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Abstract. In this study we tested the hypothesis that fu-
sion mediated by the influenza virus hemagglutinin
(HA) is a cooperative event. To do this we character-
ized 3T3 cell lines that express HA at nine different de-
fined surface densities. HA densities ranged from 1.0 to
12.6 X 10° HA trimers/wm? as determined by quantita-
tive fluorescent antibody binding. The lateral mobility
and percent mobile fraction of HA did not vary signifi-
cantly among these cells, nor did the contact area be-
tween HA-expressing cells and target RBCs. The fu-
sion reaction of each HA-expressing cell line was
analyzed using a fluorescence dequenching assay that
uses octadecylrhodamine (R18)-labeled RBCs. For
each cell line we measured the lag time preceding the
onset of fusion, the initial rate of fusion, and the final

extent of fusion. The final extent of fusion was similar
for all cell lines, and the 1nitial rate of fusion as a func-
tion of HA surface density displayed a Michaelis-
Menten-type dependence. However, the dependence
of the lag time preceding the onset of fusion on HA sur-
face density was clearly sigmoidal. Kinetic analysis of
the data for the reciprocal lag time vs HA surface den-
sity, by both a log/log plot and a Hill plot, suggested
that the observed sigmoidicity does not reflect cooper-
ativity at the level of formation of HA aggregates as a
prerequisite to fusion. Rather, the cooperativity of the
process(es) that occur(s) during the lag time arises at a
later step and involves a minimum of three, and most
likely four, HA trimers. A model is proposed to explain
HA cooperativity during fusion.

EMBRANE fusion is a fundamental biological pro-
M cess that proceeds via the formation of a fusion

pore (Lindau and Almers, 1995; Monck and
Fernandez, 1992; White, 1992, 1994; Zimmerberg et al.,
1993). A fusion pore is defined as the first aqueous con-
nection between two fusing compartments. Exocytic fu-
sion pores have been characterized extensively by high
resolution electrophysiological techniques (Lindau and
Almers, 1995; Monck and Fernandez, 1992; Zimmerberg
et al., 1993). Similar approaches have recently been ap-
plied to study fusion mediated by the influenza virus he-
magglutinin (HA)! (Melikyan et al., 1993a, b; Spruce et al.,
1991, 1989; Tse et al., 1993; Zimmerberg et al., 1994). The
latter studies have shown that the fusion pores that form
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during HA-mediated fusion share many characteristics
with exocytic fusion pores, notably a small (~1-2 nm) esti-
mated initial diameter (Spruce et al., 1991).

Although many of the constituents that participate in
exocytic and other intracellular fusion events have re-
cently been discovered (Bennett and Scheller, 1994; Ferro-
Novick and Jahn, 1994; Pryer et al., 1992; Rothman, 1994;
Siidhof et al., 1993), neither the minimal number of pro-
teins that comprise the exocytic fusion pore nor the molec-
ular mechanism of exocytic fusion is yet known. In con-
trast, it is well documented that the influenza HA is both
necessary and sufficient for membrane fusion (Stegmann
et al., 1989; White, 1992, 1994). Moreover, a great deal is
known about the structure of HA and its fusion mecha-
nism (Bullough et al., 1994; Hughson, 1995; Stegmann and
Helenius, 1993; White, 1994; Wiley and Skehel, 1987). HA
is a homotrimer in which each monomer consists of two
disulfide-bonded subunits. The HA1 subunit houses the
receptor binding domain. The HA?2 subunit houses the fu-
ston peptide, a protein segment critical for fusion activity
(Gething et al., 1986). After binding to receptors on target
membranes, HA initiates fusion in response to low pH , a
condition that influenza virus experiences in the endoso-
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mal compartment. Below a threshold pH, HA changes
conformation, exposes its fusion peptides, and binds hy-
drophobically to target bilayers. The next stages of the fu-
sion reaction are less clear but appear to involve a hemifu-
sion intermediate (Kemble et al., 1994; Melikyan et al.,
1995), the opening of a narrow fusion pore, and dilation of
the fusion pore (Melikyan et al., 1993a,b; Spruce et al., 1991,
1989; Tse et al., 1993; Zimmerberg et al., 1994).

Since HA is both necessary and sufficient for membrane
fusion, models have been proposed in which the HA fu-
sion pore is lined with several conformationally altered
HA trimers (Bentz et al., 1990; Ellens et al., 1990; Guy et
al., 1992; Stegmann et al., 1990; White, 1992, 1994). Sup-
port for the concept that HA-mediated fusion is a cooper-
ative process has come from several lines of indirect evi-
dence: (a) the curve relating the initial rate of fusion and
pH is steep (Morris et al., 1989); (b) for two cell lines
whose HA surface density varies by a factor of 1.6, the ex-
tent of fusion varies by a factor of 4.4 (Ellens et al., 1990);
(c) images consistent with aggregates of two to three HA
trimers have been seen on low pH-treated virus particles
(Doms and Helenius, 1986). Although suggestive, none of
these findings have provided proof for HA cooperativity,
nor have they indicated the minimum number of HA tri-
mers required.

As described for other systems (Cooper et al., 1983),
proof that HA-mediated fusion is a cooperative event re-
quires analysis of the fusion reactions of membranes that
express HA at different defined surface densities. In this
study we conducted such an analysis. We characterized in
detail the fusion reactions of NIH 3T3 fibroblasts that ex-
press influenza HA trimers at nine different defined sur-
face densities. Our results indicate that HA-mediated fusion
is indeed a cooperative process. Moreover, they suggest
that a minimum of three, and most likely four, HA trimers
is required to initiate a fusion reaction.

