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ABSTRACT We demonstrate that there are two experimentally distinguishable steps in the
fusion of phospholipid vesicles with planar bilayer membranes . In the first step, the vesicles
form a stable, tightly bound pre-fusion state with the planar membrane; divalent cations (Ca")
are required for the formation of this state if the vesicular and/or planar membrane contain
negatively charged lipids . In the second step, the actual fusion of vesicular and planar
membranes occurs . The driving force for this step is the osmotic swelling of vesicles attached
(in the pre-fusion state) to the planar membrane . We suggest that osmotic swelling of vesicles
may also be crucial for biological fusion and exocytosis .

In the preceeding paper (8) we described the conditions for
obtaining fusion of phospholipid vesicles with planar bilayer
membranes. We proposed that there are two steps in the
fusion process : first, the attachment of vesicles to the planar
membrane; if the vesicular or planar membranes contain
negatively charged lipids, this step is mediated by divalent
cations (e .g ., Ca") . Second, the osmotic swelling of these
attached vesicles, with subsequent rupture of vesicular and
planar membranes in the region of contact leading to fusion .
This step is driven by an osmotic gradient across the planar
membrane, with the vesicle-containing cis side hyperosmotic
with respect to the opposite trans side .

In this paper we show that the attachment step can be
experimentally separated from the osmotically induced fusion
step, and we relate the parameters affecting fusion to one or
the other ofthese two steps . We also directly demonstrate that
it is osmotic swelling of attached vesicles, and not water flow
per se across the planar membrane, that leads to fusion . In
the Discussion and Appendices we propose a theory for fusion
in this model system that attempts to deal with the region of
contact and the forces operating there .

MATERIALS AND METHODS

The procedures and materials for making planar membranes and vesicles, and
the technique for monitoring fusion, are as described previously (8) . For those
experiments requiring stachyose to be trapped within the vesicles, the following
method for making multilamellar vesicles was employed : 10.05 mg of a porin-
lipid mixture (8 mg egg PC, 2 mg bovine PS, 50 jug porin) was suspended in
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hexane in a round bottom flask . The mixture was dried by rotary evaporation
at room temperature and then shaken for a few minutes with three glass beads
in 1 ml of a solution containing 200 mM stachyose, 100 mM KC1, 2 mM
MgCl2, 10 mM MES, 0 .1 mM EDTA, pH 6.0. The vesicles were allowed to
swell for about an hour and were then extruded through a 0 .2-Ium nucleopore
filter (22).

RESULTS

Pre-fusion State

EXISTENCE OF THE STATE:

	

Fig. 1 A presents a clear
demonstration that the step involving attachment of vesicles
to the planar membrane is separable from the actual fusion
event . Vesicles (phosphatidylcholine/phosphatidylethanola-
mine [4 :1]),' followed by Ca", were added to the cis side of
an asolectin "hydrocarbon-free membrane. They were sub-
sequently removed a few minutes later by perfusion ofthe cis
compartment with Ca"-containing buffer. When an osmotic
gradient was then imposed across the membrane, a burst of
fusion lasting < 1 min occurred (rather than the continuous
fusion shown earlier [8]), thus demonstrating the presence of
a population ofvesicles which remained attached to the planar
membrane after perfusion and were capable of fusing with it .
We shall describe such vesicles as being in a "pre-fusion"
state .

R OLE OF CA LCI UM :

	

With negatively charged lipids, cal-

' Abbreviations used in this paper:

	

PC, phosphatidylcholine ; PE,
phosphatidylethanolamine; and PS, phosphatidylserine.
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FIGURE 1

	

Demonstration of the existence of the pre-fusion state.
(A) An asolectin 'hydrocarbon-free" membrane is clamped at V =
20 mV and separates symmetric solutions (100 mM KCI, 10 mM
MES, 2 MM M9Cl2, 0 .1 mM EDTA, pH 6.0) . At the start of the
record, vesicles (POPS, 4 :1 ; -10"/ml) are added to the cis com-
partment . 2 min later, CaCIZ is added to the cis compartment to a
concentration of 15 mM . Perfusion of the cis compartment with the
original solution +15 mM CaCl 2 is begun 2 min later and continued
for 8 min, during which 7 vol (15 ml) of the compartment are
exchanged . (The shift in the baseline at the start of perfusion is an
artifact.) 1 min after perfusion is stopped, an osmotic gradient is
formed by the addition of urea to the cis side to a concentration of
450 mM . A brief burst Of fusion occurs (<1 min), thus demonstrating
a population of vesicles, capable of fusion, that remained attached
to the membrane after perfusion of free vesicles out of the cis
compartment . A few fusion events occur after the end of the burst .
(8) Demonstration of the necessity of Ca" for the formation of the
prefusion state . An asolectin "hydrocarbon-free" membrane
clamped at V = 20 mV separates symmetrical solutions (100 mM
KCI, 10 mM MES, 2 MM M9Cl2 , 0 .1 mM EDTA, pH 6 .0) . At the start
of the record, vesicles (PC:PS, 4 :1 ; ^-10"/ml) are added to the cis
side, and 4 min later perfusion of that side is begun . 7 vol (14 ml)
of solution are perfused through the cis compartment during the
subsequent 8 min . Thus, the conditions are virtually identical to
those in A, except Ca++ was not added to the cis side before or
during perfusion of the cis compartment . After perfusion is stopped,
CaCl 2 (15 mM) is added to the cis side. When urea is now added
to the cis side to a concentration of 450 mM, no fusion occurs, in
contrast to the result in A, indicating that there are no vesicles in
the pre-fusion state . When fresh vesicles are added to the cis side,
fusion begins, thus demonstrating (as a control) that these vesicles
are capable of fusing with this membrane .

