — EDpre)/
EDpost] X 100, where ED represents the emitted donor fluorescence before
(EDpre) and after (EDpost) photobleaching of the acceptor. Statistical analyses
were performed by using GraphPad Prism software (GraphPad Software, La
Jolla, CA). Unpaired ¢ tests were applied to assess the significance of differences
in mean FRETeff values. A P value of <0.05 was considered to indicate a
significant difference between two groups.

Coimmunoprecipitation. U-2 OS cells expressing HA- and FLAG-tagged pro-
teins were harvested at 48 h posttransfection, followed by lysis in a buffer
containing 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, and a protease inhibitor cocktail (Roche, Basel, Switzerland). Cell lysates
were incubated for 12 to 16 h at 4°C with anti-FLAG M2 agarose slurry (Sigma-
Aldrich) on a rotating wheel. After repeated washing, agarose beads were eluted
with 3XFLAG peptide solution (150 ng/pl) (Sigma-Aldrich). Eluates were sub-
jected to conventional SDS-PAGE, followed by immunoblotting.

Electron microscopy. UHCVcon-57.3 and UHCVcon-NS4BAH2mut cells
were cultured for 48 h in the presence or absence of tetracycline. Cells were
fixed and processed for EM as described previously (11). Ultrathin sections
were examined with a JEOL 1230 transmission electron microscope (Tokyo,
Japan) connected to a Gatan digital camera driven by Digital Micrograph
software (Gatan, Pleasanton, CA) for image acquisition and analysis.
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RESULTS

FRET analyses reveal oligomerization of HCV NS4B. Opti-
mized Venus YFP and Cerulean CFP (referred to in the fol-
lowing as YFP and CFP, respectively) were fused to either the
N or the C terminus of NS4B derived from the HCV H77
consensus clone in order to investigate interactions between
NS4B molecules by acceptor photobleaching FRET. As shown
in Fig. 1A, fusion constructs harboring YFP at the N or the C
terminus of NS4B showed a fluorescence pattern that included
the nuclear membrane, was strongest in the perinuclear region,
and extended in a reticular as well as dot-like fashion through-
out the cytoplasm. Analogous results were obtained for the
corresponding CFP fusion constructs (data not illustrated).
This fluorescence pattern was previously observed for NS4B
alone or for NS4B-GFP fusion constructs and has been shown
to correspond to endoplasmic reticulum (ER) and seemingly
ER-derived modified membranes (9, 14, 15, 17, 19, 30, 31).

NS4B from the related virus DV was used as a specificity
control, given its similarities in molecular mass, multispanning
membrane topology, and subcellular localization (34). As ex-
pected, a fluorescence pattern virtually identical to that of
HCV NS4B was observed for constructs harboring the DV
2K-NS4B sequence fused to YFP (Fig. 1A) or CFP (data not
illustrated). Consistent with this observation, DV NS4B was
found to broadly colocalize with HCV NS4B, as shown in Fig.
1B. Hence, DV NS4B and HCV NS4B share similar mem-
brane topologies and broadly colocalize on ER and ER-de-
rived modified membranes but are not expected to interact.

FRET analyses were performed with cells cotransfected with
different combinations of YFP and CFP fusion constructs ac-
cording to the acceptor photobleaching protocol. With this
technique, photobleaching of the acceptor (YFP) results in
increased donor (CFP) emission when the distance between
the two molecules is <10 nm, i.e., when the two proteins or
protein segments of interest fused to the fluorophores interact.
This protocol allowed us to investigate interactions in selected
cells and at defined subcellular locations. Therefore, the fol-
lowing rules were observed throughout this work: (i) only
healthy-looking and intact cells were examined, (ii) ROIs in
the cytoplasm were carefully selected based on the expected
reticular and dot-like fluorescence pattern, (iii) two ROIs per
cell were always assayed simultaneously, and (iv) 10 different
cells were analyzed for each protein combination. Thus, in
each box-and-whisker plot shown in Fig. 1C and for subse-
quent experiments, the middle line represents the median of 20
measurements, the central box represents the FRETeff values
from the lower to the upper quartile, and the vertical line
extends from the minimum to the maximum value. Represen-
tative results from at least two independent experiments are
shown throughout this work. In addition, experiments were
performed in U-2 OS and Huh-7 cells, with analogous results
(data not illustrated).

