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ABSTRACT

Many viruses destabilize cellular membranous compartments to form their replication
complexes, but the mechanism(s) underlying membrane perturbation remains unknown.
Expression in eukaryotic cells of NS4B, a protein of the hepatitis C virus (HCV), alters

membranous complexes and induces structures similar to the so-called membranous web that
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appears crucial to the formation of the HCV repglma complex. As over-expression of the
protein is lethal to both prokaryotic and eukaryotells, NS4B was produced in large
guantities in a “cell-free" system in the preseatedetergent, after which it was inserted into
lipid membranes. X-ray diffraction revealed that 48Smodifies the phase diagram of

synthetic lipid aqueous phases considerably, pa@rigrthe transition temperature and
cooperativity. Cryo-electron microscopy demonstiatbat NS4B introduces significant

disorder in the synthetic membrane as well as diswoities that could be interpreted as due
to the formation of pores and membrane mergingtsven

C- and N-terminal fragments of NS4B are both abledé¢stabilize liposomes. While most

NS4B amphipathic peptides perforate membranes, NMB4B peptide induces membrane
fusion. Cryo-electron microscopy reveals a paréicudtructure that can be interpreted as
arising from hemi-fusion-like events. Amphipathiendains are present in many proteins, and
if exposed to the aqueous cytoplasmic medium afiéciemt to destabilize membranes in

order to form viral replication complexes. Theseandms have important functions in the

viral replication cycle, and thus represent potdrtrgets for the development of anti-viral

molecules.



HIGHLIGHTS

-NS4B of hepatitis C virus disorders biological neanes.

-The phase transitions of aqueous synthetic lip@sps lose cooperativity when NS4B is
present.

-One of the four terminal amphipathic domains igveh sufficient to perforate and fuse
membranes.

CryoEM of membranes fused by NS4B peptide revealsucture that can be interpreted as

arising from multi-hemi-fusion-like events.



INTRODUCTION

All positive-stranded RNA (+RNA) viruses modify hasytoplasmic membrane complexes,
and these altered structures appear importantifalr genome replication (reviewed in [1]) —
although the mechanism(s) of membrane perturbatiorains poorly understood. Some DNA
and double-stranded RNA viruses (poxviruses, reses respectively) also present a
membrane-associated replication complex. To beltaracterize the membrane deformations
induced by viruses, we studied a known active mambiprotein, NS4B of the hepatitis C
virus (HCV).

HCV is a major cause of chronic liver disease, wagproximately 3 % of the world
population infected [2]. Discovered more than twepars ago [3], HCV is an enveloped
+RNA virus belonging to the genus Hepacivirus & Faviviridae family. The HCV genome
(ca 9.6 kb) consists of a single open reading fré@RF) flanked by 5' and 3' untranslated
regions (UTRs). The ORF encodes a polyprotein ihgbrocessed by cellular and viral
proteases to generate the structural (core, EIE2)dand non-structural (NS) proteins. NS
proteins are involved both in viral particle matiwa/secretion (NS1 or p7, and NS2) and
viral genome replication (NS3, NS4A, NS4B, NS5A &NfebB) (reviewed in [4]).

Formation of the HCV replication complex (RC) issasiated with large cytoplasmic
membrane rearrangements, anchoring and proted¢ten&C to facilitate efficient replication
[5]. These altered membranes, believed to be dirirneen the endoplasmic reticulum (ER),
are constituted of small vesicles embedded in albn@nous matrix of circular or undulating
membranes, constituting a rather compact strucefegred to as the membranous web (MW)
[6]. Similar rearrangements have been describetthanlivers of HCV-infected patients [7].
The NS proteins have been immunolocalized in the §B]Vrevealing the formation of
intense cytoplasmic membrane-associated foci (MR@re NS proteins are also localized
[8].

Despite the considerable amount of information latée on the viral proteins involved in RC
and MW (reviewed in [4, 9-11]), the mechanism daitliormation is not yet fully understood.
It is likely that cellular factors act in this pess - indeed, a growing number of host factors
have been identified as components of the MW, whiehalso required for HCV replication
(see [12] for a review).