Materials and Methods

Materials

Octadecylrhodamine B chloride (R18) and NBD-labeled phosphatidyl-
ethanolamine (NBD-PE) were obtained from Molecular Probes, Inc. (Eu-
gene, OR). N-1-tosylamide-2-phenylethylchloromethyl ketone-treated
trypsin, soybean trypsin inhibitor, neuraminidase (from Clostridium per-
fringens), and RPMI medium were obtained from Sigma Chemical Co. (St.
Louis, MO). Supplemented calf serum was obtained from either Hyclone
Laboratories, Inc. (Logan, UT) or from the University of California at
San Francisco (UCSF) tissue-culture facility. Other tissue-culture reagents
were purchased from either the UCSF or the University of Virginia tissue-
culture facilities. Polyclonal rabbit antiserum against the HA protein of A/
Japan/305/57 was kindly provided by Dr. Michael Roth (University of
Texas Southwestern Medical Center, Dallas, TX). Monovalent Fab’ frag-
ments labeled with tetramethylrhodamine (TMR)-isothiocyanate (TMR-
Fab') were prepared as described (Gutman et al., 1993).

Cell Lines

Six NIH 3T3 cell lines expressing different amounts of HA from the Japan
strain of influenza virus (A/Japan/305/57) were isolated from a cell line
(BV1-MTHA/NIH) obtained by transfection of 3T3 cells with Japan HA
c¢DNA (Sambrook et al., 1985). Two cell lines, gp4 (Gething, M.-J., and
J. Sambrook, unpublished observations) and HA-b (Doxsey et al., 1985),
were isolated based on their ability to bind fluorescently labeled RBCs us-
ing strictly analogous procedures. Single cell clones were isolated from
these HA-expressing cell lines by plating the cells at 50 cells per 100-mm
dish and picking random clones. After an additional round of single cell
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cloning, clones were selected for their ability to bind RBCs, to remain ad-
herent to tissue-culture plastic throughout the preparations for RBC bind-
ing and fusion, and then for expression of different levels of HA based on
a radioimmunoassay (Gething et al., 1986). Selection of the gp4f (alterna-
tively called GP4F) and HAb-2 clones was described previously (Ellens et
al,, 1990). Four additional clones, gp4/6, gp4/10, gp4/9, and gp4/8, were
subcloned from the gp4 cells using the same procedures. To obtained in-
creased HA expression, HAb-2 cells, the line expressing the most HA,
were treated with sodium butyrate (NaBut); 3 d after plating, and 18 h be-
fore fusion experiments, the HAb-2 cells were fed with growth medium
containing 1.0, 3.0, or 5.0 mM NaBut. In specified experiments, gp4f cells
were treated similarly with 5.0 mM NaBut. NaBut treatment did not affect
cell size as determined by light scattering analysis.

Determination of Relative HA Surface Density and
Lateral Mobility

For measurements of HA surface density and lateral mobility, cells were
grown on glass coverslips. 2 d after plating, the cells were washed twice
with HBSS devoid of phenol red and bicarbonate (Biological Industries,
Beth Haemek, Israel) and supplemented with 20 mM Hepes and 2% BSA
at pH 7.2 (HBSS/Hepes/BSA). They were then incubated in the same
buffer with anti-HA TMR-Fab’ fragments (100 pg/ml) for 45 min at 4°C.
The HA-expressing cells were then rinsed three times in label-free buffer,
mounted over a serological slide containing a well filled with HBSS/
Hepes/BSA, and used for fluorescence photobleaching recovery (FPR)
experiments or for determination of the relative HA density at the cell
surface. Lateral diffusion coefficients (D) and mobile fractions of TMR-
Fab'-labeled HA proteins were measured by FPR (Axelrod et al., 1976;
Koppel et al., 1976) with an apparatus described previously (Henis and
Gutman, 1983). All measurements were conducted at 22°C within 30 min
after labeling, conditions under which endocytosis of HA is negligible
(Fire et al., 1991). The monitoring laser beam (Innova 70 argon ion laser,
529 nm, 1 pW; Coherent Inc., Palo Alto, CA) was focused through a mi-
croscope (Zeiss Universal; Carl Zeiss, Inc., Thornwood, NY) to a Gauss-
ian radius of 1 pm using a X100 objective. A brief pulse (5 mW, 30 ms)
bleached 50-70% of the fluorescence in the illuminated region. The time
course of the fluorescence recovery was followed by the attenuated moni-
toring beam. D and mobile fractions were extracted from the fluorescence
recovery curves by nonlinear regression analysis (Petersen et al., 1986).
Incomplete fluorescence recovery was interpreted to represent fluoro-
phores that are immobile on the time scale of the FPR experiment (D < 5 X
10~2 cm?s). Quantitative measurements of HA surface density were car-
ried out using the FPR instrumentation, except that the laser beam was al-
ways attenuated (nonbleaching conditions) and a x40 objective (yielding
a beam with 1.46-pm Gaussian radius) replaced the X100 objective,
thereby covering a sixfold larger area of cell surface. The response of the
photomultiplier tube was linear over the entire range of fluorescence in-
tensities measured (expressed in arbitrary fluorescence units). The cell
line expressing the lowest amount of HA, gp4/6, was used as a reference to
which the other cell lines were compared.