cium is required to form this pre-fusion state. If the experi-
ment in Fig . 1 A is repeated without addition of calcium to
the vesicle-containing cis compartment, no burst of fusion
occurs when the osmotic gradient is subsequently applied
after perfusion (Fig . 1 B) . Once the pre-fusion state is formed,
however, the continued presence ofCa" in the aqueous phase
is not required for its maintenance ; some of the vesicles in
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this state remain stable even in a calcium-free 1 mM EDTA
medium (Fig . 2) .
Although divalent cations are required to obtain high rates

of fusion between negatively charged vesicles and membranes,
the osmotic gradient alone suffices ifboth are uncharged (8).
If a similar pre-fusion state also occurs in this instance, it
should do so in the absence of calcium ; this expectation is
realized (Fig. 3) .

In summary, under those conditions in which fusion occurs
in the presence of an osmotic gradient, the vesicles can still
form a tightly bound state with the planar membrane in the
absence of the gradient . (In our earlier work we could not
document such a state [9], probably because we were dealing
with so few a number offusion events that we usually could
not detect it .) This state of tight, vesicle-membrane binding
induces no measureable change in the electrical conductance
ofthe planar membrane ; the integrity ofthe planar membrane
is apparently preserved, whatever the exact nature of the
vesicles' interaction with it . In addition, there must be a deep
energy minimum associated with this state, as it is stable over
many minutes.
HETEROGENEITY OF VESICLES IN THE PRE-FUSION

STATE : There appear to exist different populations ofvesicles
in the pre-fusion state capable of fusing with the planar
membrane . This is illustrated in Fig . 2, where successive
increases in the osmotic gradient result in successive bursts of
fusion ; i .e ., increasing the osmotic gradient recruits larger
numbers of vesicles into the "fusable" population . These
results complement experiments on the influence ofthe mag-
nitude of the osmotic gradient on fusion rate (see below,
Magnitude ofOsmotic Gradient andthe Rate ofFusion) . They
also .may explain why the rate of fusion decreases with time
and fusion eventually ceases (8, 9) . Apparently, vesicles can
bind to the planar membrane but, for various reasons (perhaps
related to their size), do not fuse . Such vesicles obstruct the
membrane surface, preventing new vesicles from reaching it .
As free surface area decreases, fusion rate declines, until
ultimately no accessible membrane remains, and fusion
ceases . This interpretation is supported experimentally. Ifthe
vesicles in solution are removed via perfusion after fusion has
ceased (maintaining ionic conditions and gradients) and new
vesicles are now added, no new fusion is observed . (Control
experiments show that planar membranes bathed in CaCI Z
and osmoticants for 90 min without vesicles will still support
fusion when vesicles are added. Planar membranes bathed
with vesicles and CaCl2 for 2 h will still support fusion when
osmoticants are added, in a single burst which quickly ceases.)
We conclude that cessation offusion is caused by vesicles that
have adsorbed to but not fused with the planar membrane,
thereby occluding the planar membrane so that "fusible"
vesicles cannot approach .
Effect of Stirring on Fusion with
Decane-containing Membranes
For fusion to occur with decane-containing membranes,

the cis compartment must be stirred (8). This effect of stirring
relates to the pre-fusion state and not to the actual fusion
event associated with osmotic entry of water into the vesicles
(Fig. 4) . With vesicles and Ca" present in the cis compart-
ment, stirring in the absence of an osmotic gradient does not
cause fusion ; when stirring is now stopped, the establishment
of an osmotic gradient (by replacing the trans compartment
with a hypoosmotic medium) results in a burst offusion . The
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FIGURE 2

	

Demonstration that, once formed, the pre-fusion state is stable in the presence of calcium-free, 1 mM EDTA . An
asolectin "hydrocarbon-free" membrane clamped at V= 20 mV separates symmetric solutions (100 mM KCI, 10 mM MES, 2 mM
M9Cl2, 0.1 mM EDTA, pH 6.0) . At the start of the record, vesicles (PC:PS, 4:1 ; -10"/ml) are added to the cis side, and 2 min
later, CaCl 2 (15 rnM) is added. 4 min later, perfusion of the cis side is begun with EDTA buffer (100 mM KCI, 10 mM MES, 1 mM
EDTA, pH 6.0) . Perfusion continues for 8 min, during which time 7 vol (15 ml) of EDTA buffer are perfused through the
compartment . 1 min after perfusion is terminated, an osmotic gradient is formed by the addition of urea to the cis side to a
concentration of 450 mM. A burst of fusion occurs, indicating that vesicles have remained in the prefusion state in the presence
of calcium-free, 1 mM EDTA . At 3-min intervals, urea is added to the cis side, raising the concentration to 900, 1,350, and 1,800
mM. A burst of fusion follows each of these additions, though it is much smaller after the osmotic gradient is increased to 1,800
mM. (The sudden decreases in conductance following the last two urea additions are probably caused by dilution of salt in the
cis compartment by the large volumes required for these additions .)