As shown in Fig. 1C, FRET was observed when both fluo-
rescent proteins were fused to the C terminus of HCV NS4B
(mean FRETeff = standard deviation [SD], 13.4% = 1.1%).
This result was comparable to that obtained with the CFP-YFP
fusion protein, which served as a positive control (FRETeff,
12.5% = 0.9%). Thus, FRET analyses revealed a self-interac-
tion of HCV NS4B in the membrane environment of intact
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FIG. 1. FRET analyses reveal oligomerization of HCV NS4B.
(A) Subcellular localization of HCV NS4B and DV NS4B fusion proteins.
Constructs pPCMVYFP-NS4B (Y-4B), pCMVNS4B-YFP (4B-Y), and
pCMVDV4B-YFP (DV4B-Y) were transfected into U-2 OS cells, fol-
lowed by fixation with 2% paraformaldehyde and confocal laser scanning
microscopy, as described in Materials and Methods. (B) Colocalization of
HCV NS4B and DV NS4B. Constructs pCMVDV4B-YFP (DV4B-Y)
and pCMVNS4B-CFP (4B-C) were cotransfected into U-2 OS cells, fol-
lowed by fixation with 2% paraformaldehyde. Since the CFP emission was
not sufficiently bright for optimal colocalization studies, HCV NS4B in
construct 4B-C was detected with polyclonal antibody 86 and Alexa 594-
conjugated secondary antibody, as described in Materials and Methods.
Confocal laser scanning microscopy revealed colocalization of DV4B-Y
and 4B-C. (C) FRET analyses. Constructs pPCMVCFP-NS4B (C-4B),
pCMVYFP-NS4B (Y-4B), pCMVNS4B-YFP (4B-Y), pCMVNS4B-
CFP (4B-C), pCMVDV4B-YFP (DV4B-Y), and pCMVDV4B-CFP
(DV4B-C) were transfected into U-2 OS cells in different combinations,
as indicated, followed by acceptor photobleaching FRET analyses as
described in Materials and Methods. The CFP-YFP fusion protein and
cotransfection of unfused CFP and YFP served as positive and negative
controls for FRET, respectively. Box-and-whisker plots represent the me-
dian FRETeff values of 20 measurements (middle line), the FRETeff
values from the lower to the upper quartile (central box), and the mini-
mum and maximum values (vertical line). The significance of the observed
differences was assessed as described in Materials and Methods (*, P <
0.0001).

cells. No FRET was observed when one or both partners har-
bored the fluorescent protein at the N terminus (FRETeff,
<10% [comparable to the values obtained after cotransfection
of unfused CFP and YFP, i.e., the negative control]). Thus,
although an interaction may have occurred between the two
NS4B moieties, the fluorophores may be positioned improp-
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erly for FRET when fused to the N terminus of NS4B. This
observation underscores the stringency of the FRET approach
and demonstrates that colocalization to the ER or ER-derived
modified membranes is not sufficient to produce FRET. Ac-
cordingly, no FRET was observed between HCV NS4B and
DV NS4B, despite their colocalization, thus corroborating the
specificity of the result observed for HCV NS4B. Interestingly,
no FRET was observed between DV NS4B molecules in this
experimental setting. This may be related to the observation
that DV NS4B does not induce membrane rearrangements and
may have functions distinct from those of HCV NS4B in the
DV life cycle (34). In DV, NS4A is the key protein responsible
for the induction of membrane rearrangements (32).

In conclusion, FRET analyses revealed a specific oligomer-
ization of HCV NS4B in the membrane environment of intact
cells.

Multiple determinants contribute to the oligomerization of
HCV NS4B. NS4B is a 261-amino-acid integral membrane pro-
tein comprising an N-terminal part with a predicted and a
structurally resolved amphipathic a-helix (AH1 and AH2, re-
spectively), a central part harboring four predicted transmem-
brane segments, and a C-terminal part comprising a predicted
and a structurally resolved a-helix (H1 and H2, respectively)
(Fig. 2A; see Fig. S1 in the supplemental material) (16). To
identify regions involved in the oligomerization of NS4B, we
designed fragments based on these structural elements and
fused GFP to their C termini to investigate their subcellular
localization. A fragment comprising the N-terminal half of
NS4B (amino acids 1 to 130) displayed the same subcellular
localization as full-length NS4B (Fig. 2A and data not shown).
Localization on ER and ER-derived modified membranes was
preserved after deletion of AH1 (segment 40-130). However,
further truncation at the N terminus (segment 61-130) or C
terminus (segment 1-116) abrogated the typical fluorescence
pattern and produced coarse cytoplasmic aggregates (Fig. 2A).
As shown in Fig. 2A, a fragment comprising the C-terminal
half of NS4B (amino acids 130 to 261) also displayed the same
subcellular localization as full-length NS4B, while it was shown
previously that N-terminal truncation of this fragment alters
the subcellular localization (15).