Determination of Relative HA Density
by Surface Biotinylation

Cells (gp4f and 5 mM NaBut-induced gp4f) were treated with trypsin and
neuraminidase as described in the next section. The cells were then chilled
and treated with NHS-LC-Biotin, a membrane-impermeable biotinylating
reagent, essentially as described (Kemble et al., 1993). After biotinylation,
the cells were either stored at -20°C for future analysis (after scraping
from dishes, pelleting, washing, and repelleting) or lysed directly on
dishes. Cells from one 10-cm plate were lysed at room temperature in 1 ml
of lysis buffer, pH 7.5, containing 1% NP-40, S0 mM Hepes, and the fol-
lowing protease inhibitors: 1 mM PMSF, 1 pug/ml pepstatin A, 2 pg/ml leu-
peptin, 4 pg/ml aprotinin, 10 pg/ml antipain, 50 pg/ml benzamidine, 10 pg/
ml soybean trypsin inhibitor, 0.5 mM iodoacetamide. The lysate was cen-
trifuged at 15,000 g in an Eppendorf microfuge for 20 min (Eppendorf
North America, Inc., Madison, WI). Samples of cleared cell lysates con-
taining equal total protein (70-100 pg), as determined with the bicincho-
ninic acid reagent (Pierce Chemical Co., Rockford, IL), were subjected to
immunoprecipitation with 5 pg of polyclonal IgG directed against HA
from the Japan strain of influenza virus essentially as described (Kemble
et al, 1993). Immunocomplexes were suspended in SDS-gel loading
buffer, pH 7.5, containing 62.5 mM Tris, 2% SDS, 7.5% sucrose, 0.5 mM
EDTA, 0.005% bromophenol blue, and 100 mM DTT, heated to 95°C for
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5 min, separated on a nonreducing 12.5% SDS-polyacrylamide gel, and
transferred to nitrocellulose (Schleicher and Schuell, Inc., Keene, NH).
The nitrocellulose was blocked with PBS containing 3% skim milk, 10%
glycerol, 1% BSA, 18% glucose, and 0.5% Tween 20. The blots were washed
several times with PBS containing 0.5% Tween 20, and then probed with
10 pCi of I-streptavidin in PBS containing 0.5% Tween 20, 18% glu-
cose, 10% glycerol, and 1% BSA. The filters were then subjected to phos-
phorimage analysis using a PhosphorImager workstation (Molecular Dy-
namics, Sunnyvale, CA). Intensities of the HA1 and HA2 bands were
summed.

Preparation, Binding, and Fusion of R18-labeled RBCs

Freshly drawn RBCs (1% hematocrit) were washed and labeled with R18
as described previously (Kemble et al, 1592; Morris et al., 1989).

R18-labeled RBCs were washed two times with RPMI containing 10%
supplemented calf serum, washed four times with RPMI, and then resus-
pended in 10 mi RPMI. Labeled RBCs were stored at 4°C in the dark and
used within 6 d. Binding of R18-labeled RBCs to HA-expressing cells was
performed essentially as described previously (Kemble et al., 1992) except
that the binding solution contained 0.025-0.03% (vol/vol) RBCs (unless
otherwise stated), and that binding was conducted for 20 min at 25°C. Fu-
sion of R18-labeled RBCs was performed as described previously (Kemble
et al., 1992) in a thermostatted cuvette at 28° to 29°C. Fluorescence mea-
surements were made on a fluorimeter equipped with a magnetic stirrer
(LS-5B; Perkin-Elmer, San Jose, CA). For all fusion experiments, the fi-
broblasts were pretreated with trypsin to cleave the fusion-inactive pre-
cursor (HAUO) to its fusion active (HA1-S-S-HA2) form as described previ-
ously (Kemble et al., 1992). Fibroblasts expressing HAO displayed no
fluorescence dequenching, as shown previously (Morris et al., 1989).

Observation of the Contact Area between RBCs and
HA-expressing Cells

HA-expressing cells were washed with RPMI and incubated with the fluo-
rescent probe NBD-PE at a final concentration of 150 pM in RPMI con-
taining 50 mM glucose at 4°C for 20 min. The cells were then washed with
RPMI containing 10% supplemented calf serum and incubated with
0.03% (volivol) R18-labeled RBCs. The RBC-cell complexes were
washed and removed from their dishes with 0.5 mM EDTA/0.5 mM
EGTA in PBS, placed on a glass slide, and observed with a confocal mi-
croscope (Bio-Rad Laboratories, Cambridge, MA). During all stages of
labeling and RBC binding, the HA-expressing fibroblasts were kept at
4°C to minimize endocytosis of the lipid probe.

Hill Plot Analysis

The Hill equation, used to describe cooperative systems (Levitzki, 1978),
is given by:

log (Y/1 —Y) = logK + nlog[S], €Y}

where Y is the saturation function (equivalent to v/V,, in steady-state ki-
netics), K is a constant (equivalent to the overall association constant for

binding equilibria), and [S] is the concentration of the species that shows
the cooperative phenomenon. A plot of log (¥/1-Y) (or an equivalent ex-
pression) vs. log [S], a Hill plot, yields the Hill coefficient, ny, which is the
slope at midsaturation. It is important to note that at the low and high
ends of [S], the Hill plot for cooperative systems tends to deviate from lin-
earity and the slope (n) approaches 1 (Levitzki, 1978). In the case of HA-
mediated fusion, the reciprocal of the lag time (1/lag) is proportional to
the rate of the process that precedes fusion. Hence, it is possible to substi-
tute 1/lag for ¥ in the Hill plot to evaluate the cooperativity of HA-medi-
ated fusion, provided that the 1/lag values are calibrated such that the
highest value (at saturation, where elevating HA density no longer affects
the lag time) is assigned the value of 1. In this way, the 1/lag values equal
those of the saturation function, ¥.

Results

The present study had two goals: to determine whether the
process of HA-mediated membrane fusion is a coopera-
tive event, and, if so, to estimate the minimum number of
HA trimers involved. Toward these goals, we isolated and
characterized a series of cell lines that vary in the density
of HA trimers on their surfaces. We then examined their
fusion reactions with RBCs in detail using a fluorescence
dequenching assay. Finally, we compared the lag times
preceding the onset of fusion, the initial rates of fusion,
and the final extents of fusion among all of the cell lines.

