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We have investigated the interaction between isolated membrane vesicles from chromaffin granules and large 
unilamellar phospholipid vesicles (liposomes). Mixing of membrane lipids has been monitored continuously, 
utilizing the fluorescence resonance energy transfer assay described by Struck et al. ((1982) Biochemistry 20, 
4093-4099). To demonstrate coalescence of the internal vesicle volumes the transfer of colloidal gold from 
the liposomes to the interior of the granule membrane vesicles has been examined. Efficient fusion of the 
liposomes with the granule membranes was observed. Significant fusion occurred in the absence of Ca z+, 
although the extent of interaction was enhanced in its presence. The sensitivity of the interaction to 
pretreatment of the granule membranes with trypsin showed the fusion reaction to be a protein-mediated 
process. 

The hormones of the adrenal medulla, adren- 
aline and noradrenaline, are stored within secre- 
tory granules in the chromaffin cells. The release 
of granular contents occurs by compound exocyto- 
sis [1]. This process involves attachment of the 
secretory vesicle to the cellular plasma membrane 
and subsequent fusion of the vesicle membrane 
with the plasma membrane. In addition, granules 
fuse with one another, thus forming channels to 
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the cell exterior. An in vitro, cell free model of the 
system would contribute significantly to the study 
of the molecular mechanisms of exocytosis, which, 
as yet, are largely unresolved. In search of such a 
model, we have investigated the interaction of 
isolated membrane vesicles of chromaffin granules 
(chromaffin granule ghosts) with phospholipid 
vesicles (liposomes). We demonstrate efficient in- 
teraction between the two vesicle populations, and 
present evidence that the nature of this interaction 
is a protein-dependent fusion process. 

To unequivocally establish fusion between two 
vesicle populations, both the mixing of membrane 
components and the coalescence of the aqueous 
intravesicular contents should be demonstrated. 
The first process was monitored using the reso- 
nance energy transfer (RET) assay described by 
Struck et al. [2]. This assay allows continuous 
monitoring of the decrease in energy transfer ef- 
ficiency between two non-exchangeable [2,3] fluo- 
rescent lipid analogues, N-NBD-PE (the donor) 
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and N-Rh-PE (the acceptor), as they dilute into a 
non-labeled membrane. The mixing of vesicle con- 
tents was demonstrated by the transfer of colloidal 
gold from the liposomes [4,5] to the internal space 
of the chromaffin granule ghosts. 

Chromaffin granules were isolated from bovine 
adrenal medulla by means of isotonic density 
gradient centrifugation [6]. Ghosts were prepared 
from intact granules by lysis in 5 mM Hepes (pH 
7.4), and three subsequent washes in the same 
buffer. The ghosts (> 99.5% free of granular 
catecholamines) were resuspended in 0.15 M 
KC1/10 mM Hepes (pH 7.4). Chromaffin granule 
ghost preparations, obtained by a similar proce- 
dure of hypotonic lysis, have been shown to con- 
tain only 11% of inside-out resealed vesicles [7]. 
Liposomes (large unilamellar vesicles, LUV) were 
prepared in the KC1/Hepes buffer from a 
CL/PC/Chol  (molar ratio, 3 : 2 : 5) mixture by 
reverse phase evaporation and sized to 0.1 ~tm by 
extrusion through Unipore polycarbonate mem- 
branes (BioRad) as described before [8]. All phos- 
pholipids were obtained from Avanti Polar Lipids, 
Inc., Birmingham, AL. Cholesterol was from 
Sigma. 

For the RET assay, 0.8 mol% each of N-NBD- 
PE and N-Rh-PE were incorporated in the lipo- 
somal bilayer. Fluorescence (he× 465 nm, hem 530 
nm) was monitored continuously using a 
Perkin-Elmer MPF43 fluorimeter, with a thermo- 
statically controlled, magnetically stirred cell 
holder, and a cut off filter (> 520 nm) between 
sample and emission monochromator. Triton X- 
100 (0.5%, v/v) was added to the liposomes to 
determine the fluorescence at infinite probe dilu- 
tion. This value represents 70% of the maximal 
NBD fluorescence, since Triton reduces NBD flu- 
orescence by 30% (Ref. 3). 