The presence and accumulation of NS proteins upan $ynthesis in the ER is the first step
in formation of the RC. In patrticular, it has bedrown that MW or MAF specifically appear
upon over-expression of NS4B [6, 8]. This suggdsis NS4B is a possible triggering factor
of MW formation. NS4B is a 27 kDa integral membragmetein [13] composed of three



domains: the cytosolic N- and C-termini, and a @ritansmembrane domain comprising 4
to 5 helices [8]. Each cytosolic domain containanphipathic helices, the N-terminal AH1
and AH2 [14, 15], and the C-terminal H1 and H2 [16fudies on isolated peptides
corresponding to these amphipathic helices revealeid ability to interact with and perturb
model and cellular membranes [17-21]. Both N- an@m@inal domains, as well as an homo-
oligomerization of NS4B, are all thought to be Bakto MW formation [22-24]. In addition,
NS4B has been shown to bind nucleotides [25], trdilyze tri-nucleotides [26] and to bind
RNA [27]. As a consequence of its apparent rolinéreplication process, NS4B has become
a potential antiviral target (reviewed in [28]).

Data on NS4B-induced MW are only available in aitheellular context, or an artificial one
involving isolated amphipathic peptides and lipossn{l17, 29]. However, the precise
intrinsic effect of NS4B on membranes remains todetermined. Our study aimed to
determine the effect of NS4B on model membrangsgbmes)We produced large amounts
of full-length NS4B in a cell-free expression systd30]. The purified protein was
reconstituted into model membranes and furtheratharized by X-ray diffraction and cryo-
electron microscopy (CryoEM). Our data demonstthéd NS4B destabilizes and fragments
membrane vesicles. Peptides formed by the amplidpaidlices present at the terminal
extremities of NS4B are shown to perforate memlzamel induce their fusion - in particular,
they induce liposome hemi-fusion-like events. Imdasion, this study provides the first
insights into the molecular mechanism of NS4B, #@adnvolvement in cellular membrane
reorganization and the formation of MW during HQMeiction. Although numerous proteins
participate in RC formation, membrane destabil@atcan be induced in the presence of
hydrophobic domains or peptides only. The effe¢tsl®$4B on biological membranes can be
generalized to all membrane-destabilizing protéias contain amphipathic domains, whether

in a viral or cellular context.



RESULTS

Protein expression and purification

Over-expression of the HCV NS4B gene (genotyp&1aC) was lethal to Ecoli (data not
shown). The membrane protein was therefore prodused) a cell-free expression system, in
the presence of detergent to provide an hydrophebigronment. NS4B constructs were
designed in fusion with a His-tag at either the dd- C-terminus (His-NS4B, NS4B-His
respectively). Their expression was tested in sstle batch mode in the presence of 1%
Brij35, a detergent commonly used in cell-free esgion. Although the two constructs of
NS4B vyielded a single band at the expected sizgu(EiSI 1A), only NS4B-His was detected
by Western blot analysis using anti His-tag antieedFigure Sl 1B). This suggests that the
His-tag in His-NS4B is either hidden by the protemnformation or degraded, hampering
correct antibody recognition — and also, potengtjaits binding to the Ni-NTA column.
Therefore, the C-terminally-tagged construct NS4B-Kvas preferred for large-scale
production - referred to henceforth as NS4B. Bri@is exchanged for DDM and the protein

was used within a few days.

Visualization of the effects of NS4B on model merabes by cryo-electron microscopy
(cryoEM)

Insertion of detergent-isolated membrane proteintheir native medium relies on detergent
removal of a ternary aqueous solution containirrgehsolutes: lipid, protein and detergent.
Detergent removal can be achieved by either dmlysBioBeads treatment (see[31]). Judged
by the formation of liposomes in the absence ofgng both methods worked well (Figure Sl
2). The resultant liposomes are, however, formedemapidly with Biobeads (hours versus
days), and displayed lower polydispersity (Figude2® All experiments were therefore
performed using BioBead3he effects of NS4B on the structure of model membés were
analyzed at different lipid-to-protein molar rati@$’R).