cessation of fusion after the burst presumably results from
depletion of fusable vesicles in contact with the planar mem-
brane, as further stirring of the cis side results in further
fusion . If the trans side is now made isosmotic but the cis side
not stirred, re-establishing an osmotic gradient by again per-
fusing the trans side with a hypoosmotic medium does not
result in fusion . Presumably, fusable vesicles are not in contact
with the membrane . Stirring of the cis side, however, results
in the resumption of fusion . Our current hypothesis is that
the role of stirring is to sweep vesicles in from the toroidal
region where possibly the actual attachment of vesicles to the
planar membrane occurs in decane-containing membranes.

Magnitude of Osmotic Gradient and the Rate of
Fusion
The rate of fusion is a sensitive function of the magnitude

of the osmotic gradient. This is illustrated in Fig. 5 and in
Table I . In these experiments, an initial fusion rate was
obtained with a 500 mosM gradient, and the subsequent
decline in rate was recorded as the gradient was reduced by
addition of osmoticant to the trans compartment . Halving
the osmotic gradient from 500 to 250 mosM reduces the rate
of fusion by almost an order of magnitude (Table I) . The
smallest gradient that induces measurable fusion rates is - 100
to 150 mosM for decane-containing membranes and -200
mosM for "hydrocarbon-free" membranes. This result may
reflect differences in the water permeability of the two types
ofmembranes .

Similar data were obtained whether urea, glycerol, glucose,
or KCI were used as osmoticants. In contrast, essentially no
fusion was induced by formamide or ethyleneglycol gradients
even as large as 750 mosM. Nor did these solutes inhibit
fusion (induced by other osmoticants) when added to the
trans side . The ineffectiveness ofthese solutes isaconsequence
oftheir relatively high membrane permeability ; a theoretical
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Demonstration that the prefusion state forms between
uncharged vesicles and an uncharged membrane in the absence of
calcium. An E. coli PE "hydrocarbon-free" membrane clamped at V
= 20 mV separates symmetric solutions (100 mM KCI, 10 mM MES,
2 MM M9Cl2 , 0.1 mM EDTA, pH 6.0) . At the start of the record,
vesicles (egg PC:egg PE, 1:1 ; -10"/ml) are added to the cis com-
partment . 4 min later, perfusion of this compartment is begun.
Perfusion continues for 8 min, during which time 7 vol (14 ml) are
perfused through the cis compartment . The perfusion is stopped,
and a 450 mM osmotic gradient is formed by addition of urea to
the cis side . A burst of fusion follows, indicating that uncharged
vesicles have formed a prefusion state with an uncharged mem-
brane in the absence of calcium.

justification for this statement is reserved for a future com-
munication .

Osmotic Swelling of Vesicles Is Required for
Fusion
We have continually emphasizedthe importance ofosmotic

gradients across the planar membrane in vesicle-planar mem-
brane fusion, and have tacitly assumed that the fusion mech-
anism involves osmotic entry ofwater into the vesicles (8, 9) .
If this assumption is correct, any procedure that induces
osmotic swelling of vesicles attached to the planar membrane
should lead to fusion, even if no osmotic gradient is created
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Demonstration that stirring affects the formation of the
pre-fusion state, but not the actual fusion step, in decane-containing
membranes . A decane-containing membrane (diphytanoyl PC :
cerebroside, 7 :1) clamped at V = 20 mV separates symmetric
solutions (200 mM urea, 100 mM KCI, 10 mM MES, 1 mM EDTA,
pH 6.0) . 15 min before the start of the records, vesicles (POPS, 4:1 ;
-10 1 °/ml) and 10 mM CaCI Z were added to the cis compartment .
(A) In the absence of an osmotic gradient, both compartments are
stirred for 3 min . 1 1/2 min after stirring has ceased, urea-free buffer
(100 mM KCI, 10 mM MES, 1 mM EDTA, pH 6.0) is perfused
through the trans compartment, forming an osmotic gradient . A
burst of fusion occurs . Following this, in the presence of the osmotic
gradient, stirring is begun . About 1 1/2 min later, fusion begins and
continues at a steady rate until the cessation of stirring 6 min later,
at which time fusion stops . (B) Urea-containing buffer is now
perfused into the trans compartment, abolishing the osmotic gra-
dient . This time the compartments are not stirred in the absence of
an osmotic gradient . After 8 min, urea-free buffer is perfused into
the trans compartment, forming again an osmotic gradient . No
fusion occurs during the next 7 min until stirring is resumed . At this
time fusion resumes, indicating that the lack of fusion was not due
to having reached the plateau . Part B of this experiment indicates
that the burst of fusion seen in part A was not caused by the
perfusion process, but was related to the stirring that preceded the
formation of the osmotic gradient .

across the planar membrane . This expectation has been real-
ized (Fig. 6 and reference 7) .

