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Vesiculated fragments of presynaptic plasma membranes have been isolated from the purely cholinergic 
electromotor nerve terminals of Torpedo marmora ta .  Synaptosomes, generated from the terminals by 
homogenization, were separated on a discontinuous Ficoll gradient and then lysed by osmotic shock at 2°C, 
pH 8.5 in the presence of 0.1 mM MgCI 2. These conditions for lysis were optimal for choline transport. 
Electron micrographs of iysed synaptosomes showed vesiculated membranes with diameters smaller than 
those of synaptosomes; occasionally, synaptic vesicles were observed attached to them. Intact mitochondria or 
synaptosomes and basal laminae were not present. High-affinity (K  T --- 1.7 I~M) uptake of choline into these 
vesiculated membrane fragments showed: (1) an absolute dependence on the Na + gradient (outside > inside), 
(2) a transient Na÷-gradient-dependent accumulation of choline over the equilibrium concentration (over- 
shoot), (3) electrogenicity and rheogenicity, since the uptake was further stimulated in the Presence of a Na + 
gradient by valinomycin, (4) dependence on the presence of external C!- ,  and partial dependence on a CI - 
gradient (outside > inside), (5) high-affinity (Ki = 25 nM) inhibition by hemicholinium-3 and (6) tempera- 
ture sensitivity. The plasma membranes were further purified by centrifugal density gradient fracfionation on 
a 4-12% Ficoll gradient. Several enzymes and polypeptides copurified with the specific binding sites for 
choline present in the membranes. The fraction with the most binding sites was one denser than 12% Ficoll. 
This was also the fraction richest in acetylcholinesterase, 5'-nucleotidase and polypeptides of relative 
molecular mass, M r ( × 10 -3) of > 200, 140, 68 (doublet), 57, 54 and 28. Acetylcholinesterase was positively 
identified as a M, 68 000 component by immune blot. By contrast the ouabain-sensitive ATPase showed a 
negative correlation with choline binding sites. When the solubilized proteins of the vesiculated membranes 
were transferred to iiposomes, they conferred on the latter the capacity to take up choline in a manner closely 
resembling its transport in natural membranes but with an initial (one minute) rate of uptake approximately 
10-times greater per mg of protein. Several proteins were selectively transferred to the liposomes including 
ones of Mr ( × 1 0  -3) 34, 42, 47, 54, 60, 68, 92, 160 and > 200. The polypeptides of M r ( × 1 0  -3) 140, 57 
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and 28 were lost in the transfer. When a correlation was made between transport rates observed in the 
various liposome preparations tried and the presence of particular polypeptides, only three proteins correlated 
with the ability of liposomes to transport choline: the M r ( × 10 - 3) > 200, 54 and 34 components. 

Introduction 

Neurotransmitter uptake into presynaptic 
terminals or neighbouring glial elements serves to 
terminate the signal to postsynaptic receptors gen- 
erated by transmitter release [1,2]. In the case of 
cholinergic terminals, however, released acetylcho- 
line is first hydrolysed to acetate and choline and 
the latter is subsequently reutilized for transmitter 
synthesis by being transported back into the pre- 
synaptic terminal by a specific high-affinity pro- 
cess [3-5]. Neurotransmitter (or neurotransmitter 
precursor) uptake has been studied in brain slices 
[6-8], synaptosomes (Refs. 3-5, Refs. 9-17 and 
references cited therein) and in resealed presyn- 
aptic plasma membrane fragments [18-23] ob- 
tained by the osmotic lysis of synaptosomes. Such 
fragments are useful for studying neuronal uptake 
mechanisms since there is no interference from 
subcellular storage and metabolism and ion gradi- 
ents and energy sources can be readily defined. 
However, all reported studies with this prepara- 
tion, when derived from mammalian brain, have 
been concerned only with the transport of putative 
amino acid transmitters [18-21]; the paucity of 
studies with choline, with the exception of two 
reconstitution studies [24,25], could be due to the 
low content of synaptosomes derived from 
cholinergic terminals in a mammalian brain syn- 
aptosome preparation [26]. 

For this reason we have turned to the purely 
cholinergic [27,28] electromotor nerve terminals of 
Torpedo marmorata. Although membranous sacs 
derived from Torpedo electromotor synaptosomes 
have been used to study the release of acetylcho- 
line [29] and different membrane fractions isolated 
from such synaptosomes after disruption have been 
characterized by measuring marker enzyme activi- 
ties [30,31], no transport studies have been at- 
tempted so far with resealed presynaptic mem- 
brane fragments from this source. This has now 
been achieved; optimum conditions for uptake 
have been defined and some of the characteristics 
of the system are described. Fractionation of lysed 

synaptosomes on a Ficoll gradient resulted in the 
separation of membrane fractions with an 
enhanced capacity for choline transport and a 
simplified polypeptide content. Several of these 
same polypeptides were selectively incorporated 
into liposomes that had acquired a capacity for 
choline uptake after reconstitution of solubilized 
membrane proteins. In this way, it has been possi- 
ble tentatively to identify the choline transporter 
as one of a limited number of polypeptides. 

Materials and Methods 

Materials 
Animals. Live Torpedo marmorata were ob- 

tained from the Institut de Biologic Marine, 
Arcachon, France, and were kept in tanks of cir- 
culating artificial sea water at 16°C until required. 

Chemicals. [3H]Choline chloride (80 Ci/mmol) 
and [3H]acetylcoenzyme A (705 mCi/mmol) were 
purchased from New England Nuclear (Boston, 
MA, U.S.A.). Valinomycin and all specific reagents 
needed for enzyme assays were obtained from 

'Sigma (Munich, F.R.G.). All other chemicals used 
were of the highest obtainable grade and were 
from Merck (Darmstadt, F.R.G.). Sodium cholate 
and cholesterol were purchased from Sigma 
(Munich, F.R.G.). The lipids used in the recon- 
stitution experiments were all grade 1 from Nut- 
field Nurseries (South Nutfield, Redhill, Surrey 
RH1 5PG, U.K.); bovine sphingomyelin and 
phosphatidylcholine were both from egg yolk; 
ethanolamine phosphatides and phosphatidyl- 
serine (monosodium salt) were from bovine spinal 
cord; phosphatidylinositol was as the sodium salt 
from wheat germ. 

Membrane preparations 
Preparation of synaptosomes. Synaptosomes were 

prepared from the electric tissue at 0-4°C as 
described in Ref. 32 and by the following modifi- 
cation. Aliquots of the homogenate from 60-75 g 
of tissue were layered onto discontinuous density 
gradients formed in six tubes of the Beckman SW 



27 rotor and each consisting of 12 ml of 12%, 14 
ml of 8% and 8 ml of 2% (w/v) Ficoll 400 (Phar- 
macia, Uppsala, Sweden) in Torpedo Ringer's 
solution. Material equilibrating at the 2-8% inter- 
face after centrifuging at 23 000 rev. rain-1 for 45 
min (Fraction F~) and consisting mainly of syn- 
aptosomes was separated, diluted 1 : 4 with Torpedo 
Ringer's solution and centrifuged at 17000 x gav 
for 20 rain. The pellet so obtained was resus- 
pended in a small volume of ice-cold buffer com- 
prising 20 mM imidazole-HC1 (pH 8.5 at 2°C) and 
0.1 mM MgC12 (buffer A) to which was also 
added 0.7 M sucrose (buffer A + sucrose). When 
the effect of different buffers, Mg 2÷ or H ÷ con- 
centration on lysis was being investigated the com- 
position of buffer A was adjusted accordingly. In 
some experiments material collecting between 0 
and 2% Ficoll (Fraction F0) 8 and 12% Ficoll 
(Fraction F2) and that sedimenting to the bottom 
of the tubes (Fraction F 3) were also collected. The 
F 0 fraction was small and was not always present. 