Membrane-reconstituted samples with or without tetein were first analyzed by
conventional negative staining (Figure Sl 2 andaBy then by cryoEM in order to preserve
the structure of aqueous lipidic phases [32] (FegLix

Pure lipid samples contained liposomes that werstljnanultilamellar when observed by
cryoEM (Figure 1A). In the presence of NS4B at méfad-to-protein ratios (LPR) of 500 or
lower, NS4B affected the morphology of the lipossnmea concentration-dependent manner
(Figure 1 B, C and D). The lower the LPR, the mbeterogeneous and disordered the

membranes appeared (see Figure 1B and 1C). ForlaR& than 50, no liposomes were



present at all — instead, small objects were oleseoonsistent with the presence of lipid
micelles (Figure 1D). While the exact structuretloése objects is unknown, lipid micelles
surrounding protein molecules represent a reasenagbothesis. Figure 2 shows enlarged
areas of figure 1. In the absence of NS4B, the mands are parallel and their double-
layered structure is clearly visible (Figure 2AprRncreasing ratios of NS4B, membranes
become more locally curved and fewer double-layestedctures are observed (Figures 2B
and 2C). Due to the low molecular weight of thetgio (27kDa), the micelles containing
NS4B exhibit low contrast (figure 2D). These obstians suggest that NS4B possesses the
ability to disorganize membranes by imposing locainstraints that alter membrane
curvature. Similar results were obtained with $pmes of different composition (soybean
phosphatidyl-choline, synthetic lecithine such aseatystoyl-phosphatidyl-choline (DMPC);
data not shown). Further experiments were carrietd at LPR between 100 and 300,

corresponding to the region of major membrane atitans.



Figure 1: CryoEM. Liposomes reconstituted at déferlipid to NS4B protein ratio (LPR) and
observed by cryo-EM. A no protein. B LPR=500. C ERRO. D LPR=10. Pure liposomes
show regular stacks of membranes. The more NS4@dsent, the more the stacking is
perturbed due to the membrane deformation impoged3#B and the less are the visualized

membranes.



Figure 2 A-D: Enlarged views of membrane structdoemed at different LPR, no protein
(A), 300 (B), 100 (C) and 10 (D). Decreasing LPRrelates with increasing membrane
distortion and a reduction of the membrane contfast LPR below 50, small particulate
objects are detected that are referred as lipielieg containing NS4B.

Overall effects of NS4B on lipid phases by varidusphysical studies

DMPC has been extensively characterized [33] anistdates a simple and appropriate
system to assess the effect of a protein on thectate of membranes. At a water
concentration above?0% (weight / total weight), DMPC presents three teragure-
dependant phases: (i) Below 14 °C, the aliphatiaingh are stiff, arranged on a quasi-
hexagonal lattice and tilted with respect to themmal to the lattice plan. This phase is
generally referred ashl (Luzzati, 1968. (ii) At 14-24 °C, the aliphatic chains have thensa
conformation as for ', but the surface of the membrane is rippled, fogrthe B' phase
[33]. (iii) Above 24°C, the membrane flattens ahé thains disorder, forming thelphase
[34]. These three lamellar structures are obseevaibhydrated DMPC (30 % water) by their
characteristic X-ray diffraction patterns at thepapriate temperatures (Figure 3 A-C). In
particular, the complex, sharp reflection locateauad 4.2 A, observed at 20 °C (Fig 3B), is
replaced by a broad reflection centered aroundidshen the temperature is increased above



24 °C - consistent with the gel-liquid crystallitransition of aliphatic chains. When NS4B
was incorporated in the hydrated DMPC phase atRR &f 300, both the low and high angle
reflections broadened so that the phase transitiegre difficult to detect (Figure 3 D).
Similar patterns were obtained in the 10-30 °C terajre range (data not shown),
demonstrating that NS4B greatly affects the stmecaf DMPC membranes and anneals the

phase transitions of aqueous DMPC lamellae.

Figure 3: X-ray diffraction of NS4B and DMPC aqusauixtures at different temperatures.
All samples contain 30 % water. In A, B and C notein is present. In D the LPR is equal to
100. The temperature is equal to 25°C in A, 20°®,ii0°C in C and 20°C in D. While the

pattern is sensitive to temperature for pure DMPG similar for NS4B-DMPC mixture in

the temperature range 10-30°C.

