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ER targeting and retention of the HCV NS4B protein relies on the
concerted action of multiple structural features including its
transmembrane domains
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Abstract

The Hepatitis C virus (HCV) NS4B protein, a multispanning endoplasmic reticulum (ER) membrane protein, generates
intracellular rearrangements of ER-derived membranes, essential for HCV replication. In this study, we characterized NS4B
elements involved in the process of targeting, association and retention in the ER membrane. We investigated the localization
and membrane association of a number of C- or N-terminal NS4B deletions expressed as GFP chimeras by biochemical and
fluorescence microscopy techniques. A second set of GFP-NS4B chimeras containing the plasma membrane ecto-ATPase
CD39 at the C-terminus of each NS4B deletion mutant was used to further examine the role of N-terminal NS4B sequences in
ER retention. Several structural elements, besides the first two transmembrane domains (TMs), within the NS4B N-terminal
half (residues 1-130) were found to mediate association of the NS4B-GFP chimeras with ER membranes. Both TM1 and
TM2 are required for ER anchoring and retention but are not sufficient for ER retention. Sequences upstream of TM1 are also
required. These include two putative amphipathic a-helices and a Leucine Rich Repeat-like motif, a sequence highly conserved
in all HCV genotypes. The N-terminal 55peptidic sequence, containing the 1st amphipathic helix, mediates association of the
55N-GFP chimera with cellular membranes including the ER, but is dispensable for ER targeting of the entire NS4B molecule.
Importantly, the C-terminal 70peptidic sequence can associate with membranes positive for ER markers in the absence of any
predicted TMs. In conclusion, HCV N S4B targeting and retention in the ER results from the concerted action of several NS4B
structural elements.

Keywords: Hepatitis C virus, NS4B protein, ER targeting, ER retention

Abbreviations: HCV, Hepatitis C virus; ER, endoplasmic reticulum; TM, transmembrane domain; GFP, green
fluorescent protein; a.a, amino acid; pAb, polyclonal antibody; mAb, monoclonal antibody; GST, glutathione
transferase; MBP, Maltose binding protein; p.t., post transfection

Introduction

The formation of a membrane associated replication
complex consisting of viral proteins, replicating RNA
and altered cellular membranes is a characteristic
feature of positive-strand RNA viruses [1-4]. This
membrane microenvironment is necessary for RNA
synthesis and/or facilitates the recruitment of mem-
brane-associated host cell proteins involved in viral
replication.

Hepatitis C virus (HCV), a leading cause of chronic
liver disease [5,6], is a positive strand RNA virus of

the genus, Hepacivirus, in the Flaviridae family [7].
The HCV genome contains a single open reading
frame encoding a polyprotein of about 3,000 residues
that is co- and post-translationally cleaved by host and
viral proteases. This gives rise to the structural pro-
teins Core (C), El1, E2, the membrane associated
protein p7, and the non-structural (NS) proteins
NS2, NS3, NS4A, NS4B, NS5A, and NS5B in the
stated order [8,9-11]. A second open reading frame
overlapping the core protein has been identified to
express additional protein(s) of unknown function
[12]. The HCV replicon system [9,13,14] and the
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HCV infectious system [15-17] constitute now
important cell-culture based systems that enable
HCV RNA replication and production of infectious
virus particles. Several reports on intracellular mem-
brane rearrangements, caused by non-structural pro-
teins of other RNA positive viruses, have shown the
importance of membrane traffic and reorganization in
the replication of these viral genomes [2,18-22].

The HCV 26-27 kDa non-structural protein 4B
(NS4B) contains a central hydrophobic domain
predicted to be transmembrane in its large part.
Interaction of NS4B with the host cell, when
expressed alone or in the context of other HCV
non-structural proteins, alters the host cell’s ultra-
structural morphology by inducing a perinuclear
structure consisting of vesicles in a membranous
matrix, referred to as the “membranous web”
[23]. Consequently, the morphological alterations
induced by NS4B, its association with endoplasmic
reticulum (ER) membranes as well as its topology in
the ER led to the hypothesis that NS4B may play an
important role in HCV replication. The latter has
been confirmed by studies performed with the HCV
replicon system in which specific mutations intro-
duced in the NS4B sequence affect the efficiency of
subgenomic replicons [24].

Whether expressed alone or in the presence of the
entire HCV polyprotein, NS4B localizes in the ER
membrane [25,26] in the absence of a cleavable
N-terminal ER signal peptide or ER retention signals
identified thus far for membrane proteins, such as di-
Lys motifs [27] at the C-terminus, or di-Arg motifs at
the N-terminus [28,29]. Given the fact that the
mechanisms for retaining membrane proteins (partic-
ularly multispanning ones) are neither well estab-
lished nor universal [27,30] NS4B can serve as an
interesting model protein for studying novel ER
retention structural requirements.

NS4B behaves biochemically as an integral mem-
brane protein inserted in the ER membrane co-
translationally [25] and is predicted to contain at least
four transmembrane domains (TMs) [26]. However,
the precise topology and the boundaries of the first
two TMs as well as the signals required for anchoring
and retention of the protein in the ER membrane are
not yet clearly defined. As far as it concerns signals
mediating the initial association of the NS4B protein
with the ER membrane, when it is expressed alone
and not as part of the HCV polyprotein, it has been
shown that an N-terminal amphipathic helix within
the first 27 amino acids of NS4B is sufficient to drive a
GFP chimeric protein to the ER membrane [31]. The
exact position and boundaries of the first predicted
TM and its expected role in ER anchoring is however
unclear. A truncated NS4B-GFP chimera containing

the N-terminal amphipathic helix and the first puta-
tive TM (residues 1-93) of NS4B, although localized
in the ER, could be easily removed from the mem-
branes after sodium carbonate wash [26]. This result
suggested that the N-terminal part of NS4B up to
amino acid 93 cannot be anchored to the ER
membrane.

Here we present a systematic approach for identi-
fication of the ER targeting/anchoring sequences in
the NS4B protein and of structural features respon-
sible for retaining the protein in the ER. We studied
the subcellular localization of a series of NS4B trun-
cated polypeptides expressed as chimeras with the
GFP protein or with the plasma membrane ecto-
nucleotidase CD39 and demonstrated that several
NS4B structural elements acting in concert mediate
targeting and retention of the NS4B protein in the
ER membrane.