Lysis of synaptosomes. The synaptosomal (F1) 
suspension was lysed at 2°C by diluting it with 
buffer A to 0.1 mg of protein per ml and gently 
stirring for 90 min; the suspension was further 
stirred for 20 min after the addition of 0.1 vol. of 3 
M KC1 in buffer A giving a final KC1 concentra- 
tion of 0.3 M. The lysate so obtained was centri- 
fuged at 27000 x gay for 20 rain and the pellet 
suspended in 0.5-1.0 ml of an ice-cold buffer 
comprising 20 mM imidazole-HC1 (pH 7.4 at 
25°C), 300 mM KC1 and 0.1 mM MgCI 2 (buffer 
B), and dialysed for 16 h against 1.5 litre of buffer 
B at 2°C. This had the effect of loading the 
resealed vesiculated fragments of the presynaptic 
plasma membrane which were formed during lysis 
with K ÷. When the effect of loading with other 
ions was being investigated, the pellet was sus- 
pended in a buffer containing the appropriate 
'loading' ions and similarly dialysed against sus- 
pension buffer. 

To subfractionate the synaptosomal lysate, the 
suspension in buffer B was layered (3 ml per tube) 
onto a Ficoll density gradient consisting of layers 
of 12, 10, 8, 6 and 4% (w/v) Ficoll (Pharmacia, 
Uppsala, Sweden) in buffer B (7 ml of each) 
formed in each of two tubes of the Beckman SW 
27 rotor and centrifuged at 20 000 rev-rain-1 for 
90 rain. Material equilibrating at each of the inter- 
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faces and at the bottom of the tube was removed, 
diluted 1:4 with buffer B and centrifuged at 
27000 x gay for 20 rain. The pellets so obtained 
(designated A-F, from top to bottom of the gradi- 
ent) were suspended in 0.5-1.5 ml of buffer B and 
either used immediately or refrigerated at 0-4°C 
and used for uptake, binding or biochemical char- 
acterization studies the following day. 

Morphological characteristics of fractions. Sam- 
ples of subcellular fractions were fixed in suspen- 
sion for electron microscopy by the addition of 
ice-cold 5% (v/v) glutaraldehyde in 0.38 M sodium 
cacodylate buffer (pH 7.4) for 2 h. The fixed 
material was then centrifuged for 10 rain in a 
desk-top Eppendorf centrifuge. All fractions were 
rinsed in fixation buffer for 10 min and then 
post-fixed with 1% OsO 4 in 0.38 M cacodylate 
buffer (pH 7.4) for 1 h at 4°C. The fixed material 
was again centrifuged for 10 min and subsequently 
washed in buffer. Each suspension was then filtered 
under vacuum through a Millipore filter (HAWP, 
0.45 #m pore size). The particles trapped on the 
filter were overlaid with warm Agar solution (3% 
in water) and upon hardening small blocks of 
Agar with the membrane sample and filter adher- 
ing to one surface were cut away, dehydrated in 
ethanol, transferred to propylene oxide and 
embedded in Epon. Blocks were sectioned and 
stained with uranyl acetate and lead citrate in the 
usual way for electron microscopic examination. 

Measurements of choline uptake. Unless other- 
wise stated synaptosomes or the vesiculated pre- 
synaptic plasma membrane fragments derived from 
them were preincubated for 20 min at 25°C; 
valinomycin (2.5 #M) was present where noted. 
Uptake was initiated by adding 50 #1 of synapto- 
some or membrane suspension to 400 #1 of in- 
cubation medium containing [3H]choline (2 #M, 
10 #Ci-#mol-1). In experiments with synapto- 
somes the medium consisted of Torpedo Ringer's 
solution containing 10 mM glucose; in those with 
vesiculated membrane fragments it was buffer B, 
for experiments at K+ equilibrium, or 20 mM im- 
idazole-HC1 (pH 7.4 at 25°C), 300 mM NaC1 and 
0.1 mM MgC12 (buffer C) when Na t and K ÷ 
gradients were being imposed. Hemicholinium-3 
(10 #M) was added where indicated. Where indi- 
cated, samples were diluted into medium contain- 
ing 0.1% Triton X-100 after uptake had occurred 
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at 25°C. When the effect of other ionic gradients 
was being studied the composition of either buffer 
B or C was modified as described. At specified 
time intervals a 50 /~1 sample of the incubation 
mixture was diluted with 1 ml of ice-cold Torpedo 
Ringer's solution, buffer B or buffer C as ap- 
propriate, mixed and filtered through a Millipore 
filter of 0.65 t~m pore size (synaptosomes) or 0.45 
t~m pore size (vesicles); the particles retained on 
the filter were washed with 4 ml of appropriate 
medium, the filters were removed and solubilized 
in Bray's solution [33] and their radioactivity de- 
termined in a Berthold LB 5004 liquid scintillation 
spectrometer. The uptake measurements were per- 
formed in triplicate or quadruplicate; errors of the 
mean are indicated in the figures if they exceed the 
symbol size. When uptake measurements were 
made under hyperosmotic conditions (see below), 
membranes were preincubated for 45 rain at 25°C 
in buffers B or C to which appropriate amounts of 
sucrose had been added. Ice-cold buffers similarly 
modified were used in the dilution and washing 
steps used to terminate the reaction. Values ob- 
tained at K + equilibrium were deducted from those 
measured in the presence of an inwardly directed 
Na + gradient to arrive at the net uptake. 

Specific binding of choline. To obtain a rough 
estimate of the relative number of specific binding 
sites for choline use was made of the finding that 
choline uptake is reduced when the osmotic pres- 
sure of the suspension medium is raised. Uptake 
was measured at several osmolarities in the range 
0.6 to 1.0 osmol.  1-1; the values were plotted as a 
function of the reciprocal of osmolarity, a straight 
line fitted to the data points and extrapolated to 
infinite osmotic pressure. The y intercept was 
taken as a measure of the number of binding sites. 

Reconstitution of the choline transporter in lipo- 
somes 

Solubilization of the choline transporter. Syn- 
aptosomes (Fraction F 1) were prepared from 3- to 
4-times the usual amount of electric tissue (i.e. 
210-240 g) distributed over 12 Ficoll gradients 
and lysed in buffer A. Before solubilization, the 
synaptosomal lysate (in buffer B) was washed twice 
with a buffer containing 10 mM triethanolamine- 
HC1 (pH 7.4, 25°C), 5 mM Na2-EDTA and 300 
mM NaCI (buffer D) by resuspension and sedi- 

mentation in an Eppendorf bench-top centrifuge 
and then solubilized (1.5 mg of membrane protein 
per ml) by stirring for 1 h at 2°C in buffer D to 
which had been added 20 mM choline and 0.1% 
sodium cholate (final concentrations). Undissolved 
material was removed by centrifuging at 105 × gay 
for 1 h and the supernatant was concentrated to 1 
ml by ultrafiltration through a YM 10 Amicon 
filter. 

Transfer to liposomes. Transfer of solubilized 
protein to liposomes was achieved as follows. 
Lipids stored in 5% (v/v)  methanol in chloroform 
under N 2 at - 2 0 ° C  were mixed in a round-bot- 
tom flask in the following proportions (mol%) to 
give a total of 10.4 mg of mixed lipids: phos- 
phatidylcholine, 33; phosphatidylethanolamine, 
21; phosphatidylserine, 9; phosphatidylinositol, 
3.5; sphingomyelin, 3.5; cholesterol, 30. After the 
solvent was evaporated in a stream of dry N2, 1 ml 
of buffer D containing 0.1% sodium cholate was 
added and the flask was shaken for 3 h under N 2 
at room temperature (20°C). The suspension so 
formed was added to 1 ml of concentrated super- 
natant. The mixture was dialysed for 20 h against 
600 ml of 0.1 mM MgC12/20 mM K2HPO 4 (pH 
7.4, 25°C)/260 mM KC1 (buffer E) with three 
changes of buffer at 2, 4 and 16 h. At 4 h only, 
buffer volume was increased to 1.2 litre. The lipo- 
somes were sedimented at 1 . 5 . 1 0 s ×  gay for 30 
min, resuspended in 600 ~tl of buffer E, then 
centrifuged for 30 s in an Eppendorf bench-top 
centrifuge. The pellet was discarded and the super- 
natant provided the liposomal suspension for up- 
take studies. 