Based on these preliminary experiments, interactions of seg-
ments 40-130 and 130-261 fused to CFP or YFP were investi-
gated by FRET. As shown in Fig. 2B, these N- and C-terminal
fragments were found to interact both with themselves and with
each other. These results demonstrate that several determinants
contribute to the oligomerization of NS4B, through homotypic
(i.e., occurring between the same protein segment) and hetero-
typic (i.e., occurring between different protein segments) interac-
tions. Whether the heterotypic interaction between the N- and
C-terminal fragments occurs as an intermolecular or intramolec-
ular association in the context of the full-length protein remains
unknown.

Confirmation of FRET results by coimmunoprecipitation.
To corroborate the results obtained by FRET, we performed
coimmunoprecipitation analyses. To this end, the HA or
FLAG tag was fused to the C terminus of full-length HCV
NS4B or DV NS4B, as well as to fragments 40-130 and 130-261
from HCV NS4B. Lysates from cells coexpressing different
combinations of these constructs were subjected to immuno-
precipitation and Western blot analyses using anti-HA and
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FIG. 2. Several determinants contribute to the oligomerization of
HCV NS4B. (A) Subcellular localization of NS4B fragments. A sche-
matic representation of NS4B’s known and predicted structural ele-
ments as well as the different fragments analyzed is depicted at the top.
AH, amphipathic a-helix; TM, transmembrane segment; H, a-helix.
Constructs pCMVNS4B-GFP (1-261), pPCMVNS4B, _3,-GFP (1-130),
pCMVNS4B, 15-GFP (40-130), pCMVNS4By, 5-GFP (61-130),
pCMVNS4B, _,4-GFP (1-116), and pCMVNS4B, 3.,6,-GFP (130-261)
were transfected into U-2 OS cells, followed by fixation with 2% parafor-
maldehyde and confocal laser scanning microscopy. (B) FRET analyses.
Constructs pPCMVNS4B,, ;5,-CFP and pPCMVNS4B,,,_;5,- YFP (40-130 +
40-130), pCMVNS4B 30.6-YFP and pCMVNS4B, 5 ,4,-CFP  (130-
261 + 130-261), and pCMVNS4B,, ;3-CFP and pPCMVNS4B, 5 ,4,-YFP
(40-130 + 130-261) were cotransfected into U-2 OS cells, followed by
acceptor photobleaching FRET analyses. Cotransfection of unfused CFP
and YFP (CFP + YFP) served as a negative control. The significance of
the observed differences was assessed as described in Materials and Meth-
ods (¥, P < 0.0001).

anti-FLAG antibodies. As shown in Fig. 3A, these analyses
revealed a specific self-interaction of HCV NS4B, while as
expected, no interaction was observed between the NS4B pro-
teins from HCV and DV. In addition, coimmunoprecipitation



VoL. 84, 2010

FLAG constr. 4B 4B 4B DV4B
HA constr.

IP: FLAG
WB: HA

WB: FLAG

WB: HA

B

FLAG constr. | 40-130 | DV4B | 40-130 |130-261| DV4B

HA constr. 40-130 | 40-130 |130-261|130-261|130-261 | kpa
-25
IP: FLAG
WB: HA
-15
-25
WB: FLAG
-15
WB: HA 15

FIG. 3. Confirmation of FRET results by coimmunoprecipitation.
(A) Constructs pPCMVNS4B-HA, pCMVNS4B-FLAG, pCMVDV4B-
HA, and pCMVDV4B-FLAG were transfected into U-2 OS cells as
indicated, followed by immunoprecipitation (IP) of cell lysates with
anti-FLAG M2 agarose and Western blotting (WB) with an anti-HA
antibody, as described in Materials and Methods. Direct Western
blotting of the cell lysates by use of anti-FLAG and anti-HA antibodies
is shown in the lower panels. Molecular mass markers are indicated on
the right. (B) Constructs pCMVNS4B,, 13,-HA, pCMVNS4B,_;39-
FLAG, pCMVNS4B30.,6-HA, pCMVNS4B,;.,6,-FLAG, and
pCMVDV4B-FLAG were transfected into U-2 OS cells as indicated,
followed by immunoprecipitation and Western analyses as described
for panel A. Molecular mass markers are indicated on the right.

analyses confirmed the specificity of the homotypic and het-
erotypic interactions observed between the N- and C-terminal
NS4B fragments 40-130 and 130-261 (Fig. 3B). Taken together,
the results from the coimmunoprecipitation analyses confirm
the oligomerization of HCV NS4B through several determi-
nants.

