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Membranes of cellular organelles and plasma membranes of some type of cells are not accessible to the 
high-resolution recordings that the conventional patch-clamp technique allows. However, when these puri- 
fied membranes are dehydrated together with small lipid vesicles and hydrated again, cell-size vesicles (5-100 
llm diameter) are obtained, on which single-channel recordings are possible. This approach, which has been 
proven successful with about ten different membrane preparations of varied origin, is further illustrated with 
two examples. First, a known conductivity of the sarcoplasmic reticulum membrane is compared with data 
obtained by using other techniques. Second, a new sodium current, present at purified postsynaptic mem- 

branes from the Torpedo electric organ, is described. 

Org~nelle membrane; Membrane fusion; Hydration; Patch-clamp; Ion channel 

1. INTRODUCTION 

Ionic channels are chemically or electrically ac- 
tivated macromolecules which form pores in cell 
membranes. They are involved in the excitation 
and electrical signalling in and between cells, by 
controlling the downhill flux of ions through 
cellular membranes. Although the ionic 
permeability of membranes has been investigated 
by biochemical methods, electrophysiological 
techniques and especially patch-clamp recording 
[1] constitute far more precise approaches to the 
study of  ion channels. Thus, a wide variety of  
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channels from the plasma membrane of many dif- 
ferent cell types has been studied [2]. However, 
other ion channels from cells which cannot be 
patch-clamped as well as those from cellular 
organelles remain to be characterized. To over- 
come this problem we report here the fusion of 
membranes from different sources with small lipid 
vesicles to yield cell-size structures on which patch- 
clamp studies can be performed. All of  a variety of 
membranes tested until now have the mechanical 
and electrical properties needed for the successful 
characterization of their ion channel proteins. 

2. EXPERIMENTAL 

SR membranes (light, medium and heavy frac- 
tions) from rabbit skeletal muscle were prepared as 
in [3]. AChR-rich membranes from Torpedo mar-  
mora ta  electric organ were obtained as in [4]. A 
lysed crude synaptosomal membrane preparation 
was obtained from rat brain as described [5]. All 
membrane preparations were stored at - 80°C un- 
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til use. Small lipid vesicles were prepared by 
dialysis of  a solution of  crude L-ce-lecithin (from 
soybean, type II-S, Sigma) (10 mg/ml) in 1°70 
Chaps, 100 mM NaC1, 20 mM Mops, pH 7.4. A 
stock solution of  lecithin (100 mg/ml) was 
previously suspended in water using a Branson 
sonifier at 40 W for 5 rain. After 24 and 48 h of  
dialysis against 500 vols of 100 mM NaC1, 20 mM 
Tris-Cl, pH 7.4 (dialysis buffer), the resulting 
liposomes were stored at - 8 0 ° C  until use. 

Membrane fusion was performed by modifica- 
tion of  a method developed by us (Keller, B.V. et 
al., submitted) to obtain giant liposomes. In a 
standard fusion experiment purified membranes 
(150/~g protein) were mixed with small lipid 
vesicles (1.8-2.3/~mol inorganic phosphorus as 
determined in [6]) and centrifuged for 40 min at 
maximal speed in an Airfuge. The pellet was 
resuspended in 5/~1 of  10 mM Mops buffer,  pH 
7.4, plus 10/tl of  the same buffer containing 1007o 
ethylene glycol, and the suspension deposited on a 
glass slide to form a circle of about 8 mm 
diameter. The membrane containing drop was 
dehydrated at 4°C in a desiccator with CaClz 
granules for 3 h. The partially dehydrated film was 
rehydrated by covering it with 20/~1 of  100 mM 
KC1 (or other ions depending on the measurements 
to be performed later) and incubating the slide at 
4°C in a closed Petri dish containing a wet filter 
paper pad. After 3 h, cell-size vesicles could be 
observed, although we typically performed patch- 
clamp measurements after overnight hydration. To 
do this 1-3/A fused vesicles (more abundant at the 
edges of  the hydrated film) were diluted in 300/~1 
filtered buffer solution (usually 50 mM KCI, 
0.1 mM CaC12, 5 mM Hepes /KOH,  pH 7.2) and 
vesicles allowed to settle on the glass surface of a 
small chamber. After 5-10 min the recording 
chamber was intensely flushed to remove vesicles 
not sticking to the glass surface. Single-channel 
recordings were carried out at room temperature 
using standard patch-clamp methods [1]. 

Membranes were fluorescence labelled by 
resuspending them (2 mg protein/ml) in 44 mM 
bicarbonate buffer,  pH 8.9, containing FITC 
(0.25 mg/ml)  or TMRITC (0.12 mg/ml).  After 
30 min incubation at room temperature, the mem- 
branes were sedimented in the Airfuge at maximal 
speed for 5 min and washed with dialysis buffer 
three times. Labelling was analyzed by elec- 

trophoresis [7] and membranes were fused by the 
standard procedure. 