Choline uptake into liposomes. This was meas- 
ured as already described for plasma membrane 
fragments except that the incubation medium con- 
sisted of buffer E (for experiments at K ÷ equi- 
librium) or 0.1 mM MgC12, 20 mM Na2HPO 4 
(pH 7.4, 25°C) and 260 mM NaC1 (buffer F) when 
an inwardly-directed Na ÷ gradient was being 
imposed. When the effect of anions on the uptake 
was being investigated, the liposomes were dialysed 
for 24 h against 2 litres of a buffer consisting of 
130 mM K2SO4/150 mM mannitol /20 mM 
K2HPO 4 (pH 7.4, 25°C)/0.1 mM MgSO 4 (buffer 
G). Dilution and washing of the sample were as 
described using the appropriate incubation buffer. 
Filtration was carried out using 0.22/~m pore-size 
cellulose acetate filters (Millipore GSWP). 



Enzyme assays 
Cytochrome oxidase. Activity was followed spec- 

trophotometrically by measuring the rate of de- 
crease in extinction at 550 nm after mixing 2.5 ml 
of 75 mM sodium phosphate buffer (pH 7.5), 
5-100 /~1 of tissue sample and 100 /~1 of cyto- 
chrome c solution. Horse-heart cytochrome c 
(grade III, Sigma, 20 mg) in phosphate buffer was 
reduced by adding dithionite, excess of which was 
removed by passage through a column of Seph- 
adex G-25 (Pharmacia, Uppsala, Sweden). The 
reduced cytochrome c solution was adjusted to 7 
ml with phosphate buffer before use. 

Ouabain-sensitive (Na ÷ + K +)-A TPase. Activ- 
ity was assayed by a modification of a previously 
described method [34]. 10-50 /~1 of sample were 
pipetted into tubes on ice. An appropriate amount 
of a stock solution of 30 mM MgC12, 200 mM 
KC1 and 900 mM NaCI was premixed with dis- 
tilled water and added to the tissue samples, re- 
suiting in a total volume of 250 /~1. 100 /~1 of a 
stock solution (250 mM) of imidazole-HC1 (pH 
7.0) and 100/~1 of a 0.05% saponin solution were 
next added. To appropriate tubes, 25 #1 of water 
or a 2 mM ouabain solution were added. The 
sample tubes, after mixing, were preincubated at 
25°C in a shaking water bath. After 15 rain, the 
tubes were placed on ice, allowed to cool and 25 ttl 
of an ATP stock solution (60 mM) were added. 
After mixing, the samples were incubated for 40 
min at 25°C in a shaking water bath. Final volume 
in each reaction tube was 500/~1. Final concentra- 
tions of all components were (mM): MgC12, 3; 
KC1, 20; NaC1, 90; ATP, 3; imidazole-HC1, 50; 
ouabain, 0.1 mM; saponin, 0.01%. 

To stop the reaction, samples were placed on 
ice and 335/~1 of ice-cold 1.2 M HC104 was added. 
After 10 min, the samples were centrifuged at 
10000 × gay for 10 rain, 700/~1 of the protein-free 
supernatant were removed and 700/~1 of a freshly 
prepared solution of 144 mM FeSO4 in 8.15 mM 
ammonium molybdate/0.58 M H2SO 4 were added, 
mixed and left at room temperature for 20 rain. 
Absorbance at 700 nm was determined against 
distilled water blanks. 

Standards (K2HPO4) in the range from 2 to 30 
/tg Pi, standard blanks, tissue blanks and ATP 
blanks were also included. Blanks comprised the 
following: standard, water plus final FeSO 4- 
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molybdate-H2SO 4 solution; tissue, all components 
except ATP and ouabain; ATP, all components 
except tissue and ouabain. Ouabain-sensitive 
ATPase activity was calculated by subtracting 
ouabain-insensitive activity from total ATPase ac- 
tivity after subtraction of appropriate blanks. 

5'-Nucleotidase (adenosine 5'-[ et, fl-methylene] di- 
phosphate-sensitive phosphatase). Activity was as- 
sayed as for ouabain-sensitive (Na++ K ÷)-ATPase 
except that saponin was not present and the final 
concentrations of the components in the incuba- 
tion medium were (mM): MgC1 z, 5; KC1, 5; NaC1, 
250; Tris-HCl, 100 (pH 7.4); AMP, 1.5; 
AdoP[CHv]P, 0.375. 

Other enzymes. Several other marker enzymes 
were measured by standard methods at 25°C in 
the presence of 0.1% Triton X-100 in order to 
characterize the various subcellular fractions fur- 
ther. These were: lactate dehydrogenase [35], 
fumarase [36] acetylcholinesterase [37] and 
butyrylcholinesterase; this was assayed exactly like 
acetylcholinesterase except that 50 #M 1,5-bis(4- 
allyldimethylammoniumphenyl)pentan-3-one di- 
bromide (BW 284C51 dibromide) was added to 
inhibit acetylcholinesterase and butyrylthiocholine 
was used as a substrate. Choline acetyltransferase 
was measured as described [38] at 37°C. 

Other methods 
Polyacrylamide gel electrophoresis and immune 

blotting. These were carried out exactly as described 
in Refs. 39 and 40. The anti-acetylcholinesterase 
and anti-vesicle-specific proteoglycan sera were 
gifts from Dr G.P. Richardson and Dr J.H. Walker, 
respectively. 

Protein. This was determined as previously 
described [41]. 

Results 

Characterization of synaptosomal fraction 
Synaptosomes were initially isolated exactly as 

described [32]. However, when further fractiona- 
tion of the synaptosomal lysate was carried out on 
a sucrose step-gradient no enrichment of choline 
transport activity relative to that of the parent 
fraction was obtained in any of the subfractions. 
By contrast, when membranes were fractionated 
on a Ficoll gradient, enrichment of choline trans- 
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TABLE I 

C H A R A C T E R I Z A T I O N  OF FRACTIONS OF AN ELECTRIC O R G A N  H O M O G E N A T E  SEPARATED ON A FICOLL 
G R A D I E N T  BY MEANS OF M A R K E R  ENZYMES 

Values are means  5: S.E. of the number  of experiments given in column 3 unless otherwise stated in parentheses. Recoveries were all 
over 70% except for the soluble enzyme lactate dehydrogenase (51%). This low recovery may have been due to losses in the 
non-particulate supernatant  at the top of the gradient, which was not  assayed. 

Enzyme Units  of No. of Specific activity (units.  (mg of protein)-  ~. m i n -  ] ) 

substrate expts. Homogenate  F 1 F 2 F a Total synaptosomal 
transformed (F 1 ) lysate 
per min 

Fumarase  nmol 
Lactate dehydrogenase nmol  
Choline acetyitransferase nmol 
Acetylcholinesterase /~ mol 
Butyrylcholinesterase nmol 
5'-Nucleotidase nmol 
Ouabain-sensitive ATPase nmol 
Cytochrome oxidase A A 5s0 

4 21.5 _+ 2.4 11.1 + 2.6 11.0± 2.6 45.7 ±8.5 0 
5 392 ±51 (4) 645 +_92 248 ±32  66.1 ±9.8 329 ±47 
4 6.6 ± 1.7(3) 15.8 ± 3.7 4 .1± 0.6 0 .42±0.12 11.5 ± 2.0 
7 19.1 ± 2.9 22.3 ± 2.5 30.5± 4.2 3.7 ±0.6 22.5 ± 2.7 
5 7.8 ± 1.2 15.8 ± 1.5 8.4± 1.5 3.5 ±0.4  12.3 ± 1.6 
4 38 ± 9 62 ±11 41 ±25 12 ± 3  74 ± 7 
4 15 + 1 27 ± 2 13 + 2 22 ± 7  42 ± 5 
5 0.43+ 0.03 0.18± 0.03 0 .2±0.02 0.33±0.04 0.17± 0.03 
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Fig. 1. Effect of gradient solute on uptake of choline by 
synaptosomes. The uptake of [3H]choline into s~aaptosomes 
prepared on a sucrose ( ~ )  or Fieoll (e)  gradient is shown; the 
latter (fraction F1) were isolated at the 2-8% Ficoll interface. 
Uptake into the F 3 rnitoehondrion-rich pellet (below 12%) (v), 
F 2 mixed (8-12%) (11) and F o (0-2%) (J,) Ficoll fractions is 
shown for comparison. Values are means  of differences in 
uptake at 25°C and 0°C. Inset: uptake by fraction F] at 2°C 
(e), or at 25"C (OIIO) ,  in the absence (O),  or presence (1110) , 
of 10 m M  hemicholinium-3 (11), or Triton (O)  (for details see 
Methods). 