Oligomerization of NS4B proteins from different HCV ge-
notypes. In order to assess whether our observations can be
extended to other HCV strains and to gain insights into the
genotype specificity of the identified interactions, we investi-
gated FRET between NS4B sequences derived from the HCV

OLIGOMERIZATION OF HCV NS4B 12533
A 1 40 261
AH1 | | AH2 H1 H2
100 : :
S : :
: 80 1 { '
I ) U 1
5 : | :
5 60 ﬂ ; | :
> 1 ' '
N [ l: | ! :
I 40 G | :
z ||| e Ik
$ 20 : ; '
= : |
0 T T

1-261 40-130

Li
1

FRETeff (%)

0 E

CFP H77 H77 JFH1 CFP H77 H77 JFH1
+

YFP H77 JFH1  JFH1 YFP H77 JFH1  JFH1

I

130-261 130-261

bk
b

% 0 T
s 30
<20
5 20
[
& 10 .L
== MES
0 0
CFP H77 H77 JFH1 CFP H77 H77 JFH1
+ + + + + + +
YFP H77 JFH1 JFH1 YFP H77 JFH1 JFH1

FIG. 4. Oligomerization of NS4B proteins from different HCV ge-
notypes. (A) Amino acid sequence conservation between NS4B pro-
teins from the HCV H77 consensus (genotype 1a; GenBank accession
number AF009606) and JFH-1 (genotype 2a; GenBank accession
number AB047639) clones. After Clustal W alignment of the two
sequences, a score of 1 was attributed to a conserved position and a
score of 0 to a divergent one. The mean score of overlapping 7-amino-
acid windows was calculated along the sequence and illustrated as the
percent identity for each central position of the window. (B) FRET
analyses. Constructs comprising H77- and JFH-1-derived NS4B se-
quences fused to CFP or YFP were transfected in different combina-
tions, as illustrated. See Materials and Methods for individual plasmid
denominations. Cotransfection of unfused CFP and YFP (CFP +
YFP) served as a negative control. All combinations tested were sig-
nificantly different from the negative control (P < 0.0001).

H77 consensus (genotype 1a) and JFH-1 (genotype 2a) clones.
The overall amino acid sequence identity between these two
NS4B sequences is 72%, while the 40-130 and 130-261 frag-
ments display 70% and 82% identity, respectively (see Fig. S1
in the supplemental material). A schematic representation of
the percent amino acid identity along the NS4B sequence,
derived from the sequence alignment shown in Fig. S1, high-
lights the regions that are conserved between these relatively
distant HCV strains (Fig. 4A).

As shown in Fig. 4B, the results obtained for the H77 strain
can be extended to the JFH-1 strain. Indeed, FRET was ob-
served for full-length NS4B as well as the different combina-
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FIG. 5. Subcellular localization of NS4B and NS4B segment 40-130
harboring the AH2mut mutations. Constructs pPCMVNS4B-YFP (wt),
PCMVNS4B 41 1omu- YFP (AH2mut), pPCMVNS4B,, 15,-YFP (40-130
wt), and pCMVNS4B,_130a15mu- YFP (40-130 AH2mut), illustrated
schematically at the top, were transfected into U-2 OS cells, followed
by fixation with 2% paraformaldehyde and confocal laser scanning
microscopy as described in Materials and Methods.

tions of fragments 40-130 and 130-261 derived from the JFH-1
strain. More interestingly, interactions were observed between
full-length NS4B and the different fragments derived from the
H77 and JFH-1 strains (Fig. 4B). Therefore, oligomerization is
a general feature of HCV NS4B and appears to involve con-
served determinants.