Materials and methods
Reagents and antibodies

Cycloheximide, saponin and proteolytic inhibitors
were from Sigma and Mowiol from Calbiochem.
Anti-calnexin pAb (purified IgG) was from Sigma
(C-4731). The anti-GTL2 mAb (affinity purified,
1 mg/ml) specific for B-1,4-galactosyl transferase
was a gift from Dr T. Suganuma (Miyazaki Medical
School, Miyazaki, Japan). Anti-mouse and anti-
rabbit antibodies conjugated to Alexa546 were pur-
chased from Molecular Probes (Invitrogen) while
goat anti-rabbit or donkey anti-mouse HRP conju-
gated Abs from Pierce Biotechnology. The mAb
against the CD39 ecto-domain (Clone BU61) was
from Ancell Corp. (Bayport, MN). The human
serum used in this study was obtained from a Greek
patient infected with HCV genotype 1b (described by
Kalamvoki et al. [32]).

Cloming and expression of recombinant proteins in E.coli

NS4B sequence coding for amino acids 1-55 (NS4B-N)
was amplified by PCR using the 55N sense and
antisense (2) oligonucleotides (Table I), cloned by
EcoRl/Sall restriction fragment replacement into the
pBS SK+ vector (Stratagene) for sequence verifica-
tion and subcloned into the pmal-C2 (New England
Biolabs Inc.) and the pGEX-4T1 (Pharmacia) bacte-
rial expression vectors. The MBP-NS4B-N and the
GST-NS4B-N fusion proteins were produced in
DHb5alpha cells upon induction with 0.15-0.3 mM
IPTG (Supplemtary Figure S1, online version only)



Table I. Oligonucleotides used for the constructs of this study.

Primer Sequence (5" — >3')

NS4B-GFP chimeras, MBP-NS4B-N, GST-NS4B-N

NS4B sense
5-GGAATTCACCATGGCCTCTCAGCACTTACCGTAC-3"

NS4B antisense
5-ACGCGTCGACTAGCATGGAGTGGTACAC-3’

55N sense
5-GGAATTCACCATGGCCTCTCAGCACTTACCGTAC-3"

55N antisense (1)
5-CACGCGTCGACCCACATGTGCTTCGC C-3’

55N antisense (2)
5’-CACGCGTCGACTACCACATGTGCTTCGCC 3’

70N sense
5-GGAATTCACCATGGCCTCTCAGCACTTACCGTAC-3"

70N antisense
5’-CCAGC GTCGACCAGCGTTGACAGGCC C-3

95N sense
5-GGAATTCACCATGGCCTCTCAGCACTTACCGTAC-3

95N antisense
5-CACGCGTCGACGGT TTG GCC AGT GGT TAG-3’

130N sense
5-GGAATTCACCATGGCCTCTCAGCACTTACCGTAC-3

130N antisense 5-ACGCGTCGACGCTGCCGATGGCG-3’

43-195N sense
5" GGAATTCACCATG GG CACCAACTGGCAGAAACTC-3’

43-195N antisense
5’-CACGCGTCGACAACGTGCCGGCGCAG- 3

GFP-NS4B-CD39 chimeras (a)

N1 sense
5-CGGAATTCCTCTCAGCACTTACCGTAC-3

55N anti-sense
5-CGGAATTCCCCCACATGTGCTTCGCC-3

70N anti-sense
5-CGGAATTCCCCAGCGTTGACAGGCCC-3

95N anti-sense
5-CGGAATTCCCGGTTTGGCCAG TGGTTAG-3’

130N anti-sense
5- CGGAATTCCCGCTGCCGATGGCG-3’

85-130N sense 5-CGGAATTCCGTCACCAGCCCACTAAC-3’
NtCD39-GFP chimera

Nt sense
5’-CCCAAGCTTACTAGTGCCACCATGAAGGGAACC-3

Nt antisense
5’-CGCGGATCCCGCAACCCCACAGCAAGAACA-3

Endonuclease restriction sites EcoRI or Sall sites are underlined;
ATG and stop codons are shown in bold and italics;

(1) For cloning into the pEGFP-N3 vector;

(2) For cloning into the pEGFP-C2, pGEX-4T1 or pmal-C2 vectors;
(a) In the construction of the GFP-NS4B-CD39 chimeras the N1
sense was used as the sense oligonucleotide in the PCR reaction,
except in the case of the GFP-85-130N-CD39 chimera where the
85-130N sense was used instead.

[Note to to t/s: Supplementary Tables for online version only]
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and were affinity purified according to manufacturers’
instructions. The MBP-NS4B-N recombinant protein
reacted with human sera obtained from HCV positive
patients (Supplemtary Figure S1B, online version
only) confirming that the bacterially expressed
NS4B-N polypeptide contains antigenic epitopes
present in the native HCV NS4B protein. The
GFP protein was produced in BL21 DE3 pLysS
bacteria transformed with the pET-9d-GFP plasmid
(kind gift of Dr J. White jwhite@biology.utah.edu)
containing the GFP coding sequences between the
Ncol and BamHI sites. His-GFP produced after
induction of bacterial cultures with 0.5 mM IPTG,
was purified by affinity chromatography on Ni**
NTA resin (QIAexpressionist, Qiagen).

Generation of polyclonal antibodies

Polyclonal antibodies (pAbs) against the MBP-
NS4B-N or the GFP protein were generated follow-
ing protocols provided by Harlow and Lane [33].
Antibodies were affinity purified over CNBr-activated
Sepharose 4B matrix (Pharmacia). Antibodies raised
against the MBP-NS4B-N protein were affinity puri-
fied over matrix containing GST-NS4B-N protein to
eliminate any anti-MBP antibodies. The affinity puri-
fied antisera reacted in Western Blots with bacterially
expressed NS4B-N and with the entire length NS4B
protein expressed in eukaryotic cells (Supplemtary
Figure S1B, online version only) and in immunoflu-
orescence (Figure 1b, and Figure 3).