3. RESULTS AND DISCUSSION 

A technique recently developed by us to obtain 
large liposomes was used in preliminary attempts 
to fuse native membranes which could be patch- 
clamped. However, the resulting material was 
amorphous in appearance or contained vesicles too 
small for our purposes. This might be due to the 
higher protein content of the native vesicles as 
compared with reconstituted liposomes. There- 
fore, posterior experiments were carried out by ad- 
ding some exogenous liposomes to the original 
membranes. This strategy resulted in formation of 
vesicles with sizes ranging between 5 and 100/zm. 
Fluorescence labelling experiments, to be described 
below, indicated the presence of multi- and 
unilamellar vesicles. The latter were normally less 
stable during patch-clamp experiments. The pro- 
tein and lipid content of the vesicles was further 
analyzed as a function of  the amount of native 
membranes available to fuse with a fixed amount 
of exogenous liposomes. As shown in table 1, the 
lipid-to-protein ratio of the fused vesicles was 
about 2-3-times higher than that expected if all the 
lipid and protein available for fusion combined to 
form vesicles. This suggests that part of the protein 
is not integrated into the large vesicles. However, 
the more membrane protein is available to fuse, 
the higher is the protein content of  the resulting 
vesicles. Therefore, by varying protein input for 
fusion it is possible to manipulate the final protein 
density of the vesicles and, consequently, as con- 
firmed by our observations, the channel density in 
each pipette patch. 

Membrane fusion was further visualized by us- 
ing fluorescence labelled membranes. At the same 
time we tested the interesting possibility of in- 
tegrating components of two different types of 
membranes into the same vesicle, by fusing them 
together. As shown in fig.lA, all protein com- 
ponents (and probably some lipids as well) of  
synaptosomal membranes from rat brain and 
AChR-rich membranes from Torpedo electroplax 
were labelled fluorescently before fusion. The 
homogeneous fluorescence due to both labels 
which can be observed in the fused vesicle of 
f ig . lC,D suggests that components of  the two 
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Table 1 

Protein and lipid content of  fused vesicles as a function of the amount of membranes available for fusion 

Membranes used for fusion Exogenous lipid Lipid/protein ratio (w/w) 
added for each 

Protein ~g) Phospholipid (ug) fusion (ug) In original In fused vesicles 
membranes 

Theoretical Determined 

150 141 1798 0.94 13 39 
300 282 1798 0.94 6.9 21 
600 564 1798 0.94 3.9 8.6 

The experiment was carried out with synaptosomal membranes from rat brain and similar results were obtained with 
different membrane types. Vesicles were recovered after fusion by collecting the liquid used for hydration but trying 
not to touch the lipid film, as done for a patch-clamp experiment. Protein [11] and lipid [6] contents were determined 
in this vesicle fraction. A molecular mass of 800 Da was assumed for each phospholipid molecule in order to express 

the amount of phospholipid in #g 

types o f  membranes  were in tegra ted  into the same 
vesicle. None  o f  the hundreds  o f  vesicles observed  
showed a pa r t i cu la r  preference  for  a de t e rmined  
type  o f  f luorescence label  and  all vesicles were 
h o m o g e n e o u s l y  f luorescent .  It can be conc luded  
tha t  this me thod  can be used to in tegra te  pro te ins  
o f  d i f fe ren t  m e m b r a n e  or igin in the same mem-  
b rane  env i ronment .  

The  f o r m a t i o n  o f  large vesicles f rom isola ted  
m e m b r a n e s  o f  cel lular  organel les  a l lows the 
cha rac te r i za t ion  o f  single ion channels  which 
prev ious ly  could  not  be s tudied by  conven t iona l  
pa t ch -c l amp  measurements .  Previous  app roaches  
to invest igate  organel le  ion channels  were based  on 
channel  recons t i tu t ion  in ar t i f ic ia l  membranes  [8]. 
In fact ,  one o f  the  most  p rominen t  features  o f  the 
presen t  app roach ,  together  with its s implic i ty ,  is 
tha t  ion channels  are charac te r ized  in a close to 
na tu ra l  l ipid env i ronment  and no de tergent  
so lub i l iza t ion  is required .  In add i t ion ,  p a t c h - c l a m p  
studies o f  vesicles p rov ide  a higher  reso lu t ion  than  
tha t  ob t a ined  with giant  bi layers .  