Role of amphipathic a-helix AH2 in NS4B oligomerization.
One of the most conserved regions in NS4B maps to mem-
brane-associated amphipathic a-helix AH2. Interestingly, AH2
can adopt a transmembrane orientation, likely upon oligomer-
ization (14). We previously reported that the replacement of 6
fully conserved aromatic residues on the hydrophobic side of
AH2 with alanine (mutant AH2mut) preserves the a-helical
fold but disrupts the membrane association and transmem-
brane orientation of AH2, as well as RNA replication, when
introduced into the context of a subgenomic HCV replicon
(14). In order to examine the role of AH2 in the oligomeriza-
tion of NS4B, we introduced the AH2mut substitutions into
constructs comprising full-length NS4B or fragment 40-130
fused to CFP or YFP (Fig. 5). In accordance with and in
extension of our previous observations (14), these substitutions
did not interfere with the membrane association of full-length
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FIG. 6. Role of amphipathic a-helix AH2 in NS4B oligomerization.
(A) Constructs pCMVNS4B-CFP and pCMVNS4B-YFP (both designated
wt) as well as pCMVNS4B A pomu- YFP and pPCMVNS4B 4 115,,,-CFP (both
designated AH2mut) were transfected into U-2 OS cells in different
combinations, as indicated. (B) Constructs pCMVNS4B, 13,-CFP and
pCMVNS4B,, ;5-YFP (both designated wt), pPCMVNS4B,130a112mu- Y FP
and pCMVNS4B,; 130am2mu-CFP  (both  designated AH2mut), and
PCMVNS4B, 556, YFP (130-261) were transfected into U-2 OS cells in
different combinations, as indicated. The significance of the observed difter-
ences was assessed as described in Materials and Methods (*, P < 0.0001; #,
P = 0.0036).

130-261

b

NS4B or fragment 40-130 fused to YFP (Fig. 5) or CFP (data not
illustrated). Indeed, the constructs harboring the AH2mut substi-
tutions displayed the same fluorescence pattern as the wild-type
constructs, indicating that one or more additional internal deter-
minants in NS4B can ensure membrane association in the context
of the full-length protein or the 40-130 segment.

As shown in Fig. 6A, introduction of the AH2mut substitu-
tions into one of the two full-length NS4B partners resulted in
a significant reduction of the FRET signal. The residual FRET
signal remained statistically different from that of the negative
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control (P = 0.0036). Interestingly, FRET could be recovered
fully when both partners harbored the AH2mut substitutions.
A possible explanation for this observation may involve a pref-
erential self-association and sequestration of wild-type NS4B
in the combination where only one partner carries the muta-
tions. In this scenario, determinants for oligomerization other
than AH2 may result in strong FRET only when both partners
carry the mutations. To further explore this possibility, inter-
actions between N- and C-terminal NS4B fragments were an-
alyzed. As shown in Fig. 6B, the 40-130 segment harboring the
AH2mut substitutions interacted with neither the wild-type
40-130 fragment nor itself, indicating that oligomerization of
the N-terminal segment of NS4B relies on AH2. In contrast,
FRET was observed between the 40-130 segment harboring
the AH2mut substitutions and the C-terminal segment 130-
261, indicating that the interaction between N- and C-terminal
NS4B fragments may involve distinct, likely weaker determi-
nants. These findings are in line with the report by Yu et al.,
who provided evidence for NS4B oligomerization through mul-
tiple determinants based on chemical cross-linking studies
(49). Interestingly, they mapped a major determinant for NS4B
oligomerization to the N-terminal 70 amino acids, which com-
prise amphipathic a-helix AH2.

In conclusion, the results above indicate that amphipathic
a-helix AH2 is a major determinant for the oligomerization of
NS4B, while additional determinants contribute to the interac-
tion.

NS4B oligomerization correlates with membranous web for-
mation. We hypothesized that oligomerization may be a mech-
anism by which NS4B induces formation of the membranous
web as a scaffold for the HCV replication complex. To further
explore this hypothesis, we investigated the effect of the
AH2mut alanine substitutions in NS4B on membranous web
formation. To this end, we used EM to examine a cell line,
designated UHCVcon-AH2mut (14), which can be induced to
express an HCV H77-derived polyprotein harboring the
AH2mut mutations in NS4B. A well-characterized cell line
that can be induced to express the wild-type HCV H77
polyprotein served as a control (42). We have previously shown
that the two cell lines express the HCV structural and non-
structural proteins at comparable levels and that polyprotein
processing is not affected by the AH2mut mutations (14).

