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ABBREVI ATIONS

HA- influenza virus hemagglutinin; FCCP- carlytmyanide-p-trifluorometheypheryl hydrazone;
LUV- large unilamellar vesicles; PC- phosphgiitioline; PE- phosphatykethanolamine; R18-
octadeglrhodamine B chloride

ABSTRACT

It had been suggested that influenza virus-mediated membrane fusion might be dependent on a pH
gradient across a target membrane. We have desigigatiments in which this issue could be
addressed. Two populations of liposomes were prepared, both simulating the plasma membrane of
target cells, but with the pH of the internal aqueous medium buffered either at pH y&iblQgfical

cytosol pH) or at pH 5.0 (endosomal pH at which influenza virus dispteximal fusion activiy). By
monitoring fusion using the R18 agsave found that the internal pH of the target liposomes did not
influence membrane merging as mediatgdhe influenza virus hemagglutinin, thus demonstrating that

a transmembrane pH gradient is not required in this fusion process.

INTRODUCTION

Influenza virus is a lipid-enveloped virus that enters cellseebeptor-mediated endgosis. Access of
viral RNA into the taget cell g/tosol occurs ¥ fusion of the viral envelope with the membrane of an
intracellular compartment (the endosome). This event is medigtdee lviral envelope hemagglutinin
(HA), and is triggeredypconformational changes in HA that take place at the acidic pH ngrfoatd

in the endosomal lumen (for recent reviews see 1, 2).
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Recent publications have demonstrated that influenza virugiatdrtarget cells at low pH is inhibited
when the cell gtosol is acidified (3, 4). Similar observations have been made for Semliki Forest virus,
a virus that also enters cellg keceptor-mediated endgosis (6, 7)It has therefore been proposed that
the need for acidic pH in the entof influenza virus (and possibbther viruses that share the same
pathwg) into target cells is more subtle, with the virus requiring noy @m acidic (endosomal)
environmemper se but a pH gradient across the target membrane (3, 4, 7). Productive infection would
thus result from the difference between the endosomal lumen pH (5.0) and the targdosellpt

(7.4). This ype of specificiy might be relevant in preventing virions from infecting non viable cells
(5). More importantl, the observations made with influenza virus led to thegintry swggestion that

the absence of a pH gradient between the endosomeymslaesulted in the inhibition of the HA-
mediated fusion step (3, 4). This question could not be setled-imterpretation of previous data.
Indeed, in all studies involving fusion actyibf the influenza HA (either using intact viral particles,
reconstituted HA in membranes, or cells thgiress HA at their surface) fusion is routingiggered

by lowering the pH of the reaction medium from pH 7.4 to pH 5.0. However, compartments sealed by
target membranes for the virus (normdibosomes or cultured cells) have an internal aqueous medium
which is at neutral pH. Thereforey lesigning thisyipe of periment, one can alwa imagine the
existence of a pH gradient across the target membrane.

To resolve this issue we conductegheriments in which the putative importance of a transmembrane

pH gradient to the fusion actiyiof the influenza virus HA might be evaluated. For this purpose fusion
was followed ly the octadegdrhodamine B chloride (R18) dequenching gs&10), using liposomes

as target membranes for intact viriohs.order to simulate the outer mongda of a target cell plasma
membrane these model membranes were composed of the zwitterionic phospholipids PC and PE, and
also included the sialic acid-containing ganglioside GD1a, a molecule known to act as a receptor for the
virus (10, 11, 15, 20). Two populations of liposomes were prepared: one encapsulating an agueous
medium at pH 7.4, and one encapsulatirgctly the same medium, but with its pH adjusted to 5.0.
Virus-liposome fusion is triggered in thigssem ly lowering the pH of the reaction buffer from neutral

to = pH 5.0. However, ogl when liposomes with an internal pH of 7.4 are used (i.e., the normal
procedure in thisype of experiments) will there be a transmembranegmdient across the @at
membrane. To further pursue this issue we performx@eranents using proton ionophores such as
FCCP and nigericin, both of which dissipate pH gradients across membranes (19).