Density of HA in the Plasma Membrane

For our analysis we used subclones of an NIH 3T3 cell line
expressing HA from the Japan strain (A/Japan/307) of in-
fluenza virus (Sambrook et al., 1985). Two of the cell lines,
gp4f and HAb-2, were characterized previously (Ellens et
al., 1990). Four additional subclones, gp4/6, gp4/8, gp4d/9,
and gp4/10, were selected for expression of different
amounts of HA at their surfaces as described in the Mate-
rials and Methods section. To obtain higher HA expres-
sion levels, the cell line expressing the highest amount of
HA, HAb-2, was treated with 1.0, 3.0, or 5.0 mM NaBut.
The relative amount of HA expressed at the surface of
each cell line was then determined by quantitative fluores-
cent Fab’' antibody binding as described in the Materials
and Methods section (Table I). The actual expression lev-
els were calculated with reference to the density of HA on
the surface of the gp4f cell line. The density of HA at the
surface of gp4f cells, 1.6 X 10° HA trimers per pm?, was
determined previously using an HA radioimmunoassay in

Table I. Characterization of Cell Lines Expressing Different Surface Densities of HA

Cell line NaBut Fluorescence HA/pm? Relative density D Mobile fraction
mM AU em¥s X 19710 %

gp4/6 1,225 + 83 0.98 X 103 1.0 36*03 67 +4
gp4/10 1,633 * 63 1.28 X 103 13

gpaf 2,016 =78 1.60 X 103 1.6 30%03 723
gp4/9 2,059 > 114 1.71 X 103 1.7

gp4/8 2,940 = 255 2.34 X 10° 24

HADb-2 3,167 = 119 2.51 X 10° 2.6 3.0+ 04 66 =3
HAb-2 1 4,288 + 241 344 X 108 35

HAb-2 4,655 + 302 3.74 X 10° 38

HAb-2 5 15,680 = 354 12.60 X 10° 12.8 23%02 713

Cell labeling with TMR-Fab’ and mobility measurements were performed as described in the Materials and Methods section. Fluorescence intensity is expressed in arbitrary units
(AU). 30-50 cells were measured for each cell line. Results are given as mean + SEM. For the NaBut-induced cells, the fluorescence intensity measurements were conducted in
three separate experiments for each NaBut concentration, yielding results that differed by <15%.

*Relative density with respect to HA density in the gpd/6 cell line.

Danieli et al. Fusion Mechanism of the Influenza Hemagglutinin
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Figure 1. Binding of R18-labeled RBCs to representative HA-expressing cell lines. HA-expressing cells (see Table I) were labeled with
the fluorescent dye NBD-PE and then incubated with R18-labeled RBCs. After washing, the RBC—cell complexes were observed with a
confocal microscope. The cells analyzed were: (A) gp4/6, (B) gp4f, (C) HAb-2, and (D) 5 mM NaBut-induced HAb-2. For all cells, the
long axis of the attachment site with RBCs is similar: ~7.1 wm. Procedural details are described in the Materials and Methods section.
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conjunction with capacitance measurements of the cell sur-
face area (Ellens et al., 1990). Based on the present analy-
sis, the HA cell surface expression levels among the set of
cells analyzed varied over a nearly 13-fold range, from 0.98 X
10° to 12.6 X 10° HA trimers per pm? (Table I).

HA is expressed on the surface of fibroblasts in its fu-
sion-inactive precursor (HAOQ) form. As shown previously
(Gething et al., 1986), treatment with 5 pg/ml trypsin
cleaved virtually all of the cell surface HAO in all of the
cell lines to the fusion-competent form consisting of the
two disulfide-bonded subunits, HA1 and HA2 (not shown).

Mobility of HA in the Plasma Membrane

The HA at the surface of all of the HA-expressing cell lines
analyzed to date is highly mobile in the plane of the mem-
brane (Ellens et al., 1990; Gutman et al., 1993). To exclude
the possibility that different expression levels of HA caused
a major effect on HA lateral mobility, we performed FPR
measurements on four representative cell lines: gp4/6,
gp4f, HAb-2, and 5 mM NaBut-induced HAb-2. The sur-
face expression levels of HA in these four cell lines cov-
ered the entire range of HA surface densities analyzed
(Table I). In all four representative cell lines, HA dis-
played high and similar lateral mobilities: D, ~3 X 1071
cm?/s with mobile fractions of ~70% (Table I). For the
two cell lines that displayed the lowest and highest levels
of HA at their surfaces, gp4/6 and 5 mM NaBut-induced
HADb-2, the D values differed by a factor of only 1.5. This
result is in accord with a previous study on the EGF recep-
tor indicating a weak dependence for the lateral mobility of
membrane proteins on their surface density (Benveniste et
al., 1988).

Contact Area between HA-expressing Cells and RBCs

We next measured the contact areas between cells ex-
pressing different levels of HA and bound RBCs, as differ-
ences in this parameter might affect fusion kinetics. To do
this, the plasma membrane of HA-expressing cells was la-
beled with a fluorescent phospholipid probe, NBD-PE.
The HA-expressing fibroblasts were then incubated with a
0.03% solution of R18-labeled RBCs for 20 min at 4°C.
This concentration of RBCs was chosen, as it led to the
binding of, on average, one to three RBCs to all of the
HA-expressing cells described in Table I, including those
treated with NaBut. Moreover, this level of RBC binding
proved optimal for fusion experiments (see below). The
HA-expressing cell-RBC complexes were then examined
by confocal microscopy. Images of RBCs bound to fibro-
blasts from the four representative HA cell lines, gp4/6,
gp4f, HAb-2, and 5 mM NaBut-induced HAb-2, covering
the range of HA expression levels studied, are shown in
Fig. 1. To estimate the size of the attachment region be-
tween RBCs and the HA-expressing cells, we focused on
cells where the RBCs were seen in side view and chose the
focal depth yielding the longest contact region between
the RBC and the fibroblast. The long axis of this region
was measured for 20 RBC—cell complexes for each HA-
expressing cell line. Based on this analysis, the average
length of the attachment site was 7.1 wm for all cell lines,

with a standard error, in all cases, of 0.20-0.25 wm. If the

contact area is modeled as a circle, this represents an at-
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tachment area of 38 p.m? For all cell lines the contact area
was the same for each RBC bound, regardless of whether
there were one, two, three, or four RBCs bound per HA-
expressing fibroblast.