Multilamellar vesicles loaded with stachyose were added to
the cis compartment containing the vesicle-loading solution ;
the trans compartment contained an isosmotic solution .
Thus, the solutions in the cis and trans compartments and
within the vesicles were of identical osmolality . After the pre-
fusion state had been formed, stachyose was replaced in the
cis compartment by isosmotic urea ; no osmotic gradient was
thereby created and no net water flow occurred across the
planar bilayer . However, since the vesicle membranes were
permeable to urea but not to stachyose (both because of their

FIGURE 5

	

Dependence of the fusion rate on the magnitude of the
osmotic gradient . An asolectin "hydrocarbon-free" membrane
clamped at V = 20 mV separates symmetric solutions (100 mM KCI,
10 mM MES, 2 MM MgCI Z , 0 .1 mM EDTA, pH 6.0) . Before the start
of the record, vesicles (PC :PS, 4 :1 ; -10"/ml) were added to the cis
compartment, followed by 600 mM urea . At the start of the record,
CaCI Z is added to the cis side to a concentration of 15 mM, and
fusion begins . 3 min later, urea is added to the trans side to a
concentration of 150 mM, and in succeeding 2-min intervals it is
again added to the trans side, raising the concentration successively
to 300, 375, 450, and 525 mM. Each of these urea additions
decreases the osmotic gradient, and with each reduction of the
osmotic gradient, the fusion rate decreases .

Dependence of the Fusion Rate on the Magnitude of the
Osmotic Gradient

Average % of rate with

intrinsic urea permeability and because ofthe porin channels
[21]), urea entered the vesicles followed by water. Conse-
quently, the vesicles swelled, and fusion resulted . (Because of
the relatively slow entry of urea and the multilamellar nature
ofthe vesicles, swelling [and subsequent fusion] occurred over
several minutes, rather than in a short burst.) This experiment
demonstrates that it is osmotic swelling of the vesicles, not
water flow across the planar membrane, that causes fusion.

In numerous experiments with vesicles made in ?200 mM
stachyose or raflinose we always obtained fusion, as in Fig . 6 .
In three experiments with vesicles made in only 100 mM
stachyose, we obtained no fusion . This suggests that a mini-
mum osmotic pressure is required for vesicle-planar mem-
brane fusion . The implications of this are considered in the
Discussion .

DISCUSSION

TABLE I

The major finding reported here is that there are two experi-
mentally distinguishable steps in the fusion of phospholipid
vesicles with planar lipid bilayer membranes. In the first step,
the vesicle approaches the planar membrane and, under cer-
tain conditions, forms with it a stable, tightly bound pre-
fusion state . In the second step, osmotic swelling of the vesicle
in the prefusion state leads to destabilization of the vesicular
and planar membranes in the region of contact and to their
subsequent fusion . We consider each of these steps in turn .

Osmotic gradient
MOW

500 mosM gradient
± S.E .

No . of
experiments

400 55% ± 5.8 8
300 28 ± 3.6 16
250 14 ± 2.5 10
200 7 ± 1 .2 5
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Demonstration that vesicular swelling alone, without an
osmotic gradient across the planar membrane, will lead to fusion .
An asolectin "hydrocarbon-free" membrane clamped at V = 20 mV
separates isosmotic solutions (100 mM KCI, 10 mM MES, 2 mM
10902, 0 .1 mM EDTA, pH 6 .0 in both compartments ; in addition,
the cis solution contains 200 mM stachyose and the trans solution
contains 200 mM glucose) . At the start of the record, multilamellar
vesicles (PCTS, 4:1, -10'°/ml) loaded with a solution of the same
composition as that of the cis solution are added to the cis com-
partment. 2 min later CaC1 2 is added to the cis and trans compart-
ments to a concentration of 15 mM. After 9 min (during which time
a population of vesicles has had time to enter the prefusion state),
the cis compartment is perfused with a vesicle-free solution of the
same composition as that already present in the compartment,
except that 200 mM urea replaces the 200 mM stachyose . After
-45 s, a burst of fusion begins that lasts for several minutes . Note
that fusion occurs in the absence of an osmotic gradient across the
planar membrane (see text for explanation) .

STABILITY: Our ability to identify the pre-fusion state
resulted from its rather unexpected stability : once formed, it
persists for at least 15 min, our longest observation . (Although
we did not explicitly attempt to determine the duration of
this state, the following observation indicates that it is stable
for longer periods oftime. Afterthe fusion rate in the presence
of vesicles and an osmotic gradient has decreased with time
and fusion has finally ceased, if the vesicles in solution are
removed and replaced with freshly added vesicles to the cis
side, the planar membrane remains occluded, and fusion does
not resume even after 45 min.) Ca" (divalent cation) is
required for the formation of the pre-fusion state between

negatively charged membranes, but not for its maintenance;
even a Ca'-free 1 mM EDTA solution does not disrupt the
association of all the vesicles with the planar membrane .
CLOSENESS OF VESICULAR AND PLANAR MEMBRANES:

The fact that an osmotic gradient across the planar bilayer
can drive fusion indicates that the vesicle and planar mem-
brane are in close contact in the pre-fusion state . Even if they
were only 5 Á apart, 80% of the water flowing across the
planar membrane in the region of its association with the
vesicle membrane would be shunted through the aqueous
space between the two membranes and would not enter the
vesicle to induce swelling and subsequent fusion (Appendix
I) . Measurements oflamellae spacing in PC and PE mutlilay-
ers show that the equilibrium separation distances are 27 and
20 Á, respectively (18, 30) . These equilibrium distances result
from the balance between attractive van der Waals forces and
the repulsive "hydration forces" that arise from the need to
remove water from between the two membranes when they
approach (26). Our observation that the fusion rates of PC
vesicles with "hydrocarbon-free" PC membranes are much
lower than those of PC:PE vesicles with "hydrocarbon-free"
PE membranes (8) is consistent with the ethanolamine group
being less strongly hydrated than the choline moiety (34) and
with the consequent closer spacing of PE multilayers (20 A)
than of PC multilayers (27 f1) .

There is an enormous energy barrier, interpreted as arising
from hydration forces, that prevents bilayers from approach-
ing significantly closer than their equilibrium distance (18) .
For negatively charged membranes, however, divalent cations
(particularly Ca") can decrease this energy . Not only does
Ca" reduce electrostatic repulsion between negatively
charged bilayers (this effect only reduces bilayer repulsion to
the high levels seen with neutral lipids), it also binds to the
charged head groups, thereby dehydrating them and thus
allowing the bilayers to come into close contact (29) . This
effect can contribute to Ca"-induced fusion between nega-
tively charged vesicles and planar membranes.
A possibility that we cannot preclude is that the close

contact between vesicle and planar membrane occurs in the
border region, where bilayer merges with monolayer in "hy-
drocarbon-free" membranes and with bulk torus in decane-
containing membranes . The requirement ofstirring in the cis
compartment for formation of the pre-fusion state with dec-
ane-containing membranes suggests this possibility . In the
border region with its sharp changes in curvature and the
presence of monolayer, the hydration energy barrier may be
sufficiently low that intimate vesicle-membrane contact can
occur there .

RELATIONSHIP OF PRE-FUSION STATE TO VESICLE-
VESICLE AGGREGATION : Although the pre-fusion state
involves aggregation between two membranes, its relationship
to the much studied vesicle-vesicle aggregation is somewhat
problematic . In particular, whereas vesicles made from PC:PS
(4:1) readily fuse in 10 mM Ca" with "hydrocarbon-free"
bilayers of the same composition, they do not even aggregate
(let alone fuse) with each other in 10 mM Ca" (11 ; unpub-
lished observations) . Similarly, uncharged PE:PC vesicles do
not aggregate with each other, but do form the pre-fusion
state and fuse with PE:PC planar membranes. What accounts
for these differences?
The possible role of the border region in vesicle-planar

membrane association has been discussed earlier . Addition-
ally, if the planar membrane is somewhat flexible and disten-
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sible, the vesicle could invaginate into it and thereby increase
the area of contact between the two membranes (Fig . 8 in
Appendix II) . Even if not dehydrated, the larger the area of
contact, the greater the decrease in energy and the more stable
the interaction . There is no comparable process by which two
spherical vesicles can increase their area of contact and thus
stabilize their interaction . In other words, membranes will
associate only ifthe decrease in energy per unit area ofcontact
times the area of contact is sufficient to overcome the disor-
dering effect ofthermal energy (kT) . Because ofthe large area
of contact, vesicle-planar membrane interaction is stabilized
(see Appendix II), whereas because of the small region of
contact between two spheres, vesicle-vesicle interaction is not.
Evans and Kwok (12) performed an experiment that illus-

trates the above idea . Two vesicles made ofPC:PS (10:1) were
held in suction pipettes and pushed together in the presence
of 10 mM Ca". They did not form a stable interaction and
were easily separated . If, however, the vesicles were first
shrunk osmotically so that they became "flacid" and were
then pushed together in 10 mM Ca", they tightly adhered to
each other . This experiment demonstrates that the area of
interaction is an important parameter of the stability and
strength of that interaction . Thus, some of the differences
between the results obtained in vesicle-vesicle and vesicle-
planar membrane experiments may reflect differences in the
geometry ofinteraction .