Plasmid constructs

Full length NS4B (HCV1a isolate H77) and various
fragments of it (Figure 2A) were produced by PCR
from the pF90/HCV FL-long pU plasmid [34] using
oligonucleotide pairs shown in Table I. The PCR
products larger than 100 bp were cloned into the
pBS SK+ vector by EcoRI/Sall restriction fragment
replacement; PCR products smaller than 100 bp were
cloned directly into the Topo 2.1 system (Invitrogen).
The inserts, after sequence verification were sub-
cloned into the pPEGFP-Nj; or the pEGFP-C,, vectors
(Clontech). For construction of the NS4B-CD39
chimeras, the coding sequences for NS4B deletions
(Figure 6) were amplified by PCR wusing oligo-
nucleotide pairs shown in Table I, and were inserted
into the EcoRI site of the pEGFPC1-hpCD39
plasmid [35] between the GFP and CD39 sequences.
For generation of the NtCD39-GFP chimera, the
N-terminal cytoplasmic and transmembrane domain
of the hpCD39 (a.a. 1-44) was amplified with
appropriate primers (Table I) and subcloned into
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NS4B-GFP

NS4B-GFP
+ CX

20.00 pm

Figure 1. ER localization of the NS4B-GFP chimera in the Huh7
cells. Huh7 cells transiently transfected with the pEGFP-NS4B
plasmid were fixed and mounted directly on glass slides (a and
¢) or fixed and stained with the anti-NS4B-N (1.3 pg/ml) affinity
purified pAb followed by incubation with the goat anti-rabbit
Alexa546 secondary pAb (b). Treatment with cycloheximide (c)
was performed 24 h p.t (50 ug/ml, 5 h at 37°C). Representative
confocal images are shown in black and white. The details (insets)
represent 2x magnifications of the framed areas. (a) and (c): GFP
auto fluorescence; (b): indirect immunofluorescence labelling with
the anti-NS4B-N pAb.

the pEGFP-N1 expression vector. In all constructs
the sequences between the ligation junctions were
verified with double stranded DNA sequencing
(MWG sequencing services).

Secondary structure and transmembrane domain
predictions

The algorithms used for secondary structure and
transmembrane domain predictions were as follows:

(1) Jpred (www.combio.dundee.ac.uk/www-jpred/);
(2) the PROF-Secondary Structure Prediction System
(http://www.aber.ac.uk/~phiwww/prof/); (3) Predict-
Protein PHDhtm (PHDhtm: Protein [36] (http:/
cubic.bioc.columbia.edu); (4) TMpred (www.ch.
embnet.org); (5) TMHMM (www.cbs.dtu.dk); and
(6) HMMTop www.enzim.hu/hmmtop/ [37,38].

Tissue culture and transfections

WRL68 (kindly provided by A. Budkowska, Institut
Pasteur) and Huh7 hepatocellular carcinoma cells
(kindly provided by Dr R. Bartenschlager, University
of Heidelberg, Germany) were grown as adherent
cultures in DMEM medium + 1% (w/v) gluta-
mate + 10% (v/v) FBS at 37°C in 5% (v/v) CO,
atmosphere. Huh7 cells were grown in the additional
presence of 1% (w/v) non-essential amino acids
(BIOCHROM, AG). Transfections of Huh7 and
WRL68 were performed with the lipofectamine-
plus reagent (Invitrogen, Life Technologies) accord-
ing to the manufacturer’s instructions and analyzed
for expression of the chimeric proteins 24-48 h
post-transfection (p.t.).

Analysis of cell lysates by SDS-PAGE and Western Blot

Total cell lysates were prepared by resuspending the
cell pellet in 50 mM Tris-HCI pH 8, 2 mM CaCl,,
and solubilizing by the addition of 0.3% (w/v) SDS
and 1% (v/v) B-mercaptoethanol and boiling (3 min).
The DNA was removed by DNAse (10U-50U) treat-
ment (15 min, 0°C), SDS sample buffer was added
and the samples were analyzed by SDS-PAGE
(10-12% (w/v) and by Western Blot where the pro-
teins were probed with anti-GFP, anti-NS4B-N or
anti-calnexin rabbit pAbs (0.1-0.5 pg/ml) followed by
HRP conjugated secondary Abs. Signals were devel-
oped by ECL (Amersham) or by the chromogenic
reaction wusing 3,3’ diaminobenzidine tetrahy-
drochloride (C-8890 Sigma) and H,O, as substrates.

Triton X-114 extraction of membrane-associated
proteins

Cell lysis and phase separation with Triton X-114
were performed as described by Bordier [39]. Briefly,
1-2 x 10° cells treated with Cytochalasin B (20 ug/ml,
1 h, 37°C) were harvested by trypsinization. The
trypsin was neutralized (1x wash with 10 volumes
DMEM medium + 10% v/v FBS) and cells were
further washed with PBS and collected by centrifu-
gation (150 g, 8 min, 4°C). The cell pellet was
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A. Transmembrane
(residue 66-192)

ER lumen

NS4B (residue 1-261)

Cytoplasm
Size (kDa)
NS4B-GFP N-[ | | | GFP l.C 55,4
155
55N-GFP NC I = GEP }-C 34,6
1 55
GFP-55N N/ GFP B IcC
1 70
70N-GFP N GFP lc 36,2
1 95
95N-GFP N-[ | GFP lLc 38,6
1 130
130N-GFP N-| N —1 GFP l.C 41,6
43-195N-GFP 43 g195 261
N-A H N —M GFP l.C 44,4
191 261
GFP-(191-261)N N4 GFP B }-C
191 261
191-261N-GFP Nemsne o | | GFP l-C 43,3

Figure 2. (A) Schematic representation of the NS4B TM topology and the NS4B-GFP chimeras used. The TM NS4B topology model shown
at the top is based on the TMHMM trasmembrane prediction method (Supplementary Table S1, online version only). As residue 1 is
considered the Ser residue 1712 of the HCV 1aH77 polyprotein (GenBank, accession no. AF009606.1 [34]). White boxes: NS4B sequence;
Dark grey boxes: GFP sequence. Dark grey vertical bars: the position of the putative NS4B TM helices. Broken lines: deleted NS4B sequences.
Black boxes: the linker arms of 11 (pEGFP-N3) or 12 (pEGFP-C2) residues between the NS4B and GFP sequences. Numbering of the NS4B
residues included in the chimeras is given at the beginning and end of the white boxes. The molecular size of the chimeras is indicated on the
right. (B) A helical wheel plot of the predicted amphipathic helix between NS4B residues 45-62. The indicated sequence was analysed by the
Helical Wheel Custom Images and the Interactive Java Applet (http://kael.net/helical.htm). (C) Sequence alignment of the NS4B LRRs like
motif from different HCV isolates. A CLUSTALW multiple sequence alignment was performed for NS4B sequences from representative
subtypes of all six major HCV genotypes. The genotypic origin and the subtype of each sequence is indicated on the left. Names of isolates,
accession numbers and sequence references in PUBMED are presented in Supplementary Table S2; online version only. The consensus
sequence is shown beneath the alignment. Numbering of the sequence presented, and the region including the LRRs are shown at the top. For
graphic representation of the aligned sequences the ESPript.2.2 software (http://espript.ibcp.fr/ESPript/ ESPript/) was used.
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Figure 2. (Continued)