port did occur. This suggested that prolonged ex- 
posure to hyper-osmotic sucrose is deleterious to 
choline uptake. Accordingly a comparison was 
made of choline uptake into synaptosomes isolated 
in parallel on sucrose and Ficoll gradients. As seen 
in Fig. 1, the specific uptake of choline by syn- 
aptosomes isolated on a Ficoll gradient was ap- 
proximately 3-times greater than that by those 
isolated on a sucrose gradient. The yield of syn- 
aptosomes was 9-times greater in Ficoll than in 
sucrose in the one experiment in which this was 
quantified, and a significantly greater yield in 
Ficoll was regularly obtained as judged by the 
greater width and opacity of the band at the 2-8% 
Ficoll interface compared to the corresponding 
band in sucrose. The uptake was hemicholinium-3 
sensitive and the radioactivity accumulated was 
completely released after treatment with Triton 
X-100 (Fig. 1, inset). 

Electron microscopic examination of fraction F~ 
(Fig. 2a) showed that most structures were syn- 
aptosomes, though some contamination with mem- 
branes of unknown origin and with mitochondria 
was apparent. This latter probably derived mainly 
from electrocytes since electromotor terminals 
contain very few mitochondria. A statistical analy- 
sis of several electron micrographs showed that 
60-70% of the particles are synaptosomes. Frac- 
tion F 2 was similar in composition to F~, but had a 



115 

Fig. 2. Morphology of fractions. Electron micrographs of (a) fraction 1=1, (b) fraction F 2, (c) fraction F 3, (d) lysate of fraction F 1 
(arrows indicate synaptic vesicles); m, mitochondrion; s, synaptosome; bar 1 #m. 

greater mitochondrial contamination (Fig. 2b); 
however, no choline uptake was observed in this 
fraction (Fig. 1) or in 1=3, the mitochondrial pellet 

(Fig. 2c). 
The activity of the marker enzymes in the vail. 

ous fractions is shown in Table I. Fraction F 1, the 
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Fig. 3. Effect of lysis conditions on subsequent choline uptake 
into K +-loaded vesiculated presynaptic plasma membrane frag- 
ments under the influence of an imposed sodium gradient. (a) 
Effect of pH. The synaptosomes isolated in FicoU (Fraction F 1 ) 

synaptosome fraction, shows an enrichment in 
lactate dehydrogenase and choline acetyltrans- 
ferase due to occluded cytosol and the plasma 
membrane-bound enzymes butyrylcholinesterase, 
5'-nucleotidase and ouabain-sensitive (Na + + K ÷)- 
ATPase. F 3, the mitochondrial pellet, showed en- 
richment relative to the other fractions only in the 
two mitochondrial markers, fumarase and cyto- 
chrome oxidase. 

Optimum conditions for the preparation of presyn- 
aptic plasma membranes 

Various conditions for lysing synaptosomes 
(fraction F1) were tested so as to obtain vesicu- 
lated synaptosomal (i.e. presynaptic) membrane 
fragments with a maximum ability to take up 
choline. It was found that the temperature, pH, 
Mg 2+ concentration and the composition of the 
buffer used during hypo-osmotic lysis all in- 
fluenced subsequent choline uptake in buffer C. 
Lysis was best performed at 2°C. Fig. 3a shows 
the effect of varying the pH and Fig. 3b that of 
varying the composition of the buffer used for 
lysis on the uptake of choline in the presence of an 
imposed, inwardly directed Na ÷ gradient. Using 
the 20 mM imidazole buffer (buffer A) at different 
pH values in the range 6.8-9.4, maximum uptake 
was found to occur when lysis was performed at 
pH 8.5. Lowering the concentration of imidazole 
to 5 mM or replacing it by 5 mM TAPS has no 

were lysed in buffer A adjusted to the pH values shown by the 
numbers in the right of the curves, dialysed against buffer B 
and then transferred to buffer C containing [3H]choline (black 
symbols), thereby imposing an inwardly directed Na + (and 
outwardly directed K + ) gradient on the vesicles, or buffer B 
containing [3H]choline (open circles), thus imposing K + equi- 
librium across the membrane. There is a rapid choline uptake 
with overshoot and fall (in 120 rain) to values close to those 
obtained under conditions of K + equilibrium; this uptake is 
maximal when lysis was performed at pH 8.5. (b) Effect of 
composition of lysis buffer at pH 8.5:5 or 20 mM imidazole 
(ii2); 5 mM Taps ( s O ) ;  5 mM Tris (~l '~);  filled symbols, 
N a + / K  + gradient; open symbols, K + equilibrium. (c) Effect 
of osmotic pressure: the medium in which the vesiculated 
membrane fragments were suspended was made hyper-osmotic 
by the addition of sucrose to the concentrations given by the 
abscissae. Uptake was calculated as the difference between the 
initial uptakes in 40 s in buffers C and B to which sucrose had 
been added, expressed as a percentage of the corresponding 
differences in sucrose-free buffers. Points in (a) and (b) are the 
means of 4-8 values and bars represent S.E. values, 
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effect; replacing by 5 mM Tris-HC1 had no effect 
on uptake at K ÷ equilibrium or on the initial (one 
minute) rate of uptake in the presence of an in- 
wardly directed Na y gradient, but the overshoot 
was reduced by 67%. Optimum Mg 2÷ concentra- 
tion for lysis was 50-100 #M; above 200 #M the 
initial uptake of choline was significantly reduced 
(results not shown). 

Morphology of the lysate. Fig. 2d shows that the 
main structures present after lysis are vesiculated 
membrane fragments somewhat smaller in diame- 
ter than the synaptosomes from which they were 
prepared. Occasionally, synaptic vesicles can be 
seen sticking to them. 

Evidence for sealing. Raising the osmotic pres- 
sure of the uptake medium by the addition of 
sucrose reduced uptake (Fig. 3c); exposure of the 
resealed membrane fragments to 0.1% Triton X-100 
(Fig. 4) after uptake had occurred resulted in the 
release of all radioactivity. This, together with the 
'overshoot' (see below) indicates that [3H]choline 
is not simply being bound, but is being taken up 
into a sealed, osmotically sensitive space bounded 
by a detergent-soluble membrane. 

Characteristics of choline uptake into the vesiculated 
membrane fragments 

Optimum temperature. Fig. 5 shows the temper- 
ature dependence of choline uptake into vesicu- 
lated presynaptic membrane fragments under 
standard conditions, i.e. imposed inwardly di- 
rected sodium gradient at pH 7.4 and 0.1 mM 
MgCI 2 in 20 mM imidazole buffer. Optimum up- 
take was obtained between 25°C and 30°C. 

Sodium dependence. Fig. 4 (filled triangles) 
shows that choline uptake in the presence of a 
Na + gradient ceases after 5 min and is then fol- 
lowed by a slower loss of choline from the mem- 
brane fragments as the various ionic gradients are 
dissipated. This 'overshoot' phenomenon is char- 
acteristic of an uptake system driven by an im- 
posed ion gradient. Significantly, veratridine, a 
veratrum alkaloid that selectively increases the 
permeability of the nerve membrane to Na + [42], 
decrease the uptake of choline in the presence of 
the sodium gradient at alkaloid concentrations of 
25 and 50 #M (Fig. 4, inset), presumably by 
dissipating the Na + gradient more rapidly. 