Membrane perforation and fusion activities of termal peptides

To further investigate the molecular mechanism 8#R-induced membrane disorganization,
we investigated the effects of consensual N- aridr@inal amphipathic helices (AH1, AH2
and H2) on liposomes. The synthesized peptidesedegred to as pepAH1, pepAH2 and
pepH2. Due to its rather small length, the propsrtf H1 were not investigated. The effects



of the different peptides were analyzed using arflacent test on artificial membranes.
Liposomes containing high concentrations of carlflogyescein display reduced
fluorescence intensity as a result of self-quergthiWhen the liposomes are disrupted the
drug is released into the external medium, lowetisigoncentration and hence the degree of
self-quenching, thereby increasing its fluorescesxdtevity. This constitutes a simple test to
investigate the membrane perforation propertiesany compound. All three peptides,
pepAHL, pepAH2 and pepH2, did indeed perforateskpoes (Figures 4 A and Sl 4). The
amplitude and rate of the fluorescence increasiedavith peptide concentration. While the
activity of pepH2 and pepAH2 were similar, the peation activity of pepAH1 was five
times lower. It should be noted that 1 mM pepH2 padAH2 exhibit an activity similar to
0.1 % Triton X-100 (v/v). None of these peptidesrdpted red blood cell at physiological pH,
and so the pore size could not be measured by lysmm@rotection experiments.

In addition to perforation, peptides may also irelusembrane fusion [35]. We tested this
possibility by fluorescence resonance energy teartsttween donor and acceptor fluorescent
molecules associated with lipid. When liposomeskedmwith both fluorescent molecules are
mixed with regular liposomes, peptides inducing rbeane fusion lead to a greater distance
between donor and acceptor - reducing the eneaggfer rate and thus increasing the yield
of fluorescence emitted by the donor (and decrgasiat from the acceptor). As seen in
Figure B, the addition of pepH2 to a mixture ofukeg and fluorescent liposomes led to an
increase in donor fluorescence. This increase reduihe presence of both regular and
fluorescent liposomes - it did not appear when pepths added to fluorescent liposomes
alone (violet trace in Figure 4 B). The increasd dot arise from adsorption phenomena
induced by the peptide, but resulted from the fusb regular and fluorescent membranes.
PepAH1 and pepAH2 did not show any fusion actiydgta not shown); only pepH2 was
thus further investigated.

Liposome fusion required a rather high concentratod peptide (> 1nM). Indeed, the
peptides are not soluble in water and only a sinattion can insert into membranes. Thus
when NS4B-liposome samples were centrifuged thraughicrose density gradient, most of
the peptides were found in the bottom fraction (FegSl 5), while the peptides dissolved in
water exhibited large aggregates as observed bgndignlight-scattering (data not shown).
The large concentration of peptides necessary fectafiposome membrane can thus be
attributed to their low solubility in water and ntot the existence of different destabilization

mechanisms for NS4B and pepH2.



Figure 4: Perforation (A) and fusion (B) activities pepH2. Perforation analysis was
performed using pepH2 concentrations, in DMSO, dbliue), 0.1(red), 0.01 (light green),
0.085 (yellow), 0.075 (light blue), 0.005 (orang@))03 (green), and 0 (pink) mM (for 0 mM,
pure DMSO was added). Fusion experiments wereechout at pepH2 concentrations of 1
(blue, violet), 0.5 (red), 0.2 (greeen), and 0.4lloww) mM. In the absence of non-fluorescent

lipids (violet), no fluorescence increase is obsdrv

Cryo-electron microscopy of liposomes in the presef pepH2

Liposomes were visualized by cryo-EM, as sphertgécts defined by a single bilayer. The
apparent diameter of the liposomes was rather anpstvith values generally less than 0.5
mm (Figure 5A). When several liposomes aggregate, rtftembranes keep their double-
layered structure (figure 5A). Multi layered lipases were rare. When pepH2 was added at a
concentration o025 mM most liposomes aggregated (Figure 5 B). Manyslymoees contained

a second one - suggesting that the presence gbepde lead to an invagination of the
membrane and formation of an internal liposome fég 5B). PepH2 appears thus to have
the capacity to transform liposome into double meme vesicles by a mechanism that
remains unknown. When the liposomes aggregated¢cdht&rast of the interacting layers is