lysed (15 min, on ice) with 100 pl extraction buffer
(1% Triton X-114, 150 mM NaCl, 10 mM Tris-
HCl pH 8.0) containing proteolytic inhibitors.
Nuclei were pelleted by centrifugation (1000 g, 10
min, 4°C). The post-nuclear supernatant was loaded
on the surface of a sucrose cushion (100 pl of 6% (w/
v) sucrose, 10 mM Tris-HCI pH 8.0, 150 mM NaCl
and 0.06% (v/v) Triton X-114) and incubated at
37°C for 5 min. The detergent phase was centri-
fuged through the sucrose cushion (10,000 rpm, 3
min, RT), the upper aqueous phase (100 ul) was
removed into a different eppendorf tube and Triton
X-114 stock solution was added to a 1% (w/v) final
concentration. The detergent was dissolved by cool-
ing at 0°C and the solution was reloaded onto the
same sucrose cushion used before and incubated at
37°C for 5 min. Centrifugation followed to collect
the detergent insoluble-phase as a pellet. The aque-
ous and detergent phases were collected in separate
tubes and were brought up to the same final volume
by addition of salt buffer (10 mM Tris-HCI pH 8.0,
150 mM NaCl) and SDS sample buffer. Samples
were analyzed by SDS-PAGE and Western Blot
analysis. The optical density of the bands in the
ECL films was measured using the BIORAD software
«Quantity-One».

Isolation of cellular membranes and sodium carbonate
treatment

Total membranes enriched in microsomes were pre-
pared by subcellular fractionation and differential
centrifugation according to protocols published by
Graham (1993) [40]. In brief, transfected cells grown
in 10 cm diameter dishes were washed twice with PBS
and harvested after 40-45 h p.t. The cells were
collected by centrifugation, resuspended in 2 ml
isoosmotic medium (0.25 M sucrose, 10 mM
triethanolamine-acetic acid pH 7.6, 1 mM MgCl,)
and dounce homogenized by 30 strokes in a 3 ml
Dounce homogenizer placed on ice. Nuclei and
unbroken cells were removed by centrifugation
(2700 g, 15min, 4°C) and total membranes were
collected by an additional centrifugation (200,000 g
in an 80T1 Beckman rotor, 4°C, 1 h). The membrane
pellets were resuspended in 2 ml of 100 mM sodium
carbonate pH 11.5 and incubated on ice for 30 min
[41]. The membrane fraction was recovered by cen-
trifugation as above, washed with dH,O and solubi-
lized in 120 pl, 1x sample buffer. The S/N (sodium
carbonate extracted fraction) was subjected to TCA
protein precipitation by the addition of 20% w/v final
TCA concentration from a fresh 100% (w/v) TCA



stock solution, incubation on ice for 10 min and
centrifugation at 14,000 rpm for 5 min. The protein
pellets were subjected to two acetone washes, dried
by heating at 95°C and resuspended in 120 ul 1x
sample buffer.

Enzymatic assays

Ecto-nucleotidase enzymatic activity was measured in
WRL68 cells transiently expressing CD39 fusion
constructs as described before [35]. Briefly, cells
grown in 6- or 12-well dishes were washed with
HNMC buffer (20 mM Hepes, 150 mM NacCl,
1 mM MgCl,, 1 mM CaCl,) 24 or 44 h p.t. and
incubated with 1.0 ml HNMC buffer containing
1 mM ATP for 15 min at 37°C with gentle agitation.
The reaction was stopped by the addition of EDTA
(10 mM final concentration). The released inorganic
phosphate was determined by the malachite green
colorimetric assay [42]. A standard curve for free
phosphate was generated for each experiment using
phosphorus standard solutions (Sigma P3869). The
ecto-nucleotidase activity of cells expressing GFP
alone was subtracted as background from the activity
measured in cells expressing GFP-CD39 or the GFP-
NS4B-CD39 chimeras. The released inorganic phos-
phate was corrected for the percentage of transfected
cells in each case and the activity was expressed as the
percentage of the enzymatic activity measured in cells
expressing GFP-CD39.

Flow cytomerry

Transfected cells were washed with PBS-EDTA,
left to detach at RT (5-10 min) and analyzed live
(5,000-10,000 cells/sample) for GFP fluorescence by
the FACS calibur flow cytometer (Becton-Dickinson
Immunocytometry System, San Jose, CA, USA).
The CELLQuest™ ™ software was used for quantita-
tive analysis.

Indivect Immunofluorescence Microscopy

Cells grown on coverslips were fixed with parafor-
maldehyde (4% (w/v) in PBS) and neutralized with
50 mM NH,4CI (10 min, RT). They were subse-
quently mounted onto glass slides (SuperFrost
Plus; Menzel-Glaser, Germany) with Mowiol (10%
w/v Mowiol, 25% v/v glycerol, 100 mM Tris-HClI,
pH 8.5) either immediately or after staining with
pAbs or mAbs (1-5 pg/ml) diluted in PBS containing
BSA (1 mg/ml) and 0.05% (w/v) saponin or 0.1%
(v/v) Triton X-100. As secondary Abs were used,
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anti-mouse or anti-rabbit pAbs conjugated to
Alexa546 fluorochrome (Molecular Probes). For
detection of extracellular epitopes, cells were stained
live in the absence of detergent and were fixed after
removal of the second Ab. Images were acquired with
the 63X apochromat lens of the Leica TCS-SP four
channels Confocal Microscope equipped with Argon
Ion and Helium-Neon Lasers.