Electrogenic nature of the uptake. The uptake of 
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Fig. 4. Sodium dependence of choline uptake into vesiculated 
membrane fragments. Uptake of [3H]choline by vesiculated 
fragments of Torpedo electromotor presynaptic plasma mem- 
branes loaded with buffer B and incubated in either buffer C 
(Na + gradient conditions) containing [3H]choline in the ab- 
sence of additions (*), or in the presence of 2.5 #M valinomy- 
cin (e), or 10 #M hemicholinium-3 (11), or in buffer B (K + 
equilibrium conditions) containing [3H]choline in the presence 
(©), or absence (zx), of 2.5 valinomycin is shown. Samples were 
also diluted into buffer containing 0.1% Triton X-100 after 
maximum uptake had occurred (0)-  Points are means of 
triplicates or quadruplicates; bars, S.E. values. Inset: the effect 
of veratridine on Na+-gradient-stimulated choline uptake at 
various time intervals (min). 

choline into vesiculated membrane fragments pre- 
loaded with K ÷ and in the presence of an inwardly 
directed sodium gradient was enhanced by the 
addition of 2.5 #M valinomycin, an ionophore 
that specifically enhances the permeability of 
membranes to K ÷ (Fig. 4). This effect was not 
seen at K ÷ equilibrium. This suggests that the 
increased choline uptake is caused by the enhance- 
ment by valinomycin of an inside-negative K ÷ 
diffusion potential, thus increasing the driving 
force for choline uptake. 
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Fig. 5. Effect of temperature on the NaCl-gradient-stimulated 
uptake of choline. Vesiculated membrane fragments were loaded 
with 130 mM K2SO 4, 150 mM mannitol, 20 mM K2HPO 4 
(pH 7.4, 25°C), 0.1 mM MgSO 4 and either incubated in the 
same buffer (open symbols, K + equilibrium) or in 260 mM 
NaC1, 20 mM mannitol, 20 mM Na2HPO 4 (pH 7.4, 25°C), 0.1 
mM MgSO 4 (closed symbols, inwardly directed NaCi gradient). 
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Fig. 7. Replaceability of K + for uptake. Filled symbols, Na t 
gradient: control (KCl-loaded) (e); loading with RbC1 (&); 
NH4Ci ( . ) ,  CsC1 (11), LiCI (v). Open symbols, K ÷ gradient 
with RbCI- (A) or CsCl-loading (D). 

Cation specificity. Figs. 6 a n d  7 show that  the 
u p t a k e  m e c h a n i s m  has  a n  abso lu t e  d e p e n d e n c e  o n  
a N a  + g rad ien t ;  o the r  m o n o v a l e n t  ions  (Li  ÷, K ÷, 
R b  ÷ or  Cs ÷) c a n n o t  replace  N a  ÷. Fig.  6 shows 
tha t  ves icu la ted  m e m b r a n e s  loaded  wi th  KC1 av id ly  
took  u p  cho l ine  in  the  p resence  of  a N a  ÷ g r ad i en t  
( d i a m o n d s )  b u t  n o t  w h e n  NaC1 was subs t i t u t ed  b y  
LiC1, RbC1 or  CsC1 (squares) .  A t  KCI,  NaC1, 

K 2 S O  4 or  N a 2 S O  4 e q u i l i b r i u m  u p t a k e  was also 
essen t ia l ly  absen t .  Fig.  7 shows that  K ÷ c a n n o t  
subs t i t u t e  for  N a  ÷. Ves icu la ted  m e m b r a n e s  l oaded  

wi th  e i ther  RbC1 ( t r iangles)  o r  CsC1 (fi l led squares)  
took  up  cho l ine  in  the  p resence  of  a N a  ÷ grad ien t ,  

Fig. 6. Absolute dependence of choline uptake on Na t gradi- 
ent. Standard conditions (KC1 loading, CI- equilibrium Na t 
gradient) (0) ;  KCl-loading with KC1 equilibrium or Li +, Rb + 
or Cs + gradients replacing Na + gradient (ll representing four 
sets of points all superimposable); NaCl-loaded under condi- 
tions of NaCI equilibrium (A); K2SO 4- or Na2SOi-loaded 
under equilibrium conditions (v representing two superimposa- 
ble sets of points), when loading buffer was 150 mM mannitol, 
20 mM imidazole-H2SO 4 (pH 7.4, 25°C), 0.1 mM MgSO 4 and 
either 150 mM K2SO4 or Na2SO4. See Fig. 7 for comparison 
of an inwardly directed K + and Na t gradient on choline 
uptake. 



but not in the presence of a K t gradient (open 
squares). 

Univalent cations could, however, replace K ÷ 
to varying extents as the loading ion (Fig. 7) in the 
presence of a Na t gradient. Ions were effective in 
the order K ÷ >  Rb+> NH~- > Cs+> Li +, the last 
being completely ineffective. 

Anion specificity. In Fig. 8, the effect of replac- 
ing C1- by Br- ,  NO 3,  SCN-  or SO 2-  is shown. 
Uptake was markedly reduced in the absence of 
CI-,  though Br-  could partially replace CI-. Al- 
though uptake is absolutely dependent on an in- 
wardly directed Na t gradient, it is only partially 
dependent on an inwardly directed C1- gradient 
(Fig. 8, compare open squares and filled circles). 
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Fig. 8. Anion dependence of uptake. Filled symbols indicate 
loading with 150 mM K2SO4, 150 mM mannitol, 20 mM 
imidazole-H2SO 4 buffer (pH 7.4), 0.1 mM MgSO 4. Incubation 
media were buffered with 20 mM imidazole-H2SO 4 (pH 7.4), 
0.1 mM MgSO 4 and contained in addition: (e) 300 mM NaCl 
(Na + and Cl-  gradients); (A) 300 mM NaBr (Na + and Br- 
gradients); (v) 300 mM NaNO 3 (Na + and NO~ gradients); 
(11) 300 mM NaSCN (Na + and SCN- gradients); (-) 300 mM 
KC1 (C1- gradient); ( . )  150 mM Na2SO4, 150 mM mannitol 
(Na + gradient); ( ~ )  150 mM K2SO4, 150 mM mannitol 
(K2SO 4 equilibrium). Open symbols indicate loading with 300 
mM KCI, 20 mM imidazole-H2SO 4 (pH 7.4), 0.1 mM MgSO 4. 
Incubation media were buffered as above and contained (~)  
150 mM Na2SO4, 150 mM mannitol (inwardly directed Na + 
gradient, outwardly directed C1- gradient); (l:]) 300 mM NaCl 
(Na + gradient, no C1- gradient, but Cl-  present). The partly 
filled symbol ((~) indicates loading with 150 mM Na2SO4, 150 
mM mannitol, 20 mM imidazole-H2SO 4 (pH 7.4), 0.1 mM 
MgSO 4 and incubation medium buffered as before and con- 
taining 300 mM NaC1 (CI- gradient, no Na + gradient). Points 
are means of three or four determinations; bars are S.E. values. 
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Kinetic properties. The time-course of choline 
uptake was found to be linear for at least 60 s at 
external choline concentrations of 1 and 10 #M 
(data not shown). For determinations of the dis- 
sociation constant of the putative choline-trans- 
porter complex (KT), the maximum velocity of 
choline uptake (Vm) and the inhibitor constant K i 
for hemicholinium-3, incubation times of 40 s and 
choline concentrations of 1-10 #M were used. The 
specific uptake of choline was taken as the dif- 
ference between uptake in the presence of an 
inwardly directed Na + gradient and that at K ÷ 
equilibrium. The radioactivity associated with 
membranes at K t equilibrium was probably due 
to nonspecific binding since it was not displaced 
by hemicholinium-3, whereas that part of uptake 
attributable to the imposed Na ÷ gradient was 
completely blocked by low concentrations of the 
compound (Fig. 4). Inhibition by hemicholinium-3 
was competitive (Fig. 9a) with a K i of 25 nM. 

The kinetics of the transport system were those 
of a simple, saturable system (Fig. 9b) with K T of 
1.7 #M and a V m of 96 pmol -mg  -1 . r a in  -1 at 
25°C which are in accordance with previous values 
for Torpedo electromotor synaptosomes [44]. 