reduced (Figure 5 B-D) and a succession of high lamddensities is observed along the



centre. These two observations indicate a disozgéinn of the lipid polar head domains of
the interacting bilayers, reflecting a reorientatad their aliphatic chains as a result of peptide
insertion. Figure 6 shows enlarged views of intengc liposomes in absence (A) and
presence (B) of pepH2. In presence of pepH2 th&astof the interacting leaflets reduces in
some areas. In addition, the aqueous medium bettheehposomes completely disappears
when NS4B is present. While these structures wéxserd in absence of NS4B, most
aggregated liposomes displayed interacting layetis & reduced contrast. These structures
suggest that the external liposome membranes lveadlyf merged. The fact that the fusion
area has conserved the thickness of two membraggests that the external leaflets fused in
a succession of local hemi-fusion events. As thergxof each fused event is unknown, we
referred this structure as arising from an hemieindike event.. Although most observed
liposome interactions involved hemi-fusion-like eyefull fusion events cannot be excluded.

Although rare, pores were observed and displayeall shameter (Figure Sl 6 A-B).

Figure 5: Effects of peptide H2 on liposomes. Téaebar represents 100 nm in A-B, and 33
nm in C-D. In the presence of pepH2 (B-D), lipossrhave a strong tendency to aggregate;
double concentric liposomes are also more oftendo@ome interacting membranes present
a particular structure: the interacting membramdldés exhibit reduced contrast, and density

variations appear within the external leaflets (@ ®), indicating hemi-fusion-like events.



Reduced aqueous densities are observed betweentéh&cting membranes in presence of
pep H2 (C-D), in contrast to pure liposomes (A).téNthat hemi-fusion appears between
membranes of single-lamellar liposomes (large ariowB) or between membranes of

concentric liposomes (small arrow in B).

Figure 6: Images of the contact between liposomenionanes in the absence (A) and
presence (B) of peptide H2. Without pepH2, the ttemsity arising from the external medium
is clearly visible between the two bilayers (A);the presence of pepH2, the lipid layers in
contact have low contrast and the aqueous phas® i®nger visible (B). The distance
between the internal layers are identical, sugggstine existence of several hemi-fusion
events. P indicates the polar heads; schematidally,distinct layers are seen in absence of

pepH2 (A), while only three are present when pepH#resent (B).



DISCUSSION

The aim of the present study was to investigatestecific contribution of NS4B to the
membrane alterations associated with viral genoepdication in HCV-infected cells. We
first produced a recombinant full-length HCV NS4B bell-free expression, in order to
overcome the cyto-toxicity of NS4B upon cellularoexpression. Our protocol constitutes a
fast and simple procedure for obtaining milligramangtities of this highly hydrophobic
protein [30]. Several laboratories have alreadyrigl the purification of recombinant NS4B
from different sources (Sf9 insect cells, bacterialit detailed structural studies were
hampered by low levels of expression [25, 27] corgaurity [26]. The high yield and purity
of our preparation allowed for an in-depth bioplkgsistudy of the effects of NS4B on model
membranes.

X-ray diffraction and electron microscopy studiesmibnstrate that the most important
changes induced by NS4B concern the order withimbmanes. DMPC membranes regularly
stack, forming lamellar phases at low water conterltposomes at higher water content. In
the first case, the spacing between membranegusgareenough to give rise to rather sharp X-
ray diffraction patterns, while concentric membaage observed in cryoEM images for the
second. When NS4B is present at LPR lower than BOMRC phases exhibit broadened X-
ray diffraction patterns and disordered membraraekst are observed by cryoEM. The
membrane staking default in presence of NS4B appear mainly due to membrane
destabilization.the membrane disorder. While DMP@mbranes are contiguous, NS4B
induces the interruption of membranes, leadingheoformation of membrane fragments and
merged membranes. Fragmentation and merging of maem®@b decreases their homogeneity,
potentially explaining the loss of cooperativitytbé phase transitions.