Fig. 1 (trace a) shows the fluorescence develop- 
ment observed upon addition of chromaffin gran- 
ule ghosts to liposomes, labeled with N-NBD-PE 
and N-Rh-PE, at 37°C. An increase of the NBD 
fluorescence was seen, reflecting the dilution of the 
fluorescent probes into the chromaffin granule 
membrane. The reaction reached a plateau after 
approx. 5 min. The subsequent addition of Ca 2+ 
induced a further dilution of the fluorescent lipids. 
The initial spontaneous reaction was not affected 
by the presence of 10 mM EGTA in the medium 
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Fig. 1. Interaction o f  fluorescently labeled liposomes with 
chromaffin granule ghosts. Large unilamellar vesicles (25 #M 
lipid phosphorus; CL/PC/Chol/N-NBD-PE/N-Rh-PE, molar 
ratio 3 : 2 : 5 : 0.08 : 0.08) were equilibrated at 37 o C in 0.15 M 
KCI/10 mM Hepes (pH 7.4). At time zero, chromaffin granule 
ghosts (100 t~M lipid phosphorus) were added to the cuvette. 
After 5 min, CaC12 (0.2 M) was added to a final concentration 
of 5 mM. (a) Untreated chromaffin granule ghosts, (b) chro- 
maffin granule ghosts pretreated with trypsin (0.5 mg/ml) 
during 10 min at 37 o C. The fluorescence scale is calibrated 
such that the residual fluorescence of the liposomes is taken as 
the zero level and the value after addition of Triton X-100 
(0.5%, v/v), corrected for the effect of Triton on the NBD 
fluorescence, as 100%. 

(not shown). Addition of Ca 2+ before or im- 
mediately after the addition of granule ghosts re- 
sulted in the same final fluorescence intensity as in 
the case of Ca 2 + addition after 5 min (not shown). 
The extent of the spontaneous reaction at 37°C 
was around 22%, and that of the CaZ+-induced 
reaction approx. 13% of the fluorescence intensity 
at infinite probe dilution. 

In order to investigate the possible involvement 
of chromaffin granule protein component(s) in the 
interaction, granule ghosts were pretreated with 
trypsin. At a trypsin concentration of 0.5 mg/ml, 
the spontaneous reaction was completely abolished 
(Fig. 1, trace b), while the Ca2+-induced reaction 
was also strongly inhibited. Granule ghosts simul- 
taneously pretreated with trypsin and a 2-fold 
higher concentration of trypsin inhibitor showed 
the same reaction as untreated ghosts (see Fig. 1, 
trace a). These results indicate that the sponta- 
neous interaction is completely dependent on pro- 
tein components in the granule membrane, while 
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the Ca2+-induced enhancement of the interaction 
is, at least in part, protein-mediated as well. 

The dilution of the fluorescent probes into the 
granule membrane demonstrates the mixing of the 
lipids of the two vesicle populations. Although 
mixing of lipids could in principle occur through a 
process of exchange of individual lipid molecules, 
N-NBD-PE and N-Rh-PE have been shown to be 
non-exchangeable [2,3]. This suggests that the in- 
teraction observed involves vesicle-vesicle fusion. 
To further corroborate this, we studied the trans- 
fer of another non-exchangeable lipid marker, 
cholesteryl oleate [9], from liposomes to granule 
membranes. Liposomes containing cholesteryl [1- 
14C]oleate and N-NBD-PE were incubated with 
chromaffin granule ghosts in the absence of Ca 2 +. 
The ghosts were sedimented by centrifugation and 
washed twice. The radioactivity and NBD fluo- 
rescence were determined in the initial incubation 
mixture, the first supernatant and the final pellet. 
The results are shown in Table I. Both labels were 
transferred to the granule ghost pellet to the same 
extent, indicating that they behaved as parts of 
one unit. The amount of label left in the super- 