Enrichment of membranes containing the choline 
transporter and identification of polypeptides 
copurifying with it 

In attempting to purify membrane vesicles by 
using uptake of a low molecular mass substance as 
a reference parameter one must be aware of the 
possibility that membrane fractions rich in trans- 
porter could escape detection because the proce- 
dure had damaged the capacity of the membranes 
to form well-sealed vesicles. Thus, membranes able 
to form such vesicles might show a higher uptake 
and therefore higher transporter activity than 
poorly sealed vesiculated membrane fragments in 
another fraction that were richer in transporter 
molecules. We have checked this by measuring 
radiolabelled choline uptake by each fraction at 
several different osmolarities; radioactivity associ- 
ated with membranes at K ÷ equilibrium was sub- 
tracted. The results are illustrated in Fig. 10. It will 
be seen that when uptake is plotted as a function 
of the reciprocal of osmolarity the points can be 
empirically fitted to straight lines. When these are 
extrapolated to infinite osmolarity, they intersect 
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Fig. 9. Kinetics of choline uptake and its inhibition by 
hemicholinium-3. (a) Determination of K i for hemicholinium-3 
using a Dixon plot [43]. Velocity of upake of choline was 
expressed as pmol of [3H]choline accumulated per nag of 
protein in 40 s in buffer C less those accumulated in buffer B. 
Values were obtained at (e) 2.1/~M and (*) 5.5/~M [3H]choline 
concentration and straight lines were fitted by the method of 
least squares. (b) Double reciprocal plot of the initial uptake of 
[3H]choline over the range 1-10/~M into resealed membrane 
vesicles in the presence of an inwardly directed Na + gradient. 
Units and line-fitting as in (a). 

the ordinate at various points above the origin. 
These intercepts may be regarded as a rough meas- 
ure of the relative number of specific binding sites 
for choline per vg of membrane protein. It will be 
seen that only in the case of fraction F was the 
uptake of choline noticeably less sensitive to 
changes in osmotic pressure than that of the other 
fractions, suggesting that it forms less tightly sealed 
vesicles than the others; this may in part explain 
its lower activity relative to fraction E, since on 
extrapolation, the ordinate intercept for fraction F 
is actually higher than that for fraction E. Elec- 
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Fig. 10. Uptake of choline as a function of osmotic pressure. 
The initial rate (40 s) of uptake of [3H]choline by the various 
fractions of Ficoll-prepared lysed synaptosomes separated on a 
Ficoll density gradient is plotted as a function of the reciprocal 
of osmotic pressure. The straight lines were fitted by the 
method of least squares and extrapolated back to the y axis to 
give a measure of the number of binding sites per #g of 
protein. These were: fraction A ( 0 )  0.4, B (not shown) 1.3, C 
(O)  1.9, D (not shown) 3.0, E (v) 8.9, F (B) 11.5, parent 
fraction (e) 6.7. 

tron-microscopic examination (not shown) indeed 
confirmed that fraction F had a greater proportion 
of unsealed, open membrane fragments. 

Correlation with enzyme activity. The activity of 
three marker enzymes (Table II) which are enriched 
in the synaptosome fraction and again in the syn- 
aptosomal lysate, namely acetylcholinesterase, 5'- 
nucleotidase and ouabain-sensitive ATPase, was 
measured in the various subfractions of the lysate 
and compared with their content of specific choline 
binding sites. The best positive correlation ( r 2 >  

0.993) was with acetylcholinesterase activity; a 
good positive correlation was also found with 5'- 
nucleotidase (r2>  0.987) but ouabain-sensitive 
ATPase showed a negative correlation ( r2>  
-0.915). Also shown in Table II are measure- 
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TABLE 1I 

CHARACTERIZATION OF SUBFRACTIONS OF SYNAPTOSOMAL LYSATES SEPARATED ON A 4-12% FICOLL GRADI- 
ENT BY MEANS OF MARKER ENZYMES 

Enzyme Units of No. of 
substrate expts. Synaptosomal A 
transformed lysate (P) 
per min 

Specific activity (units. (mg of protein)- ]- min- ] ) 

B C D E F 

Lactate dehydrogenase nmol 5 329.1 
-+ 47.4 

Choline acetyltransferase nmol 4 11.5 
_+2.0 

Acetylcholinesterase ~ mol 7 22.5 
_+2.7 

Butyrylcholinesterase nmol 5 12.3 
+1.6 

5'-Nucleotidase /~g 4 7.0 
-+0.6 

Ouabain-sensitive ATPase /tg 4 40.1 
_+4.6 

220.4 309 .2  189 .7  2 5 0 . 7  4 0 4 . 0  344.0 
+52.8 +78.2 +35.9 +65.1 -t-99.8 +74.4 

7.4 11.1 5.1 9.5 16.0 7.5 
+3.6 +4.7 +1.7 +3.4 +4.6 +1.0 

10.3 13.2 14.7 18.6 28.5 36.3 
+1.0 +1.2 -I-1.3 _+2.5 _+4.2 _+8.6 

13.2 14.3 11.8 10.8 10.7 15.1 
_+0.9 +1.4 +1.1 _+1.6 _+1.0 +1.9 

2.3 3.1 2.2 5.7 13.4 15.0 
-+0.5 +0.6 _+0.5 +1.1 +3.0 -+3.4 

42.7 40.6 36.4 15.2 5.2 2.5 
-+3.0 +5.3 _+4.6 +3.4 -+2.3 -+1.8 

ments  of the cytoplasmic enzymes lactate dehydro- 

genase and  choline acetyltransferase, and  the puta-  
tive glial m e m b r a n e  marker  butyrylcholinesterase.  
C y t o p l a s m i c  marke r s  were no t  comple te ly  
e l iminated and  in contrast  to acetylcholinesterase, 
butyrylchol inesterase did not  copurify with the 
choline b ind ing  sites. 

Polypeptide composition. The various membrane  
fractions were submit ted  to gel electrophoresis in 

sodium dodecyl sulphate. A representative gel is 
shown in Fig. 11. A compar ison  of the pat terns  
showed that at least six or seven components  
copurified with the t ransporter;  several of these 
had relative molecular  masses (Mr)  of > 200000; 
others had M r values (.>(10 -3 ) of 140, 68 (doub-  
let), 57, 54 and 28. Other  components  of M r 
( ×  10 -3)  160, 100, 60, 47 and  42 did not  copurify. 
A 68000  componen t  reacted with an anti-  
cholinesterase an t i serum in a blot  test (Fig. 12); 

the second componen t  of the 68000 doublet  is 
p robab ly  absorbed choline acetyltransferase since 
this enzyme was present  in all the fractions. This 
left the 140000, 57000, 54000 and  28000 compo- 
nents  as the most  likely candidates  for the trans- 
porter;  the other componen ts  may be rejected 
since they failed to co-purify with the transporter.  
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Fig. 11. Polyacrylamide gel electrophoresis in sodium dodecyl 
sulphate of proteins present in the various synaptosomal mem- 
brane fractions. The positions and M r values of polypeptides 
that copurified with the choline transporter (M r (X10 -3) 
> 200, 140, 68, 57, 54 and 28) are indicated on the right, and 
other polypeptides on the left. Each lane received 76 /~g of 
protein. P is parent fraction. 
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Proteoglycan 
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Fig. 12. Presence of vesicle-specific proteoglycan and 
cholinesterase in synaptosomal membrane fractions demon- 
strated immunochemically. Immune blots of the polyacryla- 
mide gels obtained from electrophoretic separation of the pro- 
teins of the various membrane fractions were stained with (a) 
anti-vesicle proteoglycan serum followed by (b) anti-acetyl- 
cholinesterase serum. The 68000 band is recognized as 
acetylcholinesterase by the anti-cholinesterase serum and the 
broad band of M r approx. 200000 reveals the presence of a 
specific vesicle component copurifying with the transporter. 

The pattern of polypeptides seen in the parent 
fraction and its subfractions agreed fairly well 
with those previously published [30,40,45] for syn- 
aptosomai membranes purified on a sucrose gradi- 
ent, except that there were more minor bands. 
Among the components which did not copurify 
with the transporter, that of M r 100000 is tenta- 
tively identified as the ouabain-sensitive ATPase, 
and another of M r 42 000 is probably actin [30,46]. 

A proteoglycan specific for synaptic vesicles 
was detected in all the fractions but most intensely 
in fraction F by the immunoblot technique using 
an antiserum raised to it in this department [39,40] 
(Fig. 12). 