NS4B, destabilizing and fragmenting liposomes, keittidetergent-like properties. While this
could be an artefact of incomplete detergent remataleast two factors can exclude this
hypothesis. Firstly, BioBead treatment was perfare optimal conditions (concentration,
time course, temperature), under which DDM, theedgnt used here, is totally absorbed
[36]. Secondly, all our samples, liposomes and gardiposomes were reconstituted in the
same conditions that led to the formation of lippes when only pure lipid solutions were
treated. The effect of NS4B on membranes is thustansic property of the protein.

The disorder introduced by NS4B on model membrasesmilar but not identical to that
observedin-situ. This difference is not surprising, and severaid&ts have shown that
multiple factors may influence the formation and rpimlogy of MW (see [12]): lipid

composition, recruitment of host-cell factors, tabundance of the different HCV NS



proteins, the formation kinetics of the HCV viragptication complex... The primary
difference is the lipid composition in our model mi@anes. MW have been shown to be
enriched in PI(4)P [37], and to be localized in lesterol-rich lipid rafts [38], and these
specific lipids can strongly influence the membraaehitecture. Moreover, the local
concentration of NS protein can also contributevaoious morphologies of MW. Indeed,
over-expression of NS proteins induced distinct imeme alterations, revealed by electron
microscopy studies, and these membrane rearrangemleange during the viral replication
process [11, 39].

The domains corresponding to the C and N-termindsef NS4B have been proposed to be
formed by amphipathic helices involved in membrasesociation: H2, AH1 and AH2 (H1, a
small peptide, has not been studied). We confirtied peptides corresponding to these
regions of NS4B perforate liposome membranes. Glybimages of perforated liposomes
show pores where the internal aqueous medium isresmived (Figure Sl 6). The pore
diameter is thus less than the dimension of thdlestabject that can be visually detected by
CryoEM, about 3 nm.Our data suggest that pepHaficent to induce membrane merging.
Although fusion events could not be observed, tbeaurrence cannot be discarded. In the
absence of tension on the membrane undergone bgipid0], the fusion process appears
nevertheless blocked in hemi-fusion or at the stepre an initial fusion pore is formed. The
membrane fusion and perforation properties of N&Hsonably explain its ability to disorder
membranes, botim vivo andin vitro. While double membrane vesicles have been obsénved
MW [39, 41], such vesicles appear to be inducedhleyamphipathic domains of NS4B. All
activities of NS4B on membranes could be explaimgthe presence of amphiphilic domains
that insert into biological membranes. Because siachains are present in many proteins, the
membrane activity of NS4B can thus be generalizestarrangements of membranous
compartments associated with the replication ofitp@esRNA viruses may be due to the
presence of amphiphilic domains. Due to their pmaémmportance in the viral cycle, such
amphiphilic domains are excellent targets for depelg anti-viral agents.

In summary, we have shown that NS4B disorders bicdd membranes at different levels.
Firstly, NS4B inhibits regular membrane stackingpeding in particular their parallel
arrangement. Secondly, while the boundaries ofveatiembranes are continuous surfaces,
the presence of NS4B introduces interruptions énnttembrane and anastomosed network.
All studied peptides corresponding to the N- andt€minal ends of NS4B perforate
membranes. The peptide corresponding to H2 alsocesl membrane fusion and the

formation of double membrane vesicles. Perforasiod fusion of membranes induced by the



termini of NS4B, and by any exposed amphiphilic dom in general, are sufficient to
explain the membrane disordering observed duringndtion of the virus replication

complex.



MATERIAL AND METHODS

Materials

Detergents were purchased from Calbiochem (Brij@B)l Interchim (DDM); all other
chemicals were from Sigma. Solutions were filtettedugh 0.22rm Millipore filters.

For fusion assays and liposome cryo-EM, peptide® wliessolved in DMSO (Sigma) at 100
mM or lower. The maximum concentration of DMSO fe ppresence of lipid (Avanti) sample
was 1 %.