Since it has been shown that liposomes are notyalequivalent to biological membranes in the study
of viral fusion activiy (10), xperiments using gthrocyte ghosts (resealed in medium buffered at
either pH 7.4 or pH 5.0) as targets for influenza virus were also performed.

MATERIALS & METHODS

Virus, liposane and erythrocyte ghost preparatiomnfluenza virus, A/PR/8/34 (H1N1) strain, was
grown for 48 h at 3T in the allantoic cawt of 11-dy-old embyonated eggs, purified by
discontinuous sucrose densgradient centrifugation and stored at -70°C in phosphate buffered saline.

LiposomesI(UVs- large unilamellar vesicles) composed of PC and PE (Avanti Pials) in a 2:1

molar ratio, and containing 5 mol % of the ganglioside GD1la (Sigma), were prepared in 85 mM NacCl,
50 mM KCI, 1mM EDTA, 10 mM Hepes, 10 mM Mes, 10 mM sodium citrate, buffered at pH 7.4 or
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5.0 by the reverse-phase evaporation method (12). The method involves sonication of a lipid solution in
diethylether with the desired encapsulation buffer, followgdether evaporation. The vesicles were
then sized through O.uim polycarbonate filters to ensure a homogeneous population, and their
concentration determinedyba standard phosphate assgpreceded ¥ acid digestion of the
phospholipids.

Human eythrogste ghosts were prepared the method of Steck & Kant (18). Followinggdotonic
lysis at 4°C andx@ensive washes, the membranes were resealed at 37°C in 85 mM NaCl, 50 mM KClI,
5 mM MgCly, 10 mM Hepes, 10 mM Mes, 10 mM sodium citrate, buffered at pH 7.4 or 5.0.

Viral fusion activity as monitored by the R18 assaylnfluenza virus was labeled with
octadeglrhodamine B chloride (R18, Molecular Proles., Eugene, OR) as described previpy8t

10). The R18 asgds one of the most common tools to monitor the kinetics of membrane flsion.
involves the spontaneous insertion of the fluorophore (basieaathodamine moigtattached to a
hydrophobic lydrocarbon chain) into the membrane of interest, in this case the viral envelope. Viral
incubation with the fluorescent probe takes place in the dark, using a concentration of R18 of 5 mol %
of lipid, thus ensuring that the fluorophore will be included in the membrane at a selfquenching
concentration. Since R18 is solubilized in ethanol, care must be taken to maintain the concentration of
this solvent under 1% (v/v). The viral-probexmoire was incubated in the dark for 30 min at room
temperature. R18-labeled virus was separated from noninserted fluoroghohgomatograph on
Sephadex G-75 (Pharmacia, Uppsala, Sweden) using 150 mM NaCl, 10 mM Hepes, pH 7.4 as elution
buffer (labeled virus is included in the column void volume). The protein concentration of the virus
was then determined/ltheLowry assa.

In all assgs usimg lipid vesicles as tget membranes, R18-labeled influenza virus was injected into a
cuvette containing liposomes of either population (100 nmolésJf lipid per experiment) in a final
volume of 2 ml. Fusion was monitored continuguat pH 5.0 using the fluorescence dequenching
assg as described previoys(8-10). In brief, fusion of influenza virus with a target membrane will
result in R18 dilution into the new bylar, which, in turn, will promote a release in probe
selfquenchig, and a concomitant increase in the fluorescence of the sample.

In some cases the virus was allowed to bind to the target liposomes at neutral pH before acidification of
the medium, and in other agsavirus and liposomes were added dige¢t buffer at pH 5.0. All
experiments were carried out at°87or at 20C usirg 1 pg of viral protein/ml. The fluorescence scale

was calibrated such that the initial fluorescence of R18 labeled virus@dsuspension was set at

0% fluorescence. The value obtaingddetergentysis after eachx@eriment with Triton X-100, at a

final concentration of 1 % (v/v), was set at 100% fluorescence, sinaenalailution of the probe will

take place in the presence of detergent. The percentages of dequenching obtainedxpeaautnéal

curve can thus be considered percentages of membrane fusioly.activit

Fluorescence measurements were performed in a Perkin-EBAg0 luminescence spectrometer, with
excitation at 560 nm and emission at 590 nm (ideal for R18). The sample chamber was equipped with a
magnetic stirrirg device, and the temperature was controlled with a circglatater bath. The initial

rate of fluorescence dequenching was calculated following the onset of fusion as the percent of the
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maximum fluorescence increase/min (the slope of getanto the fusion curve at its steepest point).
The etent of fluorescence dequenching was measured after 5 nif@)(8710 min (20C).