Results

Addition of GFP to NS4B does not interfere with its
targeting to the ER

The NS4B-GFP chimera, was examined for its asso-
ciation to cellular membranes upon transient expres-
sion in the Huh7 cells and WRL68 cells. As revealed
by direct fluorescence or by indirect immunofluores-
cence microscopy (Figure la, 1b) the NS4B-GFP
gave a characteristic ER-like reticular localization
pattern. At high expression levels, strong perinuclear
expression and cytoplasmic foci on the ER network
were observed (Figure 1b). This could represent
either aggregation due to local protein overexpression
or accumulation of the protein in ER exit sites [43].
Treatment with cycloheximide to detect the final
destination of the newly synthesized proteins allowed
detection of vesicular clusters at the perinuclear
region (Figure 1c). These clusters could correspond
to the “membranous web” detected by electron
microscopy in cells expressing NS4B alone or in
the context of the HCV polyprotein [23,44]. The
ER localization of NS4B-GFP was confirmed by
immunostaining with an anti-calnexin antibody (Sup-
plementary Figure S3, online version only). Correct,
full length expression of NS4B-GFP was confirmed
by immunoblot analysis using both the anti-NS4B
(Supplementary Figure S1B, online version only) and
the anti-GFP antibodies (not shown) and membrane
association was validated by the Triton X-114 phase
separation assay (Supplementary Figure S4B and C,
online version only). Thus, in our system, the NS4B-
GFP chimera mimicks the ER-localization pattern
previously reported for NS4B [25,26].

Generation of NS4B C-terminal and N-terminal
deletion mutants n fusion with GFP

To identify the ER targeting/anchoring or retention
signals of NS4B, we constructed a series of NS4B
N- or C-terminal deletion mutants on the basis of
transmembrane topology reported previously [26] or
calculated by different methods used in this study
(methods, Supplementary Table S1 and Figure S2A,
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online version only). Eight NS4B-GFP chimeras were
generated (methods) either withno putative TMs (55N,
70N and 191-261N) or with one, two or four TMs
(95N, 130N, and 43-195N respectively) (Figure 2A).
In particular, the 70N deletion was designed to contain
an amphipathic helix predicted to be located between
residues 45 and 62 (Figure 2B) and a Leucine Rich
Repeat (LRRs)-like motif (i.e., ISGIQYLAGLSTL).
This sequence corresponding to the NS4B residues
58-70 and to residues 1770-1782 of the HCV 1aH77
polyprotein [34], is a highly conserved sequence in all
HCYV genotypes (Figure 2C). In the design of the NS4B
deletions the secondary structure prediction Jpred and
PROF (methods, Supplementary Figure S2, online
version only) were taken into account so that a-helices
or B-strands will not be disrupted.

For the transmembrane topology prediction, we
used the TMHMM method, due to its high predic-
tion reliability [45]. However, we also considered
results from other transmembrane prediction methods
(methods, Supplementary Table S1, online version
only) because: (a) The sequence suggested by the
TMHMM algorithm as TMI1 helix (i.e., residues
66—89) contains two strong helix breaking Pro residues
in the middle and is too short for a transmembrane
helix (Figure 9 and Supplementary Figure S2A, online
version only); and (b) results from the study by Lundin
et al. [26] did not agree with the TMHMM prediction
for the boundaries and the topology of the putative
TMI1 and TM2. Interestingly the four prediction algo-
rithms used in this study to analyze the NS4B sequence
showed significant variations in the prediction of the
TMI1 and TM2 boundaries (Supplementary Table S1).

The NS4B-GFP chimeric mutants are localized in several
cellular membrane structures. The cellular localization of
the truncated NS4B GFP chimeras was examined after
transient expression in Huh7 cells by fluorescence
microscopy. The 55N-GFP chimera showed a plasma
membrane and ER localization (Figure 3a, 3b), the
latter confirmed in immunostaining with the anti-
calnexin pAb (Supplementary Figure S3). The green
fluorescence detected in the nuclei most probably
represents free GFP as shown by immunoblot analysis
of extracts from cells expressing 55N-GFP (notshown)
due to proteolysis or to additional initiation of trans-
lation from the GFP ATG site. The 70N-GFP and
95N-GFP chimeras were partially localized to the
ER but as well in distinct clusters of vesicles perinu-
clearly (Figure 3c-3f), in the Golgi, (Figure 4), at
the plasma membrane (Figure 3c—3f and Figure 4)
and occasionally in mitochondria (Figure 4). Finally,
the 130N-GFP and the 43-195N-GFP chimeras
showed distinct ER localization (Figure 3g—3j

Anti-NS4B-N GFP-fluorescence

TON-GFP

Anti-GFP
43-195N-GFP

191-261N-GFP

:ZI].[I[I Hm

Figure 3. Predominant localization of the GFP chimeric NS4B
mutants in Huh7 cells. Huh7 cells expressing the GFP NS4B chimeric
deletions were visualized 2448 h p.t.either by indirect immunoflu-
orescence (left panels) using the anti-NS4B-N (2.6 ug/ml) (a, ¢, e, g,
j); or the anti-GFP pAbs (4.5 ug/ml) (k, m) and the goat anti-rabbit
Alexa546 pAb or by GFP auto fluorescence (right panels). Represen-
tative confocal microscopy images are shown in black and white.
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Merge Antibody or vital dye GFP fluorescence

20,00 pm

anti-GTL2 TON-GFP

TON-GFP

9SN-GFP

Figure 4. Colocalization of the GFP chimeric NS4B mutants with intracellular markers. Huh7 cells expressing the 70N, 95N or 161-261N
GFP chimeras were fixed and mounted directly on coverslips or stained for Golgi with the anti-GTL2 mAb (10 pg/ml), for NS4B with the anti-
NS4B-N (2.6 ng/ml), or for ER with the anti-calnexin pAb followed by the anti-mouse Alexa546 or the anti-rabbit Alexa546 pAbs respectively.
Mitochondria were labeled by incubation with the MitoTracker Orange CMTMRs (30 min, 37°C, 50 ng/ml). Representative confocal
microscopy images are shown in black and white. Details at the bottom represent 2 x magnifications of the framed areas shown in panels above.
A colour version of this figure with merged images of the two colours shown on the left is published in Molecular Membrane Biology online.

and Supplementary Figure S3). The 191-261N-GFP
chimera was detected in blebs and protrusions at the
plasma membrane (Figure 3k, 31) and in clusters of
vesicles found positive for calnexin (Figure 4, inset
therein). Fusion of GFP to the 191-261N C-terminus
did not alter the protein localization (data not shown).