Cell-free protein expression and purification

The encoding region of NS4B (genotype 1la, strainvH&77C) was cloned between the
Ncol and Smal restriction sites of the pIVEX 2.3dl&.4d vectors (5PRIME).The genome
codes for a polyprotein containing 3011 amino a¢ady. NS4B starts at aa 1712 and is made
up of 261 aa. These plasmids were designed to &la N-terminal 6xHis tag respectively.
Constructs were checked by sequencing, and plaBiAl templates for cell-free production

were purified using the Qiagen MidiPrep kit with @b >1.8. The plasmids was
260/280

aliquoted and stored at -20 °C.

Cell-free expression was performed using the coroebPRIME kits RTS100 (small
volume batch system BCF) and RTS500 (medium angapaéive scale with continuous
exchange CECF), according to the manufacturer'sructoons, and the mixtures were
incubated in the Eppendorf Thermomixer comfort devi

For initial screens, BCF reactions were perfornrmre80 ni reconstituted RTS108.coli HY
lysate with 1ng plasmidic DNA, supplemented with 1 % (w/v) Brij3nd incubated for 4 h
at 30 °C and 660 rpm. The mixtures were loaded sapéhrated on 12 % SDS-PAGE gels,
then either stained with Coomassie blue or traresfieonto nitrocellulose membranes for
immunodetection with anti-His tag antibodies comjiegl to peroxidase (Roche Applied
Science).

For preparative-scale synthesis, CECF reaction® werformed using 1 ml reconstituted
RTS500E.coli HY lysate with 15ng plasmidic DNA, supplemented with 1 % (w/v) Brij35
per ml of reaction mix, and incubated for 20 h@t@ and 660 rpm.

At the end of expression, reaction solutions weselgd, diluted 1:10 in buffer A (50 mM
Tris-HCI pH 7.5, 300 mM NaCl, 0.05% DDM), and in@bd for 30 min at room
temperature. After centrifugation for 30 min at@®m) x g, the supernatant was loaded onto a
Ni-NTA loaded HiTrap HP column (GE Healthcare) ditpuated with buffer A. Affinity

chromatography was performed at 1 mL.thiitow rate, with washing steps of 10 column



volumes of buffer A supplemented with 50 mM imidi#®roteins were eluted with a linear
(0.05-0.5 M) imidazol gradient in buffer A (3 colanmvolumes). NS4B fractions were
concentrated on Amicon Ultracel® -30kDa membraneceatrators (Millipore) and further
purified on a gel-filtration column (Superdex 2@k Healthcare), equilibrated with buffer B
(50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mistmercaptoethanol, 0.03% DDM), at a flow
rate of 0.5 ml.mi.

Each of the purification steps was followed by Cassie-blue-stained 12 % SDS-PAGE gel,
according to the Laemmli method, to check samptéypu

Concentration of purified cell-free-expressed NS¥&s determined by its absorbance at 280

nm, using extinction coefficient 39 440N\,

Proteoliposome reconstitution

To solubilize DMPC lipids, DDM was added in 50 mMisFHCI pH 7.5, 150 mM NaCl
buffer at a detergent-to-lipid weight ratio of 2.5followed by vigorous vortexing.

Purified NS4B was mixed with detergent-solubilizgids at the desired final molar ratio; the
final lipid concentration was 2 mg/ml. To remove tiletergent, appropriate quantity of wet
Bio-Beads (SM-2 Bio-Rad) were added every 30 mm3fdnours, with continuous stirring at
room temperature to achieve the final Bio-Beadddtergent weight ratio of 40:1 (BioRad
Instruction sheet). Following Bio-Bead removal, aestituted proteoliposomes, in the
presence or absence of NS4B, were then analyzetebyon microscopy.

Synthesis of NS4B terminal regions

Peptides corresponding to the N- and C-terminaltapaphic helices of NS4B (AH1 & AH2,
and H2, respectively) were chemically synthesizedoreviously described [15, 42]. AHL,
AH2 and H2 correspond to amino acids 1-34, 41-6& 227-254 in the NS4B sequence,
respectively, as follows:

AH1 SQHLPYIEQGMMLAEQFKQKALGLLQTASRHAEV

AH2 TNWQKLEVFWAKHMWNFISGIQYLA

H2 SDAAARVTAILSSLTVTQLLRRLHQWIS

Peptides were dissolved in DMSO to a concentradsfdhmM and kept at —20°C until use.
Liposome perforation assays

Liposomes containing carbofluorescein (CF) werepared as previously described [43].
Briefly, phosphatidylcholine was suspended 10 mMCNand 10 Hepes buffer (pH 7.4). A
concentrated solution of carbofluorescein was thdded and the solution vortexed for at

least 1 minute and then sonicated in a Besnson baticator. Liposomes containing



fluorescein were separated from free carbofluresdey eluting the mixture through
Sepharose column equilibrated with 150mM NaCl ahdnM Hepes, pH 7.4.