Experiments with human wghrogyte ghosts (resealed with medium at pH 7.4 or 5.0) were carried out
in basicaly the same manndn all cases g of viral protein/ml was added to 2 ml of buffer adjusted
to pH 5.0 and containing 100y of target membrane protein/ml. Membrane fusion, as a function of
R18 dequenching, was monitored for 5 min°@)7or 10 min (26C).

RESULTS AND DISCUSSION

In a first set of periments influenza virus was added to either population of liposomes (with internal

agqueous medium buffered at pH 7.4 or 5.0) &C3and at neutral pH. After a short periad.6 min)

to allow virus-liposome
binding, the pH of the
reaction medium was
adjusted to 5.0, anc
HA-mediated

membrane fusion
followed by relief of
R18 selfquenching
(Table I). As seen in
the table, there is nc
significant difference in
influenza virus fusion
activity towards both
types of target
membranes. The
presence of the protor
ionophores FCCP anc
nigericin also had no
visible effect on either
the Kkinetics or the
extent of membrane
merging (data not
shown). It should be
noted that internal
acidification of viral
particles, either by
proton ionophores or
by the viral envelope
M2 protein (a proton
channel), has

TABLE I. Effect of a pH gradient across the target liposoes on the
fusion activity of influenza virus.

Conditions Extent of fusion Initial rate of
(% max.)d fusion
(% max./min.§

37°C
Control Liposomes pH 7.8) 37.7+3.3 138.0+ 14.3
Liposomes pH 5[0 38.1+ 3.0 141.3+ 15.1
20°C¢
Control Liposomes pH 7.4) 46.6+ 3.2 24.8+ 2.2
Liposomes pH 5.0 457+ 2.7 24.4+ 4.5

been

a|nfluenza virus (1 g viral proteih perml) was added to ol of buffer at 37C and pH
7.4 containing liposmes prepared imediun at pH 7.4, aafina concentratiorof 50 uM
of lipid. Following a shot period to allev virus-liposane binding (1.5min) the medium
pH was adisted to 5.0, ad R18 degenching followedfor 5min.

b Experiments carried out as in (a), but using lipmes prepared imedium at pH 5.0.

C Influenza virus (1 g viral proteh perml) was added to ol of buffer at 20C and pH
7.4 containing liposames preparechimedium at pH 7.4 or 5.0 at final cancentration of
50 uM of lipid. Following virus-liposame binding (10 min) the medium pH was adjsted
to 5.0, ad R18 degenchingfollowedfor 10min.

d Fusion extentmeasured as function ¢ R18 dequenchingfeer 5min (37°C) or 10min
(20°C) at pH 5.0; results represent the avera@D d 3-6 expernnents.

€ initial rate measured in the first 10-18 of the fusion process resuls represet the
averaget SD d 3-6 experinents.

shown to slight} increase the fusion actiyitof some strains of influenza virus, posgillue to a

weakening in the interactions between transmembrane viral envelope proteins and the viral M1 protein,

located at the interior of the virion (13, 14). However, this effect was not visible iysians
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Although the process is mediateg thrget membrane composition, membrane fusion actitntact
influenza virus is generglla vey quick and efficient phenomenon at’87 and is essentiglicomplete
following the first few seconds after acidificatioh. is therefore difficult to judge eventual small
differences in ®perimental curves at this temperature. This prompted us ty oartr parallel

experiments at 2, since fusion is much slower at temperatures beld\& 8lie to a lower mobility
of viral fusion proteins (9, 10, 15).

