
Biophysical Journal Volume 65 July 1993 7-8

Fusion Flashes Illuminate
Kinetics

Joshua Zimmerberg
Laboratory of Theoretical and Physical
Biology, National Institute of Child Health
and Human Development, National
Institutes of Health,
Bethesda, Maryland USA

Membrane fusion, the merging of two
biological membranes, is the underly-
ing event in synaptic transmitter re-
lease, fertilization, and enveloped viral
entry. Despite progress in identifying,
crystallizing, and determining the
structure for one fusion protein (influ-
enza HA), and intense electrophysio-
logical study of fusion pores, the phys-
ical and molecular mechanisms of
membrane fusion remain obscure (1).
One traditional route of investigating
mechanisms of biological phenomena
is kinetics. The most elegant studies of
membrane fusion kinetics have come
from the neuromuscular junction,
where individual fusion events could be
detected electrically and the underlying
statistical distributions determined.
Even there, however, it is not possible
to control intracellular concentrations
of ligands or to vary the lipid compo-
sition of either membrane in a defined
manner.

HA-mediated fusion to lipid vesi-
cles, where the target membrane can be
varied, has been investigated. However,
the fusion kinetics are not isolated from
binding rates in these systems. HA-
mediated fusion has been followed in a
cuvette in a fluorimeter by measuring
the fluorescence of a population of vi-
ruses or cells whose membranes are
loaded with a membrane-soluble dye at
high and self-quenched concentrations.
Fusion of a labeled and an unlabeled
membrane leads to dye dilution, de-
quenching, and an increase in fluores-
cence. Kinetic schemes of fusion de-
rived from such studies are complex
and multicomponent (2, 3). Subse-
quently, it was shown that the rate of de-
quenching of each individual fusion
event within that population is often
comparable to the rate of initiation of
fusion, hence confusing the analysis of
cuvette experiments (4, 5). Fusion ki-
netics are better measured by collecting

data from a large number of individual
cells and viruses (4, 6, 7).
The system of planar phospholipid

bilayer membranes, originally devel-
oped to study transport properties of
lipid membranes, is ideally suited for
studying membrane fusion because the
aqueous compartments bathing the
membrane, and the lipid composition of
the membrane, can be experimentally
controlled. In addition, the planar sur-
face is an optimal optical specimen.
Phospholipid vesicles, planar mem-
branes, and viruses have been studied
fusing to planar membranes (1, 7-9).
Niles and Cohen (8), using image pro-
cessing algorithms for pattern recogni-
tion, have developed an automated de-
quenching "flash" detector which
determines the initial moment of dye
dequenching for each individual fusion
event. In their analysis of the fusion of
influenza virus to planar phospholipid
bilayer membranes, they find fusion to
be a simple, -single-exponential, two-
state process (or at least rate-limited by
a single process). Moreover, this kinetic
structure is dependent upon both low
pH and the presence of sialate receptor.
Without these, a much more complicat-
ed scheme is found.
The dependence of the kinetic

scheme on sialate in the target mem-
brane calls into question the wisdom of
the current nomenclature. The sialate-
containing glycoproteins in the cell sur-
face membrane are referred to as the re-
ceptors for HA. However, HA binds to
any sialic acid residues, so there is little
specificity in the cell surface molecule.
From a biophysical point of view, a re-
ceptor is defined in terms of ligands.
For example, the nicotinic acetylcho-
line receptor, a bona fide cell surface re-
ceptor for the ligand acetylcholine, is an
allosteric molecule. Binding of the al-
losteric effector acetylcholine, the
ligand, changes the molecule's energy
such that the channel opens.
What is the case for HA? From the

point of view of the virus or cell ex-
pressing HA, HA is the receptor, while
sialate and protons are the ligands that
alter conformational energy. HA is the
allosteric protein whose conformation
determines function. Protonation ofHA