The Fusion Step
The actual fusion of vesicle and planar membrane, as

opposed to their attachment (the prefusion state), is driven by
osmotic swelling of the vesicle . Since generally this was
achieved by application of an osmotic gradient across the
planar membrane, there was the possibility that water flow
per se across that membrane played a role in the process . In
this paper, however, we have directly demonstrated, in the
absence of an osmotic gradient across the planar membrane,
that it is osmotic swelling of attached vesicles that causes
fusion (see also reference 7) .
When swelling of vesicles is induced by imposing an os-

motic gradient across the planar membrane, the driving forces
for water flow are as follows . The osmotic gradient across the
planar membrane induces water flow from the trans side into
the cis side, including the aqueous corridor between the
vesicles in the pre-fusion state and the planar membrane . As
discussed in Appendix I, no concentration gradient of solute
develops between the corridor and the trans side and/or the
vesicle interior . In other words, ifthere is a corridor, water is
not driven into a vesicle via osmosis. As water flows into the
restricted space (the corridor) between vesicle and planar
membrane, a pressure develops within the corridor, because
water is incompressible . The vesicle and planar membrane
are not significantly pushed apart, because of the restoring
van der Waals interaction . Thus, if there is a corridor, it is
the pressure that develops there, rather than concentration
gradients, which force water both around and into the vesicle.
Ifthere is not a corridor, osmosis ofwater across the combined
planar-vesicle membrane results in swelling of vesicles .
As a result ofthe flow ofwater into the vesicles, independent

of how it is accomplished (be it from osmotic gradients across
the planar membrane or from the stachyose experiments), the
vesicles swell . Once a vesicle is fully swollen, changes in
volume as a result of flow of incompressible water into the
vesicle are minimal, but a pressure resisting further flow of
material into the vesicle develops (see below) . Our picture is
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that there exists a critical pressure for a given vesicle, below
which fusion does not occur . Therefore, the hydrostatic pres-
sure that develops within the swollen vesicle is the driving
force for fusion .
The details of this final fusion step remain to be elucidated .

We envision that osmotic entry ofwater into a vesicle causes
stretching of the vesicular and planar membrane in their
region of tight contact. The subsequent exposure of hydro-
phobic domains then leads to melding of the two apposed
bilayers (fusion) and discharge of vesicular contents across
the planar membrane . Because of the sharp curvatures and
the possible dehydrated state in the region of contact, vesicle
rupture may preferentially occur there . There is no evidence,
however, on this point, and many attached vesicles may
rupture without fusing to the planar membrane, discharging
their contents back into the cis compartment . The present
assay does not score such events .

It is noteworthy that vesicles can sustain a certain osmotic
stress without fusing to the planar membrane . In Fig. 2 we
saw that although an osmotic gradient of 450 mosM led to a
burst of fusion, there still remained a population of vesicles
in the pre-fusion state that survived the stress, as evidenced
by further bursts of fusion when the osmotic gradient was
increased . This must mean that the vesicles can support a
hydrostatic pressure difference across their membranes . (Di-
rect experimental support for this statement comes from the
observation that when vesicles made in a 1,000 mosM solu-
tion are placed in a 500 mosM solution, less than 50% of
them lyse, suggesting that many of the vesicles can support a
hydrostatic pressure difference of more than 10 atmospheres
(2) . If the vesicles were not spherical initially, however, their
failure to lyse in the hypoosmotic medium is at least partially
attributable to their swelling to spherical shape, and not to
their ability to support a 500 mosM pressure difference across
their membranes.) Otherwise, all of the vesicles would have
continued to swell and eventually burst under the initial
osmotic gradient, since they are permeable to the solute used
to impose the gradient (because ofthe porin channels in their
membranes) .

This ability of the vesicle to sustain a hydrostatic pressure
difference across its membrane is directly demonstrated in
the stachyose-urea experiments (see Fig. 6) . It is clear there
that in the absence of a counteracting hydrostatic pressure
difference, water and urea cannot achieve equilibrium across
the vesicle membrane, and therefore the vesicle will swell
indefinitely until it bursts . In fact, however, with only 100
mosM (instead of 200 mosM) stachyose trapped inside the
vesicles, fusion did not take place . A counteracting hydrostatic
pressure difference must have built up to oppose osmotic
water entry . (The magnitude of this hydrostatic pressure dif-
ference is not necessarily 2.24 atm, the osmotic pressure
corresponding to 100 mosM. Because stachyose may adsorb
to lipid bilayers, the concentration of "free" stachyose in the
interlamellar spaces ofthe multilamellar vesicles used in these
experiments may be significantly lower than 100 mosM.) The
hydrostatic pressure difference that a vesicle can sustain across
its membrane is related both to its size (the smaller the vesicle
the larger the pressure) and to the elastic forces that develop
after the vesicle has reached a spherical state (15) .

Relevance to Biological Fusion
In considering the possible implications of our results to

biological systems, we must distinguish between the two steps
in the fusion process : (a) the formation of the pre-fusion state



and (b) the osmotic stress on the vesicles that results in actual
fusion .

(a) It is clear that at least some portion ofthe two biological
membranes must contact each other before coalescing, but
whether a stable pre-fusion intermediate exists, its lifetime,
size, and similarity to the pre-fusion state described above is
uncertain. Initial electron microscopic examination of chem-
ically fixed thin sections of many fusing systems revealed large
areas of a pentalaminar structure -130 f1 in thickness (14,
16, 17, 24, 32). Subsequent examination ofmast cells and sea
urchin eggs by quick-freezing and freeze-fracture suggested
that the area and lifetime of this putative intermediate is
artifactually increased by chemical fixation (5, 6). Neverthe-
less, in quick-frozen, freeze-substituted thin sections of Lim-
ulus amoebocytes, small areas of this pentalaminar structure
are seen soon after stimulation, and pore formation appears
to occur in such areas (23) . This junction is consistent with
the prefusion state described above . Our ability to separate
adherence and swelling allowed us to stabilize the prefusion
state . Ultrastructural examination of hypertonically inhibited
fusion systems may yield images of such an intermediate.