Parameters of the Fusion Assay

The fluorescence dequenching fusion assay is based on di-
lution of the R18 probe from RBCs into the larger
HA-expressing fibroblasts. To observe dequenching in all
cells, the assay requires that, on average, at least one RBC
bind and fuse per fibroblast. However, if too many RBCs
fuse per cell, there will be incomplete dequenching due to
inadequate dilution of the probe. We therefore analyzed
the effect of varying the concentrations of added RBCs on
the lag phase preceding the onset of fusion and on the ini-
tial rate and final extent of fusion as measured by the fluo-
rescence dequenching assay.

HADb-2 cells were incubated with 0.02-0.05% RBCs and
washed as described in the Materials and Methods sec-
tion. After incubation with 0.02% RBCs, ~80% of the
HA-expressing cells displayed one to three RBCs bound
per cell. After incubation with 0.03% RBCs, ~80% of the
cells displayed two to five RBCs bound per cell. As shown
in Fig. 2, HADb-2 cells that had been incubated with 0.02%
labeled RBCs (i.e., with one to three RBCs bound) dis-
played a faster rate of fluorescence dequenching than
HAD-2 cells incubated with 0.03% labeled RBCs (i.e., with
two to five RBCs bound). In addition, cells with one to
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Figure 2. Effect of RBC concentration on the fusion of HAb-2
cells with R18-labeled RBCs as monitored by R18 fluorescence
dequenching. RBCs were labeled with R18 and bound to
HA-expressing cells, and the RBC—cell complexes were assayed
for fluorescence dequenching at 28° to 29°C as described in the
Materials and Methods section. The 0 time point (arrow) repre-
sents the time of lowering the pH to 5.0. The arrowhead denotes
the onset of fluorescence dequenching. The lag phase is defined
as the time between the arrow and the arrowhead. The final per-
centages of fluorescence dequenching were 48 and 47%, respec-
tively, for fibroblasts incubated with 0.02% and 0.025% labeled
RBCs, and 35% for fibroblasts incubated with 0.03% labeled
RBCs. Data shown are for the HAb-2 cell line. Virtually identical
patterns were obtained for all of the HA-expressing cells tested.
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three RBCs bound showed a higher final extent (~45%)
of fluorescence dequenching than that observed (~35%)
for cells with two to five RBCs bound. Incubating with still
higher concentrations of RBCs (0.05%; 5-10 RBCs bound
per cell) resulted in an even slower initial rate and a lower
(~25%) final extent of fluorescence dequenching (not
shown). These results most likely reflect inadequate dilu-
tion of the probe when too many RBCs fuse per cell. How-
ever, and importantly, over the range of concentrations of
added RBCs used in this study, 0.02-0.03%, the lag phase
preceding the onset of fluorescence dequenching did not
vary (Fig. 2). The lag phase also did not vary when even
higher concentrations of RBCs, 0.05%, were added (not
shown). All of the cell lines described in Table I (including
NaBut-induced HAb-2s) bound, on average, the same
number of RBCs for a given concentration of RBCs
added. In addition, similar fluorescence profiles to those
displayed in Fig. 2 were obtained for all HA-expressing
cell lines analyzed.

Fusion of RBCs with Cell Lines That Express Different
Amounts of HA at Their Surface

The fusion reactions of the four representative HA-express-
ing cell lines depicted in Fig. 1 with R18-labeled RBCs
were analyzed using the fluorescence dequenching assay
(Fig. 3). For this analysis, the concentration of added
RBCs was 0.02%, as this concentration yielded, on aver-
age, one to three RBCs bound per cell, and, based on the
previous analysis (Fig. 2), the optimal rate and final extent
of fluorescence dequenching. For all four cell lines we de-
termined the lag time preceding the onset of fusion, the
initial rate of fusion, and the final extent of fusion. As seen
in Fig. 3, the amount of HA expressed on the surface of

the fibroblasts affected both the lag time preceding the on-
set of fusion and the initial rate of fusion. As the density of
HA at the cell surface increased, the lag time preceding
the onset of fusion decreased, and the initial rate of fusion
increased. Nevertheless, under the conditions of this ex-
periment, the final extent of fluorescent dequenching was
similar (45 * 4%) for all cell lines.

Variation in the Lag Time Preceding Fusion with HA
Surface Density

We next wished to compare the lag phase preceding the
onset of fusion among the set of cells that express HA at
nine different defined surface densities (Table I). To nor-
malize results from separate experiments, we used the cell
line that expresses the lowest amount of HA (gp4/6) (Ta-
ble I) as a reference. In each experiment, the lag time pre-
ceding the onset of fusion was measured for each cell line.
This value was then expressed relative to the lag time ob-
served (in the same experiment) for the gp4/6 cell line. We
then plotted the average reciprocal lag time (1/lag) as a
function of the relative density of HA in the plasma mem-
brane. As seen in Fig. 4 A, as the density of HA on the cell
surface increased, the lag time preceding the onset of fu-
sion decreased significantly. Moreover, the dependence of
the reciprocal lag time preceding the onset of fusion and
HA surface density was clearly sigmoidal (Fig. 4 A).