kicks out the fusion peptide, thereby
starting a process that is rate-limited by
a single state when HA is bound to sur-
face sialate. In the absence of binding
sialate, the kinetics are not so simple,
and are not explained well by any num-
ber of single exponentials. Fusion oc-
curs, albeit at a 20-fold-reduced effi-
ciency. However, it is the lipids (and
ultimately water) that are missing from
this view. HA binds to membranes-
cellular or pure phospholipid, with or
without sialate-bearing membrane
components. The insertion of the fusion
peptide into the target membrane leads
to fusion pore formation. Thus a com-
plex of lipid and protein is responsible
for the initiation of fusion (1).

Initial studies with the extraviral do-
main of HA (BHA) showed conforma-
tional changes for the molecule when
pH is lowered. But all of these studies
were done without the target mem-
brane, and may represent changes that
occur after fusion, or do not occur when
the target membrane is present. It is
likely that HA is conformationally al-
tered by binding to the membrane. Hav-
ing a stronger membrane binding, with
sialate present in the target membrane,
does not merely lower the energy bar-
rier for fusion. In the absence of strong
binding, a completely different under-
lying kinetic structure is seen: new
states are visited by the system (8).
Nor is the effect of sialate merely that

of an allosteric regulator of HA, since
preincubation with small, soluble
sialate-containing groups prevents fu-
sion altogether (7). Binding may also be
interrupted. The intriguing possibility
remains that tension may develop with-
in the target membrane at a location be-
tween the sialate binding sites and the
fusion peptide binding sites, to pull
apart the target membrane at the point
of contact. This would be analogous to
the tension needed to fuse phospholipid
vesicles to planar phospholipid mem-
branes (9). Without the pulling by both
the sialate binding sites of HA and the
fusion peptide of HA, fusion occurs
much less frequently and by an alter-
nate mechanism. In any case, binding
energy may be a key driving force of
fusion.

7



8 Biophysical Journal Volume 65 July 1993

REFERENCES

1. Zimmerberg, J., S. S. Vogel, and L. Cherno-
mordik. 1993. Mechanisms of membrane fu-
sion. Annu. Rev. Biophys. Biomol. Struct. 22:
433-466.

2. Blumenthal, R., C. Schoch, A. Puri, and M.
J. A. Clague. 1991. A dissection of steps lead-
ing to viral envelope protein-mediated mem-
brane fusion. N. Y Acad. Sci. 635:285-296.

3. Bentz, J. 1993. Membrane fusion interme-
diates and the kinetics of membrane fusion.
In Viral Fusion Mechanisms. J. Bentz, editor.
CRC Press, Boca Raton. 453-474.

4. Kaplan, D., J. Zimmerberg, A. Puri, D. P.
Sarkar, and R. Blumenthal. 1991. Exp. Cell
Res. 195:137-144.

5. Lowy, R. J., D. P. Sarkar, Y. Chen, and R.
Blumenthal. 1990. Observation of single
influenza-cell fusion and measurement by
fluorescence video microscopy. Proc. Natl.
Acad. Sci. USA. 87:1850-1854.

6. Spruce, A. E., A. Iwata, J. M. White, and W.
Almers. 1989. Patch clamp studies of single
cell-fusion events mediated by a viral fusion
protein. Nature (London). 342:555-558.

7. Niles, W. W., and F S. Cohen. 1991. The role

of N-acetylneuraminic (sialic) acid in the pH
dependence of influenza virion fusion with
planar phospholipid membranes. J. Gen.
Physiol. 97:1121-1140.

8. Niles, W. D., and F. S. Cohen. 1993. Single
event recording shows that docking onto re-
ceptor alters the kinetics of membrane fusion
mediated by influenza hemagglutinin.
Biophys. J. 65:171-176.

9. Finkelstein, A., J. Zimmerberg, and F. S. Co-
hen. Osmotic swelling of vesicles. Annu.
Rev. Physiol. 48:163-174.