The release of CF upon peptide addition was maett@s an increase in fluorescence at 520
nm, with excitation at 492 nm in a thermostaticattgntrolled Perkin-Elmer LS50B
spectrofluorimeter. 100 % CF release measured bigiandl of Triton X-100 at the end of the

reaction. All fluorescence experiments were caraetlat least three times.

Liposome fusion assays

Preparation of liposomes: 10 each of PE dissolved in organic solvents wereethiand
driedin vacuo.To prepare fluorescent liposomes for fusion assaysyy BODIPY 500/510
Ci12-HPC (as fluorescence donor) andng BODIPY 530/550 &HPC (as fluorescence
acceptor) were added in the mixture before dryiree lipid film was resuspended in 0.2 ml
buffer (150 mM NaCl, 5mM Tris-HCI pH 8), and the xnire was bath-sonicated for 20
minutes. Fluorescent and non-fluorescent liposomese extruded through an Avanti
extruder using 0.Bm membranes; in general, 40 extruding passagespeei@med.

Fusion assay: fusion was assayed as previouslyibedd44, 45]. Briefly, 101 fluorescent
liposomes were mixed with 98@ phosphate-citrate buffer at the required pH (prefd from
100 mM citric acid and 200 mM dibasic sodium ph@dphsolutions), in the cuvette of a
thermostated Perkin-Elmer LS50B spectrofluorimet®®. m non-fluorescent liposome
suspension were added, followed bynil@eptide solution, and the increase in BODIPY
500/510 G2-HPC fluorescence was monitored continuously. Exicih was at 485 nm (slit
width 5 nm) and emission was at 518 nm (slit widihpm). The mixture was kept under
continuous stirring during the experiment.

X-ray diffraction

Samples were prepared and the patterns recorddd aviGuinier camera, as described
previsouly [33].

Electron microscopy

Liposomes were prepared as for the perforation raxeats at a concentration of 1 mg/ml.
Peptide dissolved in DMSO at a concentration ofmri@0Owas added was diluted 1000-100
times in the liposome sample. 1% DMSO did not cleatlite liposome morphology (not
shown).

Most samples were checked by conventional eleatrimnoscopy using the negative staining

method. 31 sample were deposited on an airglow-dischargedban-coated grid. The



excess was blotted and the grid rinsed with 2 %sphotungstic acid. Grids were observed in
a Philips CM12 microscope operated at 80 kV, analges were recorded on Kodak electron
image plates, which were then developed for 5 nemut D19.

CryoEM was performed as described [46] using R2/2ntjfoil carbon film (Electron
Microscopy Science). Bt of the sample were deposited on airglow-dischargeantifoil.
The sample excess was blotted with a filter paged, the grid plunged into liquid-nitrogen-
cooled ethane. The grid was rapidly transferred &eg@t under liquid nitrogen. For
observation, the grids were mounted in a 636 Glatdaher using its cryo-transfer device. The
observations were made in a Technai 200 equipptddaniield-emission gun. Images of the
protein samples were typically recorded at 35,00@agnification on SO163 films, which
were developed for 12 minutes in D19 (Kodak). E@axtrograph was recorded with about 20
electrons/A. Micrographs were scanned with a Nikon Coolsca@08@t a resolution of 4000
dots per inch. Some images were low- and high-plesed using Imagic [47]; these filters
were set to optimize the observed contrast of mands, typically 0.03 and 0.5 times the
Nquist frequency, respectively. The images of pepté2e recorded with a direct dtection
camera (K2, Gatan) operated in movie mode. The @xagere aligned and summed as
recommended by manufacturer. They were recorded9#&00 magnification (pixel size
1.72A) using a total dose less than 30 electrons/A
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