(b) The role of osmotic forces in biological fusion events
deserves further consideration . Pollard and his colleagues (3,
27, 28) originally proposed this as the driving force for fusion
of chromaffin granules and other intracellular granules to
plasma membranes . There are several examples of vesicle
swelling associated with exocytosis (4, 23, 31 ; and W. W.
Douglas, quoted in reference 28), but a causative link between
swelling and fusion has yet to be demonstrated . Recently it
was shown that osmotic gradients can modulate vasopressin-
induced fusion in toad urinary bladder in a manner consistent
with the results in our model system (13) . Similar experiments
should be attempted in other preparations.
The trigger for osmotic water entry into exocytotic vesicles

is at present unknown, but a strong candidate is Ca" (which
may act both in this process and in the formation ofthe pre-
fusion state) . Our urea-stachyose experiment illustrates how
Ca" might function in this capacity . In that experiment an
impermeant solute, stachyose, was replaced in the medium
by a permeant one, urea. The entry of the latter into the
vesicle then led to osmotic swelling . Analogously, a calcium-
induced permeability change of the vesicle membrane to ions
could lead to osmotic swelling of cytoplasmic vesicles in the
pre-fusion state . The ubiquitous calcium-modulated potas-
sium, and nonselective cation, channels (1, 10, 19, 20, 25, 35)
offer one obvious possible way for this to happen . Alterna-
tively, calcium could solubilize osmotically inactive material
within the vesicle, or activate an enzyme that could generate
osmotically active particles within the vesicle from the os-
motically inactive material there, and thereby lead to vesicle
swelling ; experiments with pulmonary mast cells suggest such
a mechanism (4) .

APPENDIX I

Separation Distance of Vesicular and Planar
Membranes in the Prefusion State
The fact that an osmotic gradient across the planar mem-

brane can cause vesicles in the prefusion state to swell (and
thereby fuse with the planar membrane) suggests that the
distance of separation between vesicular and planar mem-
branes is small . The argument is as follows : consider Fig. 7A,
where, as discussed in Appendix II, the planar membrane is
partially wrapped around the vesicle . There are two parallel

routes for water that flows across the planar membrane (by
osmosis) into the intermembrane space between the vesicular
and planar membrane . Thewater can either crossthe vesicular
membrane (and thus be effective in causing vesicle swelling
and fusion) or it can flow through the intermembrane space
out into the bulk solution . The fraction of the water flowing
across the planar membrane that crosses the vesicular mem-
brane is dependent on the relative resistances of these two
pathways. Let us estimate their magnitude.

For the sake ofsimplicity, we model the flow ofwater along
the spherical corridor (depicted in Fig. 7A) between the planar
and vesicular membranes as flow between two parallel plates
of length 1 and width w separated by a distance d (Fig . 7 B) .
We further assume that there is a pressure difference OP
(= P, - Pz ) between the ends of the plate that is equal to the
osmotic pressure differences AH (= RTAcs) between the cis
and trans compartments, and that this pressure difference
both drives water out through the corridor into the surround-
ing solution and also drives it across the vesicular membrane
into the vesicle . (In reality, water flows across the planar
membrane, under the driving force RTAcs - AP', into any
region of the corridor, where AP' is a function ofthe location
of the region . It flows out of this region both along the
corridor, under the local pressure gradient, and across the
vesicular membrane into the vesicle, under the pressure dif-
ference OP'.)z
The rate of flow of water, J`, between the two parallel

planes of the corridor is given for laminar flow by :

= wd3
J

	

12171
áP,

where ,1 is the viscosity of water (= 0.9 cP). The rate of flow
of water, J', across the vesicular membrane is :

im = wir,2,PfAP
RT

J'°
__ (12Pfld3)1271VHZo/RT

.%' + Je

	

1 + (12Pf/d3)12gVH2o/RT

(8 .6 x 10-" s)12Pf/d3

1 + (8 .6 x 10-" s)1ZPf/d3 '

where, PH2o is the partial molar volume of water (= 18 cc/
mol), Pf is the filtration (or osmotic) water permeability
coefficient of the vesicular membrane, and RT has its usual
meaning (=2.5 x 10' ° ergs at room temperature) . From Eq.
1 and 2 we obtain:

Eq . 3 is an expression for the fraction of the total water
flowing across the planar membrane into the corridor (J' +

a It can easily be shown that the concentration ofsolute in the corridor
is essentially uniform and the same as that in the cis compartment .
This is so, because diffusion is so rapid over the relatively small length
of the corridor (which is measured in angstroms) that it maintains,
in the face of the bulk flow that tends to sweep solute out from this
region, the concentration of the solute in the corridor at the value in
the cis compartment. Thus, Ac, immediately across the planar mem-
brane bounding the corridor is the same as the difference in solute
concentration between the cis and trans solutions far from the mem-
brane . Because ofthe resulting osmotic flow ofwater intothe corridor,
a pressure difference (AP') develops at each point . (This does not
significantly force apart the vesicle and planar membrane, because of
the strong restoring van der Waals interaction between the two
membranes.) It is this pressure, rather than osmosis, that drives water
from the corridor across the vesicle membrane .
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J`) that crosses the vesicular membrane (Jm) . Ifwe consider a
vesicle with a diameter of 1,000 t1 and assume that in Fig.
7A halfthe vesicle surface is apposed to the planar membrane,
then P z 1 .5 x 10- ' ° cm', and Eq . 3 becomes :

Jm

	

(1 .3 x 10- Z ° em' . s)Pr/d3

Jm + J`

	

1 + (1 .3 x 10-Z° cmZ s)Pr/d3

If Pr = 2 x 10-3 cm/s, a reasonable value for a lipid bilayer,
then <1 % of the water crossing the planar membrane crosses
the vesicular membrane, iftheir distance apart (d) is 20 f1 . At
a separation distance of 5 Á, -20% ofthe water crossing the
planar membrane also crosses the vesicular membrane. Thus,
the calculation we have gone through implies a small distance
of separation of vesicular and planar membranes in the pre-
fusion state .

APPENDIX II

Energy of Interaction between Planar and
Vesicular Membrane

(3a)

We shall calculate the energy of interaction between a
planar membrane and a spherical vesicle ; in the process we
shall also determine the degree to which the former wraps
around the latter, and hence the area ofcontact between the
two membranes in the prefusion state .

Let us assume that in the prefusion state the vesicle is
separated from the planar membrane by an aqueous layer of
a thickness comparable to the equilibrium spacing oflamellae
in multilayers--20 Á (30) . IfOG is the van der Waals energy
per unit area in bringing the vesicle from infinity to the
equilibrium distance, the interaction energy is clearly in-
creased (made more negative) by the planar membrane wrap-
ping around the vesicle membrane and thereby increasing the
area of interaction . For the wrapping around to occur, how-
ever, the area of the planar membrane must increase. (We
assume that the additional phospholipids needed for the area
increase some from the phospholipids dissolved in the hydro-
carbon [decane, squalene, or vaseline] of the torus.) This
increase of membrane area requires work to be done against
the surface tension ( , y) ofthe planar bilayer . Thus, the energy
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FIGURE

B

Ab

FIGURE 8

of interaction of planar and vesicular membranes is the sum
of the van der Waals interaction energy (a negative quantity)
and the increase in planar membrane surface energy (a posi-
tive quantity) . We wish to find the degree of envelopment of
the vesicle membrane by the planar membrane that mini-
mizes this sum .

Let Ab equal the area of the planar membrane that wraps
around a vesicle of radius R, A � equal the area of the disk of
planar membrane before distortion by contact with the vesi-
cle, and 20 equal the angle subtended from the center of the
vesicle to any two diametrically opposite points on the edge
of Ab (Fig. 8) . The excess energy of interaction, E, resulting
from the wrapping ofthe planar membrane around the vesicle
(i .e., the energy of interaction of the configuration in Fig. 8
minus the energy of interaction of the spherical vesicle and
the undistorted planar membrane) is, to a first approximation,



given by

E = AbAG + y(Ab - Au)

	

(1)

Neglecting the small distance between vesicle and planar
membrane we have

Au = 7rR2sin20,

Ab = J

e

27rR sin aRda = 2rR2(1 - cos 0),
0

and substituting these into (1), we obtain

E = 21rR2(1 - cos B)OG

+ 7rR 2y[2(1 - cos 0) - sin201.

Setting a9 = 0, we have for the angle that minimizes the

energy

cos 0 = 1 + AG .

	

(3)

At an equilibrium distance of 20 Á, OG is between -0.01
and -0.1 erg/cm' (18 ; Parsegian, personal communication) .
If ,y is -2 dyne/cm (33), we obtain

0 = 18°,

	

if AG = -10' erg/cm2

0 = 6*,

	

if

	

OG = -10-2 erg/cm2

If the surface tension ofthe planar membrane (y) is >2 dyne/
cm, the degree ofcontact is less (0 is smaller) ; ify is <2 dyne/
cm, the degree of contact is greater. Note that if y < - OG,
the planar membrane will completely wrap around the vesicle .
Substituting the above values of 6 into Eq. 2, we obtain for a
1,000-Á vesicle:

E = -4 x 10- " erg z - 10 kT,

	

0 = 18°,

E = -4x10- ' S erg = -0.1kT, 0=6*.

It is clear that, depending on the values chosen for y and
OG, E will either be large or small compared to kT. The point
that bears emphasis here is that reasonable assumptions can
yield large areas of contact with energies of interaction many
times kT. This will result in stable interactions between vesi-
cles and planar membrane . In short, there is a simple and
clear physical basis which can explain our experimental find-
ing that the prefusion state is tight . In addition, if negatively
charged lipids and divalent cations are present, one can expect
charge binding anddehydration to further stabilize the vesicle-
planar membrane interaction .
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