Reconstitution experiments with proteins solubilized 
from lysates of Ficoll-purified synaptosomes 

Characterization of the reconstituted system. 
Lipid suspensions mixed with solubilized proteins 
from concentrated detergent extracts of synapto- 
somal plasma membranes (derived from lysates of 
fraction F1) and then dialysed acquired the ability 
to take up choline in a Na+-dependent manner in 
the presence of an inwardly directed Na ÷ gradient 

(Figs. 13-15). The properties of the system closely 
resembled those of the intact membranes, except 
that the initial (one minute) rate of choline uptake 
per mg of protein was about 10-times faster and 
the peak of the overshoot was attained sooner. The 
decrease in time to attain the peak of the over- 
shoot is not due to an average decreased vesicle 
(liposome vs. intact membrane) size, because the 
height of the overshoot was also increased. This 
suggests that reconstitution brought about a par- 
tial purification of the transporter as has been 
observed in other systems [41] or, perhaps, an 
activation of the reconstituted carriers. 

Another factor that might have contributed to 
enhanced activity, namely lower permeability of 
the artificial membrane to Na ÷ compared to the 
natural membrane, seems to be ruled out by the 
characteristics of the 'overshoot' (see Discussion). 
As seen in Fig. 13 the uptake of choline showed 
the typical overshoot, was augmented by 250 nM 
v a l i n o m y c i n  and  inh ib i t ed  by 10 /~M 
hemicholinium-3. Under conditions of K + equi- 
librium and no Na ÷ gradient, uptake was neglible. 
When Li ÷ replaced Na ÷ (Fig. 14), uptake was 
greatly reduced; Cs ÷ and Rb ÷ were ineffective. 
Although an inwardly directed C1- gradient was 
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Fig. 13. Choline uptake by proteoliposomes containing mem- 
brane proteins of synaptosomal lysates. The proteoliposomes 
were loaded with KC1. The uptake in the presence of an 
inwardly directed Na + gradient alone (A), or with addition of 
250 nM valinomycin (*), or 10 ~tM hemicholinium-3 (11) is 
shown, also at K + equilibrium with (O) or without (A) 
valinomycin. Points are means of triplicates or quadruplicates; 
bars are S.E. values. 



necessary for maximum choline uptake (Fig. 15) 
Br -  could partially replace CI-  but NO3-, SCN-  
and a CI-  gradient in the absence of Na ÷ were all 
ineffective. The optimum temperature for uptake 
was again 25°C (Fig. 16). 

If exogenous lipids were not added to the con- 
centrated supernatant of solubilized membrane 
proteins no choline uptake was subsequently ob- 
tained. When liposomes were tested without in- 
corporated solubilized membrane proteins, no 
Na+-gradient specific uptake of choline was ob- 
served. Values obtained at K ÷ equilibrium and in 
the presence of Na ÷ were not different and did not 
change significantly over a period of 20 min. The 
average radioactivity associated with liposomes was 
approximately 14 fmol. The use of cholate con- 
centrations greater than 0.1% (0.3, 0.7 and 2.0% 
were tested) or a phosphatidylserine/cholesterol 
system [41] in combination with 0.2% deoxycho- 
late or 0.7% cholate to solubilize membrane pro- 
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Fig. 14. Na + dependence of choline uptake into KCl-loaded 
proteoliposomes. Inwardly directed gradients: Na + (O), Li + 
(n), Cs + (v), Rb + (A). K + equilibrium (O). Liposomes were 
loaded with buffer E and incubated in buffer B (K + equi- 
librium) of buffer C (containing either NaCI, LiCI, CsCI or 
RbC1) during transport studies. 
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Fig. 15. Anion dependence of choline uptake into K2 SO4-1oaded 
liposomes. Proteoliposomes were suspended in buffer G and 
dialysed for 24 h. Media during uptake studies were buffered 
with 20 mM imidazole-H2SO 4 (pH 7.4), 0.1 mM MgSO 4 and 
contained in addition: 300 mM NaCI (Na + and CI-  gradients) 
(A); 300 mM NaBr (Na + and Br-  gradients) (ll); 300 mM 
NaNO 3 (Na + and N O r  gradients) ( 0 ) ;  300 mM NaSCN 
(Na + and SCN- gradients) (v); 300 mM KCI (K + equilibrium, 
C1- gradient) (z~); 150 mM K2SO4, 150 mM mannitol (K + 
equilibrium, no C1- present) (O). 
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Fig. 16, Temperature dependence of choline uptake into pro- 
teoliposomes loaded with KC1. Filled symbols, Na + gradient; 
empty symbols, K + equilibrium. 



124 

teins gave lower rates of uptake than those ob- 
tained with the present system. 

Characterization of transferred proteins. The 
polypeptide content of the proteoliposomes show- 
ing optimal choline uptake was analysed by gel 
electrophoresis in the presence of sodium dodecyl 
sulphate and compared with that of the synapto- 

J ~  

I 0 0  ~200 

Fig. 17. Densitometry tracings of polyacrylamide gel electro- 
phoretograms of solubilized and reconstituted synaptosomal 
membrane proteins in sodium dodecyl sulphate. (A, B) Mem- 
branes of synaptosomal lysate (A) before and (B) after wash- 
ing with buffer D; (C) solubilized proteins; (D) liposomes. 
The numbers in (A) identify major components that copurify 
with the transporter (M r > 200000, vesicle proteoglycan; 
140000; 68000, acetylcholinesterase; 57000; 54000; 28000) or 
(in italics) do not (160000; 100000, 92000, ouabain-sensitive 
ATPase; 60000; 47000; 42000, actin; 32000). The minor M r 
140000 band copurifying with the transporter (Fig. 11) is not 
clearly resolved from the M, 100000 component in the densito- 
metric scan. The solubilization step and the transfer to lipo- 
somes effect a simpfification of the pattern and cause the 
selective incorporation. 

somal lysate, the washed membranes of the syn- 
aptosomal lysate and the solubilized membrane 
proteins (Fig. 17). Solubilization simplified the 
polypeptide pattern and a protein of M r 54000 
previously noticed as one of those copurifying 
with the transporter when synaptosomal lysates 
were subfractionated on Ficoll gradients became 
prominent. The gel pattern further simplified on 
transfer to liposomes and the M r 54000 protein 
was still present as a prominent component. The 
main partially lost in the transfer were that tenta- 
tively identified as the ouabain-sensitive ATPase 
(M r 100000) and ones of M r 92000 and 160000. 
The 140, 57 and 28 kDa components were largely 
or wholly lost in the transfer. When a correlation 
was made between transport rates observed in the 
various liposome preparations tried (see previous 
section) and the presence of particular poly- 
peptides, only three proteins correlated with 
the ability of liposomes to transport choline: the 
> 200, 54 and 34 kDa components. 

Discussion 

Experiments with vesiculated presynaptic plasma 
membrane fragments 

The isolation from synaptosomes of prepara- 
tions of presynaptic plasma membranes which can 
be induced to form sealed vesicles and demon- 
strate choline uptake in the presence of an im- 
posed ionic gradient is a first step towards the 
identification and purification of the specific 
transporter and in understanding how transport is 
coupled in vivo to sources of metabolic energy. 
Only one attempt, described as unsuccessful, has 
been reported [25] with mammalian cortical syn- 
aptosomal membrane preparations though limited 
success has been obtained with proteoliposomes 
derived from such membranes [25]. These showed 
both the high-affinity choline uptake characteristic 
of cholinergic terminals and the low affinity up- 
take present in all synaptosomes. However, work 
with synaptosomal membrane preparations from 
insect synaptosomes, which have a much higher 
contribution from cholinergic nerve terminals, has 
been more successful [23] and we have now shown 
that very active preparations can be derived from 
synaptosomes derived from the purely cholinergic 
Torpedo electromotor nerve terminals. 



The apparent lability of the choline transporter 
justified a study of the optimum conditions for 
isolating and lysing synaptosomes with regard to 
the composition of the density gradient on which 
the synaptosomes were separated and the pH, 
temperature and composition of the lysing buffer. 
The slightly alkaline conditions (pH 8.5) estab- 
lished as optimum for lysis is known to remove 
proteins from membranes and promote the vesicu- 
lation of membrane fragments [47,48]. 