As shown in Fig. 7 and in accordance with the initial report
by Egger et al. (8), specific membrane rearrangements com-
posed of tightly organized vesicles embedded in a membranous
matrix could be detected readily in UHCVcon-57.3 cells ex-
pressing the wild-type HCV polyprotein. These membrane re-
arrangements correspond to typical membranous webs. In fact,
17 of 100 cell sections analyzed showed a membranous web. In
contrast, no membranous web was observed in 200 sections
from UHCVcon-AH2mut cells expressing the polyprotein car-
rying the AH2mut mutations in NS4B. As expected, no mem-
branous web was observed in UHCVcon-57.3 and UHCVcon-
AH2mut cells cultured in the presence of tetracycline, i.e., in
the absence of HCV polyprotein expression (data not shown).
This observation likely explains the previously reported repli-
cation defect of subgenomic replicons harboring the AH2mut
substitutions (14).

In conclusion, mutations that affect NS4B oligomerization
disrupt membranous web formation and, as shown previously
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(14), HCV RNA replication. Although we cannot formally
exclude the possibility that interactions with other replicase
components are affected by the AH2mut substitutions, these
findings are consistent with an important role for NS4B oligo-
merization in membranous web formation and in the assembly
of a functional replication complex.

DISCUSSION

Based on carefully controlled FRET and confirmatory co-
immunoprecipitation analyses, we provide evidence for oligo-
merization of HCV NS4B in the membrane environment of
intact cells. Several conserved determinants were found to
contribute to the oligomerization of NS4B, through homotypic
and heterotypic interactions. Amphipathic a-helix AH2 was
identified as a major determinant for the oligomerization of
NS4B. Furthermore, mutations in NS4B that affected oligo-
merization disrupted membranous web formation and HCV
RNA replication, implying that oligomerization of NS4B is
essential for at least one of its functions in the viral life cycle.

Acceptor photobleaching FRET offers the unique opportu-
nity to investigate protein-protein interactions at a defined
subcellular location within the membrane environment of in-
tact cells (5). Analyses were performed following carefully
established criteria and involved a large number of measure-
ments for each protein combination. In particular, analyses
were restricted to NS4B fragments with a subcellular localiza-
tion corresponding to that of the full-length protein, i.e., the
ER or ER-derived modified membranes. Constructs displaying
aberrant subcellular localization or protein aggregation as well
as cells that appeared to suffer as a result of the transfection
procedure or membrane protein overexpression were excluded
from our analyses. Under these conditions, we found that not only
full-length NS4B but also N- and C-terminal fragments compris-
ing amino acids 40 to 130 and 130 to 261, respectively, interacted
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both with themselves and with each other. In our experience,
FRET did not allow us to further dissect the different determi-
nants involved in NS4B self-interaction. Indeed, shorter segments
were often aberrantly localized or showed aggregation, preclud-
ing meaningful interaction studies by FRET.

Other HCV nonstructural proteins have been shown to form
dimers, notably NS2 (29) and NS5A (46). In addition, NS3 and
NS5B have been proposed to form higher-order oligomeric
complexes (20, 48). Our assays do not allow us to distinguish
between dimer formation and the formation of higher-order
oligomeric complexes or arrays of NS4B. However, based on
the role of NS4B in the induction of vesicular membrane re-
arrangements, the involvement of homotypic and heterotypic
interactions, and the chemical cross-linking studies reported by
Yu et al. (49), we favor the latter scenario. Indeed, a number
of viral and cellular proteins induce and maintain membrane
curvature and vesicle induction by oligomerization (44, 50). Of
particular importance, key organizers of the replication com-
plexes of other positive-strand RNA viruses have been shown
to exert their function as multimeric complexes. For example,
replicase protein A from flock house virus (FHV), an alpha-
nodavirus, has been shown to self-interact through multiple
determinants (7) and to induce invaginations of the outer mi-
tochondrial membrane, designated spherules (24). These
FHV-induced replication vesicles are believed to be lined by a
continuous shell of protein A (6). In addition, brome mosaic
virus (BMV), a member of the alphavirus-like superfamily,
encodes a membrane-associated multifunctional protein, des-
ignated 1la, that self-interacts through multiple determinants
and induces ER-derived replication vesicles (6, 43).