The sigmoidal nature of the plot relating 1/lag to HA
surface density is most pronounced in the region of HA
density covered by the gp4/8 and HAb-2 cell lines (Fig. 4 A).
To exclude the possibility that the observed steepness in
this region is due to differences between the cell lines
other than in HA surface density (although the two cell
lines were derived from the same original transfection by

Figure 3. Fusion of RI18-
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Figure 4. Effects of HA cell surface density on (A) the lag phase
preceding and (B) the initial rate of fluorescence dequenching.
The fusion of various HA-expressing cell lines with RBCs was
analyzed by fluorescence dequenching as described in the legend
to Fig. 2. HA density is expressed as trimers per pm? at the sur-
face of the different cell lines. To correct for variations between
sets of experiments, values for the reciprocal lag times and initial
fusion rates were normalized relative to those for the gp4/6 cell
line, which expresses the lowest amount of HA on its surface.
Thus, 1/1ag (s™1) for the gp4/6 cell line was taken as 1 in A, and the
initial rate of fusion (%/s) for the gp4/6 cell line was given the
value 1 in B. The values for all of the other cell lines are expressed
relative to those for the gp4/6 cells. (A) 1/lag vs HA density. Each
point is the mean = SEM of 5-15 determinations of the lag time
for each cell line, using RBC concentrations of 0.02-0.03%. The
cell lines whose surface density is given in Table I are depicted as
closed circles. gp4f cells induced by 5 mM NaBut are depicted by
a square; the level of increase in the density of HA at their sur-
face was determined by surface biotinylation (see Materials and
Methods). Two pairs of cell lines in the steep region of the curve,
gp4f vs 5 mM NaBut-induced gp4f and gp4/8 vs HADb-2, are
marked by arrows for ease of comparison. (B) Initial rate vs HA
density. Each point is the mean + SEM of six determinations. In B
only rate data from experiments performed with 0.02% RBCs
were analyzed, since the initial rate was dependent, to some de-
gree, on the concentration of RBCs used.

identical procedures), we compared the lag phases for gp4f
cells and for gp4f cells treated with 5 mM NaBut (to in-
duce higher HA expression). As seen in Fig. 4 A, the sig-
moidal nature of the curve, with a region of steep increase
between the gp4/8 and HADb-2 cell lines, is retained. Fur-
thermore, in a related experiment, fusion was monitored
on the single cell level using video microscopy (Melikyan
et al.,, 1995). In this study, when gp4f cells were treated
with 5 mM NaBut, the lag phase before the onset of fu-
sion, measured as the first detectable dye transfer, de-
creased by a factor of 1.6 (Melikyan, G., and F. Cohen, per-
sonal communication). This observed decrease is in the
same range (1.9-fold) as that which we encountered using
our fusion measurements.
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Variation in the Initial Rate of Fusion with HA
Surface Density

The relative initial rates of fusion as a function of relative
HA surface density are depicted in Fig. 4 B. As noted pre-
viously (Fig. 3), a correlation was observed between HA
surface density and the initial rate of fluorescence de-
quenching: cells that express more HA at their surface dis-
played a higher initial rate of fluorescence dequenching.
However, in contrast to the sigmoidal dependence ob-
served for the reciprocal lag time as a function of HA sur-
face density (Fig. 4 A), the relationship between the initial
rate of fluorescence dequenching and HA surface density
displayed a hyperbolic, Michaelis-Menten-type depen-
dence. The fact that the curve relating the initial rate of fu-
sion to HA surface density reached saturation (Fig. 4 B)
may reflect the opening of multiple independent fusion
pores (Zimmerberg et al., 1994) and the attainment of a
saturation density where the number of fusion pores in the
region of contact with an attached RBC cannot increase
further. Alternatively, the rate of migration of the lipid
probe into the membrane of the HA-bearing cell may reach
the diffusion limit for the flow of the lipid probe from an
RBC into the underlying fibroblast.

Basis for the Sigmoidal Relationship between the Lag
Time and HA Density

The sigmoidal dependence of the reciprocal lag time on
HA surface density may suggest a cooperative process in-
volving the concerted action of several HA trimers at an
early stage of the fusion reaction. Several models can be
envisioned to explain such cooperativity. One proposal
was that HA cooperativity might stem from the aggrega-
tion of several HA trimers, before fusion, to generate a fu-
sogenic complex (Blumenthal et al., 1991; Stegmann et al.,
1990). If such an aggregation process were rate limiting, it
could lead to a lag time before the onset of fusion. As de-
scribed by Clague et al. (1991), the appropriate analysis to
detect cooperativity in an aggregation process is by a log/
log plot-plotting log (1/lag), which would be proportional
to the rate of the process preceding fusion (in this case HA
aggregation), against log [HA]. The slope of this plot
would yield the minimum number of interacting units, in
this case HA trimers. This can be exemplified by the sim-
ple case of obligate dimer formation: If “A” has to dimer-
ize to enable a reaction, the chemical equationisA + A— A,,
and the corresponding rate equation is v = k[A]%. There-
fore, log (v) = log (k) + 2 log [A], and the slope of the re-
sulting plot will be 2. A log/log analysis for 1/lag vs HA
surface density is shown in Fig. 5. In this analysis, v = re-
ciprocal lag time and [A] = HA surface density. Leaving
out the two extreme points, which clearly deviate from lin-
earity, the resulting slope is 1.1 and does not show cooper-
ativity. Hence, aggregation of HA trimers cannot be the
rate-limiting step in an oligomerization reaction that gives
rise to the lag time. However, this conclusion does not rule
out cooperativity among HA trimers at some later step
(after oligomerization has occurred). For example, if the
fusion peptides of one HA trimer (already found in an ag-
gregate) have inserted productively into the target cell
membrane at a nascent fusion site, then this “primed” HA
trimer could facilitate hydrophobic binding to the target
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Figure 5. Log/log plot of reciprocal lag time vs HA surface den-
sity. The data were compiled from those shown in Fig. 4 A. HA
density is expressed as trimers per pm? at the surfaces of the dif-
ferent cell lines depicted in Table I. The solid line shows a linear
regression, excluding the two extreme points (cells expressing the
lowest and highest HA concentrations, where deviations from
linearity are likely to occur). The linear regression yields a slope
of 1.1 with a correlation coefficient of 0.962.

membrane of fusion peptides from another trimer found
in the same aggregate (see Discussion). Such a cooperative
process can be modeled as a ligand binding to a binding
site. In such a model for HA-induced membrane fusion,
the “ligand” is the HA trimer and the “binding site” is the
nascent fusion site on the target membrane. The possibil-
ity of cooperative binding of a ligand (HA trimer) to a bind-
ing site (fusion site) can then be evaluated by a Hill plot, a
plot typically used to analyze systems that display cooper-
ative binding (Levitzki, 1978).