The kinetics of uptake showed four well-defined 
characteristics. Firstly, optimal uptake was ion- 
gradient dependent. Uptake was absolutely de- 
pendent on an inwardly directed Na ÷ gradient; 
the rate of uptake quickly fell away from its initial 
value as the Na ÷ gradient dissipated and was 
followed by a slower efflux of choline down its 
concentration gradient, producing an 'overshoot'. 
This overshoot is typical of uptake systems driven 
by an imposed Na ÷ gradient [41]. Optimal uptake 
was dependent on K ÷ as the loading ion and on 
an inwardly directed CI- gradient; Rb ÷ and Br-, 
respectively, could partially substitute for these 
two ions. Uptake was increased when the out- 
wardly directed K ÷ gradient was allowed to ex- 
press itself electrochemically by the addition of the 
K+-specific ionophore valinomycin. Secondly, the 
uptake of choline displayed simple saturation 
kinetics and the apparent dissociation constant of 
the putative choline-transporter complex (K.r) was 
1.7/~M, very similar to that found for intact syn- 
aptosomes and characteristic of the high-affinity 
uptake system. Initial rates varied considerably 
between different preparations. Measured at CI- 
equilibrium, they varied between 25 and 60 pmol • 
(mg of protein) - l . m i n  -1 with a mean of 44, 
values comparable to those reported [44] for elec- 
tromotor synaptosomes; measured in the presence 
of an inwardly directed NaC1 gradient (Figs. 5 and 
8), they were higher and ranged between 75 and 
160. This contrasts with a maximum of 75 pmol. 
(mg of protein)-~, min-1 for insect preparations 
under comparable conditions [23]. Thirdly, the 
uptake was very sensitive to hemicholinium, with a 
K i of 25 nM. Finally, uptake was temperature 
dependent. That the optimum temperature tem- 
perature for uptake was no higher than 25°C is 
understandable in view of the fact that the mem- 
branes were derived from a poikilothermic animal. 
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We. have also shown that synaptosomal mem- 
brane fragments containing the choline transporter 
can be purified on a Ficoll density gradient while 
retaining their capacity to bind choline specifically 
and to take it up. Such fragments are only able to 
take up choline as a result of their ability to form 
closed vesicles under the conditions of preparation 
used; this is shown by the sensitivity of the uptake 
to changes in osmotic pressure. It is possible to 
conceive of a vesicle subjected to osmotic dehydra- 
tion in solutions of high osmolarity entirely losing 
its capacity to take up choline, and as a result of 
osmotic collapse, there would be no internal space 
into which choline could penetrate. However, un- 
der these circumstances, choline would still bind 
specifically to the transporter but would not be 
transported. Thus by measuring the rate of uptake 
at different osmotic pressures and extrapolating to 
infinite osmolarity, it is possible to estimate at 
least roughly the number of specific choline bind- 
ing sites in the preparation. Extrapolation is sim- 
plified by assuming that uptake varies linearly 
with the reciprocal of the osmolarity of the suspen- 
sion medium; although we have advanced no theo- 
retical reason for this, it seems to be empirically 
true at least over the limited range of osmotic 
pressures studied. This method avoids differences 
in uptake among fractions caused by variations in 
the ability of the fractions to form sealed vesicles 
and may thus provide a better measure of the 
transporter content of the fraction. This is im- 
portant when evaluating copurification of protein 
components with transporter activity. That frac- 
tions do vary in their capacity to form sealed 
membranes is shown by variations among the frac- 
tions in the slope of the line connecting uptake 
with the reciprocal of osmolarity. This is most 
marked as between fractions E and F; the latter 
had an uptake less than that of the former, but 
that this was partly due to its reduced capacity to 
form tightly sealed membrane fragments was 
shown by the fact that its uptake was less affected 
by changes in osmotic pressure than that of the 
neighbouring fraction E; thus when extrapolation 
was made to infinite osmotic pressure, the number 
of specific binding sites for choline per /~g of 
protein proved to be higher in F than in E. It has 
not been rigorously excluded that cholinesterase 
and muscarinic binding sites as well as transporter 
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molecules contribute to these (to do so would 
require binding studies well beyond the scope of 
this paper), but this seems unlikely since choline 
has a very low affinity for cholinesterase (and, 
presumably, for muscarinic sites) at the concentra- 
tion used and its binding was fully hemi- 
cholinium-sensitive. 

Several proteins copurified with the choline 
binding sites, those of M r (×10 -3) > 200, 140, 
68, 57, 54 and 28 showing the best positive corre- 
lation. One component of the M r 68 000 doublet 
was identified immunochemically as acetyl- 
cholinesterase; the other is probably adsorbed 
choline acetyltransferase. The M r > 200000 com- 
ponent was identified immunochemically as the 
synaptic vesicle-specific proteoglycan [39,40]; this 
leaves the components with M r (×10 -3) 140, 57, 
54 and 28 as possible candidates for the trans- 
porter, assuming this is a protein with an M r of 
less than 200000, as most identified transporters 
are. Of these, only the 54 kDa component was 
enriched in the proteoliposomes (as percent total 
protein). 

Reconstitution experiments  
In these, liposomes acquired all the properties 

of the transporter system observed in the native 
membranes, so far as these were tested: uptake of 
choline in the presence of an inwardly directed 
Na + gradient; dependence of the uptake on Na +, 
partial dependence on CI-, overshoot; sensitivity 
to hemicholinium-3; electrogenicity and an opti- 
mum temperature of 25°C. That selective transfer 
of proteins to the liposomes occurred is suggested 
by the much higher initial rate of uptake of choline 
per mg of protein and the higher and quicker 
overshoot; that this is simply due to a lower Na ÷ 
permeability of the lipid membrane seems to be 
ruled out by the fact that the ratio of the heights 
of the overshoots in the native and reconstituted 
systems was less than that of the initial rates. 
Furthermore the more rapid decline of the over- 
shoot in the reconstituted system suggests that 
ionic gradients dissipate more rapidly across the 
proteoliposomal membrane than the native mem- 
branes. 

It is instructive to compare the polypeptide 
composition of our proteoliposomes with that pub- 
lished by Israrl et al. [29]. The most prominent 

proteins transferred in their preparation were de- 
scribed as having M r (>(10 -3) 90, 60 and 42; 
these may be the M r 100000 and 92000, 60000 
and 42000 components seen in Fig. 17. It should 
be pointed out that the 68000 component, 
acetylcholinesterase, is transferred to our proteo- 
liposomes as well as the transporter. Unless the 
esterase is completely inhibited (and IsraEl et al. 
[29] did not test for this) the acetylcholine 
entrapped in their proteoliposomes might well have 
been hydrolysed and choline, not acetylcholine, 
would have been released, possibly via the choline 
transporter working in reverse. Since the acetyl- 
choline assay they used involves hydrolysis of the 
ester to choline and assay of choline, choline leak- 
ing out of the proteoliposomes would also have 
given a signal, which they would have misinterpre- 
ted as acetylcholine. Thus the relevance of their 
results to the problem of acetylcholine release at 
the nerve terminal under physiological conditions 
is doubtful, though they might be relevant to 
choline uptake. 

We have also noted the presence of synaptic 
vesicles in electron micrographs of lysed synapto- 
somes and have demonstrated by the immunoblot 
technique the presence of the specific vesicle pro- 
teoglycan antigen in the synaptosomal plasma 
membrane fragments. Thus it would be difficult to 
exclude the possibility that some synaptic vesicle 
membrane constituents, including the vesicular 
acetylcholine transporter [49], are incorporated into 
proteoliposomes along with plasma membrane 
constituents. In the experiments of IsraEl et al. [29] 
this may also have happened; thus even if 
acetylcholine had survived hydrolysis by cholines- 
terase it might well have been released through the 
proteoliposome membrane via the vesicle 
acetylcholine cartier. By contrast, the presence of 
this carrier could not have affected our results 
since the vesicle acetylcholine uptake mechanism 
is known to have a very high K x for choline (10 
mM) [49]. 
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