A major mechanism to generate membrane curvature in-
volves hydrophobic insertion or wedging (44). In this mecha-
nism, proteins insert hydrophobic domains, such as the hydro-
phobic side of an amphipathic a-helix, into one leaflet of the
membrane bilayer, thereby generating local membrane curva-
ture. Alternatively, integral membrane proteins that occupy
more space in one leaflet of the membrane than the other
could also generate membrane curvature. A second major
mechanism is termed scaffolding (44). In this case, a protein or
an oligomeric protein complex with a curved surface interacts
with a membrane to induce membrane curvature. Importantly,
most membrane curvature-inducing proteins use a combina-
tion of hydrophobic insertion and scaffolding mechanisms. For
example, N-BAR domain-containing proteins, such as am-
phiphysin, insert an N-terminal amphipathic a-helix into the
lipid bilayer and use their banana shape to scaffold the curved
membrane (39). COPII vesicle formation also involves both
mechanisms. For this process, the small GTP-binding protein
Sarl induces membrane curvature by the insertion of an N-
terminal amphipathic a-helix, while oligomeric complexes of
COPII coat proteins serve as a scaffold (10, 27). Finally, re-
ticulons and DP1/Yoplp are believed to shape ER tubules by
hydrophobic insertion and scaffolding (18, 45, 47). Clearly,
both mechanisms may also be operative in the case of HCV
NS4B, where the amphipathic a-helices, notably AH2, the
central transmembrane segments, and C-terminal membrane-
associated a-helix H2 (15) may induce local membrane curva-
ture that is scaffolded by NS4B oligomerization. Thus, coop-
erative mechanisms may be involved in the formation of the
membranous web by NS4B.
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The observation that N- and C-terminal determinants con-
tribute to NS4B oligomerization through homotypic and het-
erotypic interactions raises several and potentially dynamic
models for the formation of NS4B oligomeric structures. As
evoked previously for FHV protein A (7), it is possible that
these contacts form simultaneously such that two NS4B mol-
ecules in a dimer contact one another at multiple interfaces. If
NS4B forms higher-order oligomers, then multiple NS4B mol-
ecules could interact such that each molecule contacts another
by using a different interaction domain. Also, certain interac-
tions and multimeric states may be specific to distinct NS4B
functions. Indeed, recent evidence indicates that NS4B may
not only be a key organizer of replication complex formation
but also have a role in virus assembly and release (21; J.
Gouttenoire and D. Moradpour, unpublished data). Since the
N-terminal part of NS4B can acquire a dual topology through the
posttranslational membrane insertion of AH2 (14, 30, 31), one
could also speculate that the membrane topology (in-plane versus
transmembrane) of AH2 may determine distinct NS4B oligomer-
ization states and, thereby, different functions. Moreover, addi-
tional complex interactions of NS4B with other replicase compo-
nents may influence its functions during different stages of the
viral life cycle. Clearly, further studies will be necessary to explore
these exciting possibilities. Obtaining a three-dimensional struc-
ture of full-length NS4B will be key to such studies.

A recent report showed that a synthetic peptide corresponding
to amphipathic a-helix AH2 triggered liposome aggregation in
vitro (4). Interestingly, a chemical compound blocking this activity
inhibited HCV RNA replication, presumably by interfering with
AH2-mediated oligomerization of NS4B. Hence, interfering with
the oligomerization of NS4B may provide new opportunities for
antiviral intervention. The observation that oligomerization can
occur between NS4B proteins from different HCV genotypes
through conserved determinants is particularly attractive in this
regard. Notably, unprecedented antiviral activity against different
HCV genotypes was recently achieved with a small molecule
targeting NS5A at a site that may be involved in the formation of
oligomeric NS5A structures (12, 35).

In conclusion, we provide evidence for oligomerization of
HCV NS4B in the membrane environment of intact cells. Sev-
eral conserved determinants were found to contribute to oligo-
merization, through homotypic and heterotypic interactions.
Amphipathic a-helix AH2 was identified as a major determi-
nant for the oligomerization of NS4B. Furthermore, mutations
that affected NS4B oligomerization disrupted membranous
web formation, implying that NS4B functions as an oligomer at
least during a key step in the viral life cycle, i.e., the formation
of the membranous web. These findings enhance our under-
standing of the functional architecture of the HCV replication
complex and may provide new angles for therapeutic interven-
tion. At the same time, they expand the list of positive-strand
RNA virus replicase components acting as oligomers.
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