These data indicate that structural elements in the
NS4B 70peptidic N- and C-termini other than the
predicted TMs target the 70N-GFP and 191-261N-
GFP chimeras to the ER membrane or to ER localized
structures. The occasional mitochondrial localization
observed for these chimeras is rather puzzling.
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Figure 5. Partition of the GFP chimeric NS4B mutants into sodium carbonate extracted membranes. WRIL68 cells, expressing GFP chimeric
NS4B mutants or NS4B-GFP or GFP, were subjected to subcellular fractionation (methods) 40 h p.t. and the isolated membrane fractions
were treated with 100 mM sodium carbonate pH 11.5 (methods). Proteins were analyzed by SDS PAGE (12% w/v) and Western Blot.
Nitrocellulose filters were probed with the anti-GFP (0.45 ng/ml) pAb followed by the goat anti-rabbit HRP conjugated pAb and developped by
the ECL system (A) and were subsequently stripped of the anti-GFP and anti-rabbit Abs, reprobed with the anti-calnexin pAb (1:2000) and the
anti-rabbit HRP conjugated Ab and developped with the diaminobenzidine chromogen as a substrate for the reaction (B). Total: 1/60th of the
cell homogenate subjected to centrifugation at 200,000 g, after removal of nuclei and unbroken cells; M1: membrane fraction, 1/60th of the
membrane pellet collected by the 200,000 g centrifugation; S1: supernatant of the first 200,000 g centrifugation, 1/60th of the soluble fraction;
M2: membranes after sodium carbonate extraction, 1/3rd of the total membrane fraction (20 x more concentrated sample from M1); S2: 1/3rd

of the proteins extracted with sodium carbonate treatment of the M1 fraction.

Although these sequences do not have structural char-
acteristics of mitochondria targeting signals [46], they
may interact with mitochondria resident proteins.

Topological features of the NS4B truncated
GFP chimeras were examined by indirect immuno-
fluorescence in non-permeabilized cells using the
anti-GFP antibody. GFP was not detected extracel-
lularly in any of the chimeras detected at the plasma
membrane (data not shown), suggesting that it faced
the cytoplasmic side of the membranes.

The NS4B-GFP chimeric mutants associate with
cellular membranes

Membrane binding of the NS4B-GFP chimeric
mutants was analyzed biochemically by recovering
membranes from cells transiently expressing the
55N, 70N, 95N, 130N and 191-261N-GFP chi-
meras, and submitting them to a carbonate buffer
treatment at pH 11.5. This procedure, used to sep-
arate integral from peripheral membrane-bound pro-
teins [41], allowed here to examine the nature of
association of the NS4B deletions with the cellular
membranes. The 130N-GFP was almost completely
recovered in the membrane fractions (Figure 5;
M1 and M2) as the NS4B-GFP while the GFP
was found exclusively in the soluble fraction of
the homogenate (Figure 5; S1). All the other GFP
chimeras including the 55N-GFP, 70N-GFP and

191-261N-GFP which are devoid of TMs, were
also recovered in large extent in the M1 membrane
fractions, and remained associated with the mem-
branes (Figure 5, M2 fraction) after pH treatment
although to a lesser extent than NS4B-GFP and
130N-GFP. The 55N-GFP, 70N-GFP and 95N-
GFP chimeras were also recovered in the Sl
and S2 fractions, a result indicating a less tight
association with the membranes. Calnexin, a known
ER integral membrane protein, was mainly detected
in the membrane fractions (Figure 5, M1 and M2) as
expected for an integral membrane protein. In a
separate analysis, using a Triton X-114 phase sep-
aration assay, we found that all the NS4B-GFP
chimeras partitioned, though to different extents,
in the detergent phase, a result confirming their
lipophilic nature (Supplementary Figure S4A
and B, online version only). Thus, the above results
confirm that the NS4B truncated polypeptides bind
to cellular membranes, as suggested by the localiza-
tion studies and indicate that this binding involves
other mechanisms besides integration to the
membranes via transmembrane domains.

The NS4B N-termunal half retains a plasma membrane
protein in the ER

To establish whether NS4B ER targeting and reten-
tion sequences could redirect other membrane
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Figure 6. (A) ER Transmembrane topology model of the human placental CD39 protein encoded by the hpCD39 plasmid [35]. Numbering
corresponds to extramembrane regions. (B) Schematic representation of the GFP-CD39 chimeric NS4B mutants. Regions of the NS4B
N-terminal half were inserted between the GFP and the CD39 coding sequences as described in methods. White boxes: NS4B sequence; Light
grey boxes: CD39 sequence; Dark grey boxes: GFP sequence. Dark gray vertical bars: the position of the putative NS4B and CD39 TM helices.
The NS4B residues in the chimeras are numbered at the beginning and the end of the white boxes. The molecular size of the chimeras is

indicated on the right.

proteins to the ER we attached NS4B N-terminal
half sequences to the CD39 human placental ecto-
ATP diphosphohydrolase I (Figure 6B), a plasma
membrane glycoprotein with an extracellular central
enzyme domain flanked by two long hydrophophobic
TMs (Figure 6A [47]). Two more NS4B deletions,
the 113N and 85-130N, were constructed for this
part of the study, on the basis of recently published
data [48,49] suggesting that the NS4B TMI is
located downstream the putative TM1 predicted
by the transmembrane prediction methods used in
this study and by others [26].

Correct expression and folding of the chimeras was
verified by the GFP fluorescence (Figure 7) detection
of the NS4B sequences with the anti-NS4B-N anti-
body (not shown) and detection of the CD39 ecto
domain and ATDPase activity at the cell surface
(Figure 8A, 8B). In all cells examined, all chimeras
except the GFP-130N-CD39 were localized at

the plasma membrane, besides the ER and Golgi
(Figures 7 and 8A). The GFP-130N-CD39 chimera
was mostly detected in the ER (Figures 7 and 8A)
and only in a very small proportion of cells was
found at the cell surface, 44 h post transfection
(data not shown).