Fig. 6 depicts a Hill plot analysis of the dependence of
the reciprocal lag time on HA surface density. This plot
clearly indicates positive cooperativity (characterized by
ng > 1). Considering that at the low and high extremes of
concentration the Hill plot deviates from linearity, and its
slope approaches 1 (Levitzki, 1978), we performed linear
regression analyses of the region of midsaturation. In Fig.
6 A, we present a conservative analysis, which excluded the
gp4/6 and gp4/10 cells on the low end of HA surface den-
sity and 5 mM NaBut-induced HAb-2 cells on the high end.
A linear regression of the included points (solid line) yielded
a slope at midsaturation, ny, equal to 2.8. This result sug-
gests the participation of at least three HA trimers in a co-
operative process (Fig. 6 A). If the next two cell lines at the
low end of HA expression, gpdf and gp4/9, are also ex-
cluded, then ny equals 3.7 (Fig. 6 B). The latter analysis
(Fig. 6 B) suggests that a minimum of four HA trimers is
required to initiate a fusion event.

Discussion

In this study we addressed two basic questions: does mem-
brane fusion mediated by the influenza virus HA require
the cooperative action of several HA trimers? And, if so,
what is the minimum number of trimers required? Qur ap-
proach was to compare the fusion reactions of cell lines
that express increasing defined amounts of HA on their
surface. Using this approach we observed that the curve
relating the lag phase preceding the onset of fusion and
HA surface density was sigmoidal (Fig. 4 A). In contrast,
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Figure 6. Hill plot of the dependence of the reciprocal lag time
preceding the onset of fusion on HA surface density. The data were
compiled from those shown in Fig. 4 A. The 1/lag values were
recalibrated such that the highest value at saturation is 1, to make
them equal to the values of the saturation function (see detailed
explanation in the Materials and Methods section). The 1/lag
value at saturation was defined by plotting 1/lag of the three
points at the highest surface density vs 1/HA density and extrapo-
lating to infinite density (1/HA density = 0). This was repeated it-
eratively three times until the extrapolated value changed by less
than 1%. Log [L/(1-L)] is plotted against log [HA], where L is 1/lag
time, and [HA] is the density of HA trimers (in trimers per pm?)
at the surface of the different cell lines (depicted in Table I). The
solid lines show linear regression fits; the points excluded from
the fits (because they are either at very high or very low occupan-
cies, where the Hill plot deviates from linearity) are connected by
dashed lines. In A, the first two points and the last point were
omitted from the linear regression (solid line). From this linear re-
gression, the slope at midsaturation yields ny = 2.83, with a cor-
relation coefficient of 0.998. In B, the first four points and the last
point were omitted from the linear regression. From this linear
regression (solid line), the slope at midsaturation yields ny = 3.68,
with a correlation coefficient of 0.999. The slope of a separate lin-
ear regression of the first four points = 0.93, with a correlation
coefficient of 0.999.

the curve relating the initial rate of fusion (after the lag time)
and HA surface density displayed a Michaelis-Menten—
type profile (Fig. 4 B). This indicates that a process (or
processes) preceding fusion needs to occur before fusion
can commence, and that the rate of this “activation” pro-
cess (reflected in the reciprocal lag time) depends cooper-
atively on HA density. The initial rate of fusion is mea-
sured at the end of the lag period, after the activation is
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complete. The initial rate should thus be proportional to
the concentration of the active fusogenic entities already
formed and is not expected to reflect the cooperativity of
the activation rate.

To test whether the basis for the observed sigmoidicity
(Fig. 4 A) is aggregation of HA trimers, we analyzed our
data according to a log/log plot, as was done previously by
Clague et al. (1991). In agreement with their findings, our
analysis (Fig. 5) indicated that rate-limiting association of
several HA trimers (e.g., to form a fusogenic complex) is
not a cooperative process. This analysis does not preclude,
however, the possibilities that HA aggregation occurs dur-
ing the lag phase or that HA aggregation is required for
fusion. To explore further the possibility that a coopera-
tive process occurs during the lag phase, we used a Hill
plot analysis (Fig. 6), an analysis used routinely for sys-
tems that display cooperative binding. Such an analysis is
justified for any model that involves the binding of several
ligand molecules to an entity capable of binding more than
one molecule of ligand. In our case, the ligand is an HA
trimer, and the multimeric binding entity is the nascent fu-
sion site on the target membrane. This analysis (Fig. 6, A
and B) gave a clear demonstration of positive cooperativ-
ity and yielded ny values of 2.8 or 3.7. Our results there-
fore indicate that a minimum of three, and likely a mini-
mum of four, HA trimers is required to initiate a fusion
reaction. Our findings therefore provide the first direct ex-
perimental evidence for cooperativity in HA-mediated fu-
sion, as suggested previously (Bentz, 1992; Bentz et al.,
1990; Blumenthal et al., 1991; Doms and Helenius, 1986;
Ellens et al., 1990; Guy et al., 1992; Kemble et al., 1994;
Morris et al., 1989; Stegmann et al., 1990; White, 1994).