F ig .2A  displays  s ingle-channel  currents  t h rough  
i so la ted  SR membranes  in a symmetr ica l  so lu t ion  
o f  50 m M  KCI, 0.1 m M  CaCI2, 5 m M  Hepes ,  p H  
7.2. Step- l ike  current  f luc tua t ions  at d i f ferent  
m e m b r a n e  potent ia l s  co r r e spond  to openings  and 
closings o f  a single K+-selective channel  in the  SR 
m e m b r a n e .  The  K + channel  is vo l t age -dependen t  
with negat ive p ipet te  po ten t ia l s  V favour ing  
channel -c los ing  events.  Three  d i f ferent  K+-current  
levels are d i sp layed  in fig.2B. The absence o f  dou-  
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Fig.1. Fusion of membranes of different origin. (A) 
Electrophoretic analysis of polypeptides from AChR- 
rich membranes (AC, AT) and rat brain synaptosomal 
membranes (SC, SF). FITC (SF) and TMRITC (AT) 
labelling was visualized by UV transillumination and 
proteins by Coomassie blue staining (AC, SC). The four 
subunits of the AChR with approximated molecular 
masses of 40, 50, 60 and 66 kDa are indicated at the left 
of AC. (B-D) Typical cell-size vesicle prepared with 
membranes fluorescently labelled as shown in (A) and 
observed with (B) phase-contrast, (C) FITC equipment 

and (D) TMRITC equipment (bar, 25 #m). 
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Fig.2. (A) Single-channel records of SR K + channels. 
Currents were measured in the excised patch 
configuration under voltage-clamp conditions. Single- 
channel records were filtered at 2 kHz, digitized at a 
sampling interval of 200/zs and plotted by using the 
program TAC [1]. (B) Three different levels of 
membrane current at V = 50 mV with the corresponding 
amplitude histogram. Solid lines are least-squares fits of 
Gaussian distributions with SD = 0.2 pA. (C) Single- 
channel current-voltage curve in a symmetrical solution 
of 50 mM KCI, 0.1 mM CaCI2 and 5 mM Hepes/KOH, 

pH 7.2. 

ble openings  suggests tha t  the small  current  steps 
represent  par t ia l  closures o f  a single K ÷ channel .  
A t  V -- 50 mV, the ma in  conduc tance  step cor-  
r e sponds  to 6.5 p A  (fig.2B) and  the d i s t r ibu t ions  
o f  two sublevels  are  centered at 2.1 and 3.9 pA,  
respect ively.  Fo r  the main  level the  s ingle-channel  
cu r ren t -vo l t age  curve is l inear  over  the vol tage  
range  - 6 0  to  + 80 mV with a mean  conduc tance  
o f  126 _ 11 pS (n = 5) in 50 m M  KC1 (fig.2C).  The 
select ivi ty o f  the channel  for  monova l e n t  ca t ions  is 
charac te r ized  by  the sequence K ÷ > N a  ÷ > Rb ÷. 
Moreove r ,  channels  show a vo l t age -dependen t  
b lock  by d e c a m e t h o n i u m  at a concen t ra t ion  o f  
0 . 5 - 1  mM.  These character is t ic  features  o f  the K ÷ 
channel  in a close to na tu ra l  l ipid env i ronment  can 
be c o m p a r e d  with previous  results  in bi layers  [9]. 

As  ind ica ted  above ,  ano the r  i m p o r t a n t  appl ica-  
t ion  o f  the new a p p r o a c h  repor ted  here is the 
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Fig.3. (A) Na ÷ conductance in postsynaptic membranes 
of T. marmorata .  Ionic current was carried by 50 mM 
NaC1, 0.1 mM CaCI2 and 5 mM Hepes, pH 7.4, in the 
excised patch configuration. Pipette potential, V = 

- 4 0  mV. (B) Corresponding amplitude histogram. 
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characterization of single channels in plasma mem- 
branes of  cells not accessible to conventional 
patch-clamp measurements.  To demonstrate this, 
we isolated AChR-enriched postsynaptic mem- 
branes f rom the electric organ of  T. marmorata 
and performed fusion experiments. Patch clamp 
recordings of  Torpedo membranes revealed a large 
Na+-conducting channel which has not been 
previously reported. Fig.3A displays single- 
channel recordings at an applied pipette voltage of  
V = - 4 0  mV. More negative pipette potentials 
prolonged channel-opening events leading to an in- 
creased opening probability. The single-channel 
conductance is 107 +_ 9 pS (n = 4) in a buffer solu- 
tion containing 50 mM NaCI. The reversal poten- 
tial in a 5-fold NaC1 gradient was found to be 
36.8 mV, which is close to the reversal potential 
for Na (40.6 mV at 20°C). In addition to this 
Na+-permeable channel, other channels typical of  
these membranes,  such as C1- channels and AChR 
channels [10], were observed. 

Finally, and in order to illustrate further the 
general applicability of  the fusion approach 
described, it is important  to mention additional 
membrane preparations which have been found to 
yield vesicles capable of being patch-clamped and 
contain several classes of  functional channels: SR 
(heavy, intermediate and light fractions), synap- 
tosomal membranes from rat brain, vacuolar and 
chloroplast membranes f rom plant cells (in col- 
laboration with Hedrich, R., G6ttingen), different 
microsomal fractions from rat hepatocytes (in col- 
laboration with Kleineke, J., G6ttingen), photo- 
receptor rod outer segments disks and Chlamydo- 

monas eye spot membrane preparations (in col- 
laboration with the group of  Uhl, R., f rom this 
institute), and synaptic vesicle membranes (in 
collaboration with Stadler, H. ,  f rom this institute). 
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