The CD39 chimeras containing the 55N, 70N,
95N and 113N NS4B sequences showed reduced
cell surface ATPase activity (35-65%) when com-
pared to the activity of the GFP-CD39 at 24 h p.t.
However, this activity returned nearly to 65— >80%
of the control activity 44 h p.t. (Figure 8B) indicating
that addition of the NS4B sequences delayed traf-
ficking of the chimeras to the cell surface. In contrast,
the GFP-130N-CD39 showed dramatically reduced
activity with respect to the GFP-CD39 (10% residual
activity) which increased only by two-fold (20%
activity) 44 h p.t. (Figure 8B). Interestingly, the
ATPase activity of GFP-85-130N-CD39 was similar
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Figure 7. Localization of the GFP-CD39 chimeric NS4B mutants in Huh7 cells. Huh7 cells expressing GFP-CD39 chimeric NS4B mutants
or GFP-CD39. Localization of the GFP chimeras was analyzed 24 h p.t. by confocal microscopy. Representative images of the GFP auto

fluorescence are shown in black and white

to that of GFP-CD39. Altogether, these data suggest
that both the NS4B TMI1 and TM2 expected
to locate between residues 85 and 130, although
necessary, are not sufficient to retain the CD39

protein intracellularly and that sequences upstream
of these two TMs in the NS4B N-terminal half are
required to provide strong ER retention in these
chimeras.
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Figure 8. (A) Extracellular detection of the CD39 ecto domain in the GFP-CD39 chimeric NS4B mutants. Huh7 cells expressing GFP-CD39
chimeric NS4B mutants or GFP-CD39 were stained 24 h p.t. without fixation with the mouse anti-CD39 mAb followed by the anti-mouse
Alexa546 pAb and were subsequently fixed and mounted on coverslips. Merged images of the green (GFP) and red (Alexa546) fluorescence
are presented. The red fluorescence denotes the extracellular localization of the CD39 ecto-domain. (B) Cell surface ATPase activity of the
GFP-CD39 chimeric NS4B mutants. ATPase activity of intact WRIL68 cells transiently expressing the GFP-CD39 chimeric NS4B mutants,
was measured at 24 or 44 h p.t. in the presence of ATP and was expressed as the percentage of the ATPase activity in cells expressing GFP-
CD39. The estimated ATPase activity values for each chimera were normalized for the population of transfected cells estimated by FACS
(methods). Activity assays were performed in duplicates in at least two independent experiments. Error bars represent standard errors (for two

values from independent experiments).

Immunofluorescence staining with antibodies
directed against the CD39 ecto-domain, the GFP
or the NS4B N-terminal 55peptide showed that,
with exception of the GFP-130N-CD39 chimera,
the CD39 ecto-domain of all the other chimeras

was exposed at the cell surface in the majority of
the transfected cells (Figure 8A) while the GFP or
the NS4B N-terminal 55peptide were not (data not
shown). This suggests topology models where the
NS4B TMI1 alone cannot be fully inserted in the
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Figure 9. Suggested boundaries for TM1 and TM2 in the NS4B N-terminal half. The NS4B primary structure between residues 66-135 is
shown. The sequences proposed as TM1 and TM2 helices are presented in grey background framed by broken line. The Pro residues, and the
putative Nucleotide Binding site (NBD [31]) are underlined and indicated in bold. Under each residue is shown the PROF (http://www.aber.
ac.uk/~phiwww/prof/) prediction for being in a helix (H), in a coil (C) or a b-strand. The helical regions consisting of residues with prediction
reliability accuracy for being in a helix > 0.6 (Supplementary Figure S2, online version), are indicated as H1, H2 and H3 and are underlined.
Helices H2 and H3 show <25% solvent accessibility in their entire length and <5% solvent accessibility in their 10 central residues. Residues
110-113, framed with a solid line, are proposed to form the ER luminal loop connecting TM1 and TM2.

membrane (Supplementary Figure S5B) while it can
do so when paired with TM2. Indeed the GFP-
85-130N-CD39 and the GFP-130N-CD39
chimeras, can have a successful insertion in the ER
membrane exposing their TM1 and TM2 connecting
loop to the ER lumen (Supplementary Figure S5C)
as it has been shown experimentally by others [48].
The topology model suggested in Supplementary
Figure S5B (online version only) was further sup-
ported by results confirming that GFP translocates
correctly across the ER. This was examined by
tracking the localization of the NtCD39-GFP poly-
peptide, consisting of the N-terminal cytoplasmic
and transmembrane domain of the hpCD39
(a.a. 1-44) fused to GFP, in transfected cells. In
non-permeabilized cells, expressing Nt-CD39-GFP
at the plasma membrane, the GFP was detected at
the cell surface (data not shown).

Discussion

NS4B is an integral membrane protein essential for
HCVRNA replication. Our study addresses for the first
time the questions concerning anchoring and retention
of this protein in the ER membrane and identifies
several regions in the NS4B sequence involved in the
NS4B interaction with ER membranes that may be
implicated in different steps of the HCV life cycle in the
infected cell. Furthermore, it extends previous results

on NS4B membrane topology by providing valuable
experimental evidence complementing recent i silico
analyses [49] that define the boundaries of TMI
and TM2.

The HCV NS4B protein lacks specific ER retention
signals identified thus far for membrane proteins, i.e.,
di-Lys motifs [27] at the C-terminus or di-Arg motifs
at the N-terminus [28,29]. In the case of the HCV E1,
E2 [50] and NS2 [51] proteins and in a number of
other membrane proteins, ER retention or sorting in
the Golgi and plasma membrane is often determined
by the length and the amino acid composition of the
hydrophobic segment in their TM(s) [52—54]. Short
TM helices (< 17 residues) promote ER localization.
Short TMs are present in the N-terminal half of
NS4B (Figure 9) and therefore could account for
its ER retention. Here we show that ER retention
of NS4B requires the two short TM1 and TM2
helices located at its N-terminal half. Furthermore,
our results indicate that the pair of TM1 and TM2 are
necessary but not sufficient for NS4B ER retention,
in contrast with other multispanning membrane
proteins where pairs of TMs were found sufficient
for ER retention [55]. Using different NS4B chimeras
engineered to express the CD39 ectonucleotidase at
the cell surface as a convenient marker of trafficking,
we showed that the simultaneous expression of both
TMI1 and TM2, within the 85-130N domain of
NS4B did not interfere with the trafficking of
CD39 to the plasma membrane (Figure 8A, 8B).
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This suggests that other N-terminal structural fea-
tures upstream residue 85 are also required for NS4B
ER retention. The sequences involved in the NS4B
oligomerization [56] could contribute to this, and
this aspect merits further investigation. Interestingly,
oligomerization has been proposed as ER retention
mechanism for other proteins [57]. The possibility
that some of the chimeras used in this study were
retained non-specifically in the ER due to misfolding
cannot be excluded. However, we argue that reten-
tion of the 130N-GFP and the GFP-130N-CD39
chimeras in the ER is the result of signaling by
specific structural features since both the GFP
and the CD39 molecules in the two sets of
chimeras used here folded correctly. The latter was
verified by the detection of GFP fluorescence and
CD39 ATPase activity at the cell surface of the
transfected cells.