As discussed above, the cooperativity observed for the
lag phase is not due to rate-limiting aggregation of HA tri-
mers. What then is the basis for HA cooperativity? Essen-
tially, any model where the interaction of one HA trimer
with the nascent fusion site facilitates the interaction of
additional HAs with the target site can give rise to the sig-
moidal dependence of the rate of the process(es) occur-
ring during the lag time on HA density. If limited aggre-
gates (complexes) of HA trimers form early in the lag phase
(as suggested by the observation that HA aggregation is
not the rate-limiting step), a likely model is that insertion
of the hydrophobic fusion peptides of one HA trimer in
the aggregate into the nascent fusion site facilitates the in-
sertion of the fusion peptides of neighboring HAs residing
in the same complex. At this stage, the HA aggregate in-
teracting with the target membrane can be envisioned as a
“prefusion pore” complex, somewhere on the way to form-
ing an active fusion pore.

The ability of the fusion peptides to interact produc-
tively with the fusion site likely involves changes in HA
structure (Bullough et al., 1994; Carr and Kim, 1993; Hugh-
son, 1995) and orientation vis-a-vis the fusing membranes
(Tatulian et al., 1995; Wharton et al., 1995). It may also in-
volve changes in HA lateral (Gutman et al., 1993) and ro-
tational (Junankar and Cherry, 1986) mobility. Several re-
cent studies have addressed the interaction of the HA
fusion peptide with target membranes using photoactivat-
able phospholipid cross-linking reagents (Brunner et al.,
1991; Harter et al., 1989; Pak et al., 1994; Stegmann et al.,
1991). Although one study, using X:31 influenza virus (H3
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subtype) and liposomes, concluded that hydrophobic in-
teraction of HA with the target membrane is quantita-
tively complete in the beginning of the lag phase (Steg-
mann et al., 1991), other studies, on the interaction of both
X:31 and PR8 (H1 subtype) viruses with either liposomes
or RBCs, concluded that there is significantly enhanced
fusion peptide labeling during the lag phase (Brunner et al.,
1991; Pak et al., 1994; Tsurudome et al., 1992). Whether all
of the fusion peptides that participate in fusion bind to the
target membranes at the beginning of, during, or at the end
of the lag phase (which may depend, in part, upon the vi-
rus strain) (Ellens et al., 1990; Gutman et al., 1993; Puri et
al., 1990), the collective data suggest that during the lag
phase there may be qualitative changes (see below) lead-
ing to productive (and cooperative) interaction of fusion
peptides with the target site.

Productive and cooperative interaction of HA fusion
peptides with the target site likely requires that the fusion
peptide has a specific sequence, secondary structure, and
angle of interaction with the target membrane (Brasseur
et al., 1990; Rafalski et al., 1990, 1991; Stegmann et al.,
1995; Gething et al., 1986; Danieli, T., unpublished obser-
vations). This idea is supported by the observations that a
site-specific mutant in the HA fusion peptide (glyl to glu)
displays no fusion activity, although it is capable of binding
to target liposomes (Gething et al., 1986), and that only
certain amino acids are allowed at position 1 of the fusion
peptide (Qiao, H., and J. White, manuscript in prepara-
tion; Steinhauer et al., 1995).

Formally, our experiments do not reveal which stage of
the fusion process (e.g., hemifusion, fusion pore opening,
or fusion pore dilation) is cooperative with respect to HA
trimers. However, since the fusion assay we used moni-
tored the onset of outer leaflet lipid mixing, our results
suggest that an early stage of the fusion process, perhaps
formation of a hemifusion intermediate (Kemble et al.,
1994; White, 1994), involves a cluster of three to four HA
trimers. Support for this hypothesis is the observation that
a functional and exposed fusion peptide is required to
reach the hemifusion state (Godley et al., 1992; Guy et al,,
1992; Kemble et al., 1992; Danieli, T., unpublished obser-
vations; Qiao, H., and J. White, manuscript in preparation).

The number that we have arrived at for the minimum
number of HA trimers required to initiate a fusion event,
three to four trimers, is in good agreement with estimates
(4-10 trimers) based on the initial conductance of the HA
fusion pore (Spruce et al., 1991) and on theoretical consid-
erations (Bentz, 1992). If the nascent fusion pore is sur-
rounded by three to four HA trimers, then there might be
a ring of, minimally, 9 or 12 HA transmembrane helices
around the initial pore. Given the recently appreciated
role for the HA transmembrane domain in the fusion pro-
cess (Kemble et al., 1994; Melikyan et al., 1995), a bundle
of transmembrane helices could be a key structural ele-
ment of the HA fusion pore (Guy et al., 1992). It is not yet
known whether final irreversible dilation of the pore (Me-
likyan et al., 1993a,b; Spruce et al., 1991; Tse et al., 1993;
Zimmerberg et al., 1994) involves recruitment of addi-
tional HA trimers.

In conclusion, our results strongly suggest that HA-medi-
ated fusion requires the concerted action of, minimally, three
to four HA trimers. Recent studies of other enveloped vi-
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ruses, for example human immunodeficiency virus (HIV),
Semliki Forest virus (SFV), and vesicular stomatitis virus
(VSV), have provided hints that other viral fusion reac-
tions require higher order clusters of their viral membrane
fusion proteins (Blumenthatl et al., 1991; Bron et al., 1993;
Brown et al., 1988; Clague et al., 1991; Freed et al., 1992;
Gaudin et al,, 1993; Lanzrein et al., 1993; Layne et al,,
1990). We therefore suggest that all enveloped viruses re-
quire cooperative interactions among their membrane fu-
sion proteins to promote fusion. Furthermore, cellcell fusion
reactions (Blobel et al., 1992) and exocytic fusion reac-
tions (Lindau and Almers, 1995; Monck and Fernandez,
1992; Zimmerberg et al., 1993), as well as other intracellu-
lar fusion reactions (Sollner et al., 1993), may also involve
cooperative interactions among sets of components that
constitute their respective fusion machines.
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