natant after the first centrifugation indicates that 
initially almost all of the liposomes associated with 
the granule ghosts, since in control experiments 
without granule ghosts no label was sedimented, 
However, a significant fraction of the granule-as- 
sociated liposomes was loosely bound, and could 
be removed during the subsequent washings. Ap- 
prox. 25-30% of the liposomes remained tightly 
bound to the granule membranes. It should be 
emphasized that this experiment, in principle, does 
not discriminate between mere liposome adhesion, 
lipid exchange or fusion. However, the simulta- 
neous transfer of N-NBD-PE and another non-ex- 
changeable lipid to the granule ghosts virtually 
rules out the possibility of exchange of individual 
lipid molecules, leaving adhesion of intact lipo- 
somes or fusion as possible mechanisms of interac- 
tion. The lipid mixing observed in the resonance 
energy transfer (RET) assay (Fig. 1) can not be 
reconciled with mere adhesion of liposomes. 
Therefore, the interaction must be a process of 
membrane fusion. Like the interaction observed in 
the RET assay, the lipid transfer in the experiment 
shown in Table I was also trypsin sensitive, Both 
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Fig. 2. Transfer of colloidal gold from liposomes to chromaffin granule ghosts. Large unilamellar vesicles (125 ~M lipid phosphorus: 
CL/PC/Chol ,  molar ratio 3 :2 :5)  containing colloidal gold were incubated with chromaffin granule ghosts (500 /~M lipid 
phosphorus) in 0.15 M KCI/10 mM Hepes (pH 7.4). The membranes were pelleted (Eppendorf microfuge, 5 min, at 4°C) and 
prepared for thin section electron microscopy. (a) Gold-containing large unilamellar vesicles (sedimented by ultracentrifugation during 
1 h at 105000x g in a Beckman SW 50.1 rotor). (b) and (c), Fusion products formed during a 5 min incubation of large unilamellar 
vesicles with chromaffin granule ghosts at 37 o c  in the absence of Ca 2+. Bars represent 0.1 /~m. Note the low-contrast, diffuse 
appearance of the liposomal membranes, allowing to distinguish them from the protein containing granule membranes. 
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TABLE I 
SIMULTANEOUS TRANSFER OF N-NBD-PE AND 
CHOLESTERYL [1-14C]OLEATE FROM LIPOSOMES TO 
CHROMAFFIN GRANULE GHOSTS 

Chromaffin granule ghosts (500 /~M lipid phosphorus) and 
LUV (125 #M lipid phosphorus) were incubated for 10 min at 
37°C in 0.15 M KC1/10 mM Hepes (pH 7.4). The samples 
were transferred to ice, and the ghosts pelleted by centrifuga- 
tion (Eppendorf microfuge, 5 min, 4°C). The pellets were 
washed twice with KCl/Hepes buffer. N-NBD-PE fluorescence 
and ~4C radioactivity were determined in the initial reaction 
mixture, in the first supernatant and in the final pellet. Lipo- 
somes were large unilamellar vesicles, CL/PC/Chol/N-NBD- 
PE (molar ratio 3 : 2 : 5:0.05). Cholesteryl [1-14 C]oleate (Radio- 
chemical Centre, Amersham, U.K.) was incorporated in the 
liposomes as a trace amount (0.2/~Ci//~mol total lipid). The 
liposomes were precentrifuged (Eppendorf microfuge, 15 min, 
4 o C) and the supernatant was used for the experiment. 

Sample Label in Label in 
supernatant (%) pellet (%) 
14C NBD 14C NBD 

Untreated 
granule ghosts 8.2 10.8 29.9 27.2 

Trypsin-treated a 
granule ghosts 44.7 45.0 14.8 14.2 

a Chromaffin granule ghosts were pretreated with trypsin (0.5 
mg/ml) during 10 min at 37 o C. 

initial binding of the liposomes to trypsin-pre- 
treated ghosts and final association with the pellet 
were considerably reduced, but not completely 
abolished. The residual association under these 
conditions presumably represents adhesion of in- 
tact liposomes, fusion being completely inhibited 
as evidenced by the lack of probe dilution in the 
RET assay (Fig. 1). 