The question of NS4B ER anchoring has not been
raised before. For multispanning membrane proteins,
the first transmembrane helix often plays this role. In
the case of NS4B, the putative TM1 could not be
efficiently inserted in the ER membrane in the
absence of downstream sequences including TM2
as shown by the topology of the GFP and CD39
ecto-domain of the GFP-113N-CD39 chimera.
The 28peptidic linker region between the NS4B
N-terminal sequences and the CD39 TMI1 contains
five positively charged residues which would favor a
cytoplasmic localization [60]. This could dictate a
type I signal anchor orientation for the NS4B
TM1 domain in the GFP-113N-CD39 chimera
resulting in translocation of GFP across the ER
membrane and its subsequent exposure at the cell
surface. However, in our study, GFP was not detected
at the surface of intact cells expressing the
GFP-113N-CD39 chimera (data not shown) which
suggests that the NS4B TMI is not inserted in
the ER membrane. NS4B TMI1 probably behaves
as a flexible helix that can be inserted in and
exit the ER membrane, with no stable integration
(Supplementary Figure S5B). The two glycines in
the middle of the TM1 helix could confer the required
flexibility to the helical structure allowing these ori-
entation changes. A number of proteins exist where a
given TM segment will insert properly in the mem-
brane only in the presence of its neighbouring TMs
[30,61-65], implying that topogenic information
present in more than one TM must be “decoded”
simultaneously. For certain proteins the hydrophobic
anchors may be too short, as in the case of NS4B
TMI1 and TM2, and may need to assemble with
other TM segments in the channel before they can
stably integrate into the lipid phase as one hydropho-
bic unit [65,66].

NS4B, besides its TMs, contains other sequences
in its N-terminal half that mediate membrane binding
as indicated by the localization and the membrane
binding of the 55N and 70N-GFP chimeras. In
accord with previous findings [31], we found that
its first 55peptidic N-terminal sequence was sufficient
for association with cellular membranes including
the ER. However, we demonstrated that the previ-
ously identified amphipathic N-terminal helix (a.a.
1-27) [31] is functionally redundant although it could
act as an initial ER targeting signal during NS4B
synthesis. In our study, the 43-195N-GFP chimera,
showed exclusive ER localization. The second amphi-
pathic helix, predicted to fold between residues
45-62, or the highly conserved LRRs-like motif
(residue 58-70), could bind first with the ER mem-
brane insertion machinery. The amphipathic helices
at the NS4B N-terminus may behave as the N- or
C-terminal amphipathic helices of NS5A or NS5B
HCV non-structural proteins respectively [67-69]
which bind to membranes by adsorption of their
hydrophobic phase to the cytoplasmic membrane
leaflet. The functional importance of the NS4B
N-terminal amphipathic helices in the context of
the entire HCV polyprotein probably extends beyond
that of ER targeting to interactions with other non-
structural HCV proteins essential for formation of the
replication complex or with host cell proteins impor-
tant for virus replication. The second N-terminal
amphipathic helix could also participate in the oligo-
merization of the molecule [56], an aspect that merits
further investigation. Lastly, the LRRs like motif, can
form amphipathic structures with hydrophobic sur-
faces capable of interacting with membranes or with
other proteins [70,71].

Most importantly in the absence of all four pre-
dicted TMs, the 70peptidic C-terminal region of
NS4B (a.a. 191-261) mediates association and
anchoring of the 191-261-GFP chimera to mem-
branes as shown by detection of the chimera in the
membrane fraction after carbonate wash (Figure 5)
and localization of the 191-261N-GFP chimera
in perinuclear clusters of vesicles positive for ER
markers (Figure 4k-m). It is possible that the
NS4B C-terminal domain is involved in the induc-
tion of the membrane alterations described as
“membranous web” where the HCV replication
complex is localized [23]. Palmitoylation at the
NS4B C-terminal Cys 257 and Cys 261 residues
[56] may account for membrane binding of the
70peptidic NS4B C-terminal domain.

Finally, the NS4B TMI1 and TM2 boundaries
assigned by the prediction methods used in this study
(Supplementary Table S1) or in previous work [26]
were not confirmed by our experimental data.
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Within the amino acid stretch 66-135 in the NS4B
N-terminal half, three helices were predicted with
high reliability accuracy to fold between Pro74,
Pro89, and Proll2 (Figure 9 and Supplementary
Figure S2). Helix H1 (a.a. 74-84) is too short to
be transmembrane, since a minimum of 16 residues
are required to form a TM o-helix [58]. However, the
helices H2 (93-109) and H3 (a.a. 114-129), with 17
and 16 residues respectively, are sufficiently hydro-
phobic (Figure 9, legend), although less hydrophobic
than typical TM helices, and fulfil the minimum
length requirements to be transmembrane [59].
They could therefore be the first two NS4B TMs.
In addition, considering that the putative nucleotide
binding site in the NS4B sequence (a.a. 129-135)
[31] must be part of a cytoplasmic domain or close to
the ER membrane-cytoplasm interface, the putative
TM2 should not extend further than residue 129. The
4peptide AAPG, between the proposed TMI1 and
TM2 helices contains residue 112 shown in the study
by Lundin et al. [48] to face the ER lumen and could
therefore form the TM1 and TM2 connecting loop.
The minimal length of a turn between TM helical
hairpins has been found to be two to three residues,
with Pro and Gly amongst the most frequently found
amino acids in these turns [58].

Taken together, the results of this study indicate
multiple levels of interaction of the HCV NS4B
protein with ER membranes, suggesting a pleiotropic
role for this protein in the implication of HCV with
the host cell secretory machinery. Our data contrib-
ute significant information to further design more
detailed analyses for the structural functional rela-
tionships of the NS4B membrane binding elements
in the HCV infectious cell culture system. These
studies will explore the role(s) of NS4B in robust
RNA replication and in the production of infectious
particles.
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