Although the initial rate of membrane ximg at 37C was much higher, thetent of fusion was larger

at 20C (Tablel), as was previouglnoted (10, 15)indeed, this phenomenon has been described before
with the same fusionystem (15), and has beerpdined ly an interplg between influenza virus

fusion activiy and viral inactivation, both of which take place at low pH. Thus, if the virus is
challenged ¥ low pH and cannot fuse with a target membrane (eithétskabsence, onineffective

viral positioning) it is known to lose its membrane perturbing properties (9, 10, 11, 16). Both fusion
and inactivation seem to share a common mechanism, both processes being reduced at lower
temperatures (9, 17). The drop in the inactivation rate constant with temperature is greater than the drop
in the fusion rate constant (9), which results in the virus dusiower at low temperatures, but more
extensivey, since inactivation is less significant, although thgspilogical meaning of this effect
remains open to debate (9, 10).

However, gperiments carried out using both populations of liposomes tested gave eysiatisiime
results as those done at’@7 namey, the internal medium of the target membranes did not influence
HA-mediated membrane merging (Figure 1, Tdhl&lso, no difference was determinable if virus and
liposomes were prebound at neutral pH prior to medium acidification, oryifstbee placed in contact

in buffer alreagt adjusted to pH 5.0 (Figure 1).
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FIGURE 1-_Effect of the internal pH of target liposanes onthe fusion activity of influenza virus at 20°C.

R18 labelledrifluenzavirus (1 g viral proten perml) was added to &l of buffer at 20C. Both populations of

liposomes preparednimedium at pH 7.4 or 5.0 a4 final concentration of 50 uM of lipid were used astarget

membranes for the virus. A- Virus was added to a liposs®e suspension at pH 5.0 ad fusion followed as a
function of R18 degenching. B- Following a 10min incubation at pH 7.4 taallow virus-liposame binding the

medium pH was adjsted to 5.0 (arm), and fusion monitored as afunction of R18 dequenching. Curves

representypical expennents (for statistical significance s€able ).
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Similar observations were made when the same experimental procedure was carried out using
biological membranes (ghrogyte ghosts resealed in buffers at different pH values) as targets for the
virus (data not shown). Thes&periments were undertaken to ensure that the results obtained with
liposomes were not a result of the fact that these are artificigelsla

When usiig the R18 assa(or indeed ay other membrane fusion agsshe possibiliy of artifacts must

be considered, namethe presence of a “fusion signal” when actual membrane merging did not take
place.In the case of ourxperimental gstem, unspecific transfer of R18 from the labeled virions to the
target membranes could result in a non-relevant increase in fluorescence. To ensure that this does not
actualy take place we performed the following contreperiment: we incubated the virions at pH 5.0

and 37°C for 1 h in the absence ofyaarget membranes. As stated above, such an incubation
effectively abolishes (or greatlreduces) influenza virus-mediated membrane fusion (9, 10, 11, 16).
Indeed, when these inactivated virions were added to either liposomesghooggte ghosts at 37°C

and pH 5.0 no fluorescence dequenching was observed in the same time scales as used for the
experimental assa (data not shown). This gives us confidence that what we are monitoring with the
R18 assgcorresponds to actual HA-mediated membrane merging. Although not the case with the data
presented here, special attention should be paid toygiesof control when membrane fusion activity

(i.e. R18 fluorescence dequenching) ispMerv (less than 10-15 %), or the incubation times necessary

to obtain a dequenching signal areyeng (over 30 min).

Results demonstrate that a pH gradient across the target membrane is notyneressuienza virus
fusion activiy and also that the pH gradient does not modulate fusion. These findings areydontrar
what has previouglbeen proposed (3, 4). An eventual block in virus infection following dissipation of
the pH gradient between the virus-containing endosome andytetiot cannot bexplained ly an
arrest in membrane mergipgr se but mg be related to later steps in the process. These could include
incorrect delivey of the nucleocapsid into thetoplasm, lack of proper viral disassembbr even
unforeseen effects of the procedures used to neutralize the pH gradientyt@sdl acidification,
ionophores and specific inhibitors of endosomal proton pumps) across the target cells themselves.
However, it is clear that changes in the membrane fusion gativihe influenza virus HA should not

be postulated to explain alterations in overall viral infegtjvdtince correlation between these two
processes nyanot be linear.
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