Conclusive evidence that the interaction ob- 
served is indeed fusion was provided by the trans- 
fer of liposome-encapsulated colloidal gold into 
the aqueous space of the chromaffin granule ghosts. 
Gold-containing LUV were prepared according to 
the procedure of Hong et al. [4], and incubated 
with chromaffin granule ghosts in the absence of 
Ca 2 +. The membranes were sedimented by centri- 
fugation and prepared for thin section electron 
microscopy as described [4,5]. As shown in Fig. 2, 
the liposome-granule ghosts interaction resulted in 
the transfer of gold particles into the aqueous 
space of the ghosts. No free gold could be found in 

the samples. In control experiments where granule 
ghosts were incubated with free gold at a con- 
centration 5-fold higher than that which would 
result from lysis of all the liposomes, either in the 
absence or presence of empty liposomes, no gold 
particles were observed inside the ghosts (not 
shown). Therefore, the presence of gold particles 
within the aqueous space of the ghosts could only 
be the result of ghost-liposome fusion. 

At a lipid ratio of labeled liposomes to un- 
labeled granule ghosts of 1:4,  as used in the RET 
assay, total mixing of the lipids in the system 
would result in the fluorescence reaching 80% of 
its value at infinite probe dilution. In the absence 
of Ca 2÷ the extent of fusion actually observed 
corresponds to about 22% of the probe fluo- 
rescence at infinite dilution (Fig. 1). The sub-opti- 
mal probe dilution could be due to incomplete 
lipid equilibration after extensive or even complete 
fusion of the liposomes. However, it is more likely 
that it is the result of incomplete fusion, since, 
assuming total lipid equilibration, the 22% probe 
fluorescence observed during the Ca2+-indepen - 
dent reaction would correspond to 28% of the 
liposomes being fused with the granule mem- 
branes, which is in agreement with the results of 
the lipid transfer experiment shown in Table I. 

In vitro interactions of chromaffin granules with 
target membrane vesicles, such as plasma mem- 
brane vesicles from chromaffin cells [10,11] or 
liposomes [12], and interactions among chromaffin 
granules themselves [13-17] have been studied ex- 
tensively before. A role of membrane protein com- 
ponents in granule-granule interactions has been 
suggested by Morris et al. [13,14] and Ekerdt et al. 
[15]. The latter authors observed fusion between 
chromaffin granules, which was abolished by pre- 
treatment of the granules with trypsin. The reac- 
tion (designated ' type I fusion'), the extent of 
which was limited, specifically required Ca 2÷ at 
low concentrations (10 -7 to 10 -4 M). With Ca 2÷ 
in the millimolar range Ekerdt et al. [15] observed 
more extensive fusion of the granules, in agree- 
ment with results of Morris et al. [13]. This (type 
II') fusion could also be induced by other divalent 
cations at millimolar concentrations. The Ca 2 ÷-in- 
duced enhancement of  the interaction between 
liposomes and granule membranes we observed 
(Fig. 1) as well as the Ca2÷-dependent interaction 
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between liposomes and chromaffin granules de- 
scribed by Nayar et al. [12] may well be equivalent 
to this 'type II' fusion. Ekerdt et al. [15] demon- 
strated that liposomes composed of granule mem- 
brane lipids also showed a 'type II' fusion reac- 
tion. 

The most important result of the present study 
is the observation of a Ca2+-independent fusion 
event between liposomes and chromaffin granule 
membranes. Although liposomes obviously differ 
considerably from the physiological target mem- 
brane for chromaffin granules, this observation 
may suggest that the involvement of Ca 2+ in the 
'type I' fusion between isolated chromaffin gran- 
ules [15] and in the physiological process of 
catecholamine secretion [1] is not at the level of 
the fusion event itself, but at an earlier stage, such 
as the attachment of the granules to one another 
and to the cellular plasma membrane. This hy- 
pothesis would be consistent with observations of 
Creutz et al. [16,17]. They have demonstrated a 
role of Ca 2+ in activating synexin, a cytosolic 
Ca2+-binding protein from the adrenal medulla 
that facilitates chromaffin granule aggregation, but 
not fusion. A stimulation of membrane attachment 
by Ca2+-activated synexin has also been reported 
for phospholipid vesicle systems, the enhanced 
rate of vesicle fusion under these conditions being 
specifically due to an increased rate of initial 
vesicle aggregation [18,19]. 
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