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Multiple Binding Sites for Acetyicholine in a Proteolipid
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SUMMARY

A special proteolipid protein fraction having a inigin affinity for binnding to acetylcholinne

and other cinolinnergic drugs was isolated from electroplax of Electrophorus electricus. After
extraction inn chloroform-methanol (2 : 1 by volume) annd column chromatography on Sepina-
dex LH-20, the proteolipid appeared in a special peak together with the radioactive acetyl-
choline annd increased inn proportion with the amount of protein applied to tine column. A

saturationi curve of this peak with respect to concenntrations of ‘4C-acetylcinoline between
7 X 10� and 5 X 10� tn was constructed. The shape of this curve and the double-reciprocal
plot of the data suggested the presence of more than one type of binding site. Assuming a
homogeneous population of molecules having a molecular weight of 40,000, the use of the
Scatchard equation suggested that there is a single high-affinity binnding site with an ap-
parent dissociation constannt of 1 X 10� �m and a group of low-affinity sites with a dissocia-

tiomi connstannt of 1 X 10� �r. Since this proteolipid is present only inn tine electroplax mem-

branes, these results are discussed in relation to tine possible quantity of this material per

electroplax or synaptic junnction and its possible pinysiological sigmnificance as a receptor in
cholinnergic synnapses.

1NTROI)UCTLON

A proteolipid soluble in organnic solvennts

and having a higin affinity for binding to
‘4C-dimethyl-d-tubocurarimne (1) and atro-
pine sulfate has beemn separated from nerve

ending membranes of the cerebral cortex

and named “receptor” proteolipid (2, 3).

Another proteolipid extracted from basal

ganglia of braimn sinowed a similar type of
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bindinng for serotonnini (4) amid for adrenergic
blocking agemnts (5, 6) . This study was

extended to tine electric organs of Torpedo

and Electrophorus, to gain tine advantage

of having a purely cholinergic innervation

and nicotinic type of receptor. Using column
chromatography on Sepinadex J�H-20, a

proteolipid peak was separated from tine

electroplax (7) which showed a high affinity

for binding of methyl-14C-hexamethonium

and for the irreversible inhibitor of tine elec-

troplax 3H-{trimethylphenylammonium�di-

azonlium fluoroborate (8) at a drug con-

cemntratiomn range from 1 X 10� to 5 X 10�

�in. Inn this same work some preliminary

experimemnts innvolving the use of [‘4C-
methyl�-acetylcholimne chloride were also
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described (7). These investigations were ex-

tended to isolated electroplax membranes,
either intact or experimentally depleted of
acetylcholinestera.se, from both of which

the same proteolipid, having a high affinity
for binding to labeled acetylcholine, was

separated (9).
In the present report the binding of

[‘4C-methyl]-acetylcholine by proteolipids ex-

tracted from the electroplax will be con-
sidered in greater detail, and quantitative
information on tine characteristics of the

drug-proteolipid interaction will be pre-

sented.

METHODS

Specimens of Electrophorus electricus were
kept frozen at - 300. The electroplaques
were dissected from the frozen fish and
homogenized in distilled water (10 %, w/v)
in a Waring Blendor for three 1-mm periods
at the highest speed. The homogenate was
frozenn as a thin film in glass vessels and
immediately lyophilized for at least 24 hr.

The dry material was stored under vacuum
over a desiccant. Lyophilized electro-
plaques (1 g wa.s equivalent to 12.5 g of
fresin tissue) were homogenized inn 15 ml of
chloroform-methanol (2 : 1 by volume) for

1 mini in an Ultra-Turrax (Karl Koib,

Frannkfurt) . After standing at room tern-

perature for 5 mm, tine extract was filtered
through Whatmann No. 2 filter paper. The
residue was washed with chloroform-
methamnol (5 ml; 2 : 1 by volume), the volume

of the extract was noted, and a volume of
chloroform ectual to half that of the extract
was added. This was then evaporated under

vacuum at room temperature to a final
volume of 5 ml. Binding was carried out by

the addition of [‘4C-methyl]-acetylcholine
chloride (9.2 mCi/mmole, Radiochemical

Centre, Amersham, England). This was
dissolved in 0.01 N methanolic HC1 at a
concentration of 5 X 10� M. Volumes of
1-500 �l were added to the extract to give

the desired final conicentration.
After standing at room temperature for

20 mm, the extract was loaded onto a Sepha-

dcx LH-20 column (2.1 X 18 cm) that had
been equilibrated overnight in chloroform.

The stanndard elution procedure previously

reported (10) was slightly modified as fol-
lows : chloroform, 80 ml ; chloroform-meth-
anol (15 : 1 by volume), 30 ml; and chioro-
form-methanol (4 : 1 by volume), 70 ml.
The eluate was monitored at 278 nm with an
LKB Uvicord ultraviolet absorption meter
at a flow rate of 0.5 mI/mm. The first 60 ml

eluted were collected in fractions of approxi-
mately 2 ml, and subsequently fractions of

5 ml were collected.
Inn each tube the lipid phosphorus (11)

and protein content (12) were determined,
and the radioactivity was measured in a

Nuclear-Chicago liquid scintillation counter
as described previously (13). Control ex-

periments were performed by passing
through the column concentrations of 14c..

acetylcholine equivalent to those used in
the binding experiments, but without pro-
tein.

RESULTS

Figure 1 shows the typical elution pattern
obtained from the total lipid extract of

Electrophorus. In this particular experiment
an initial concentration of 5 X 10� nu

‘4C-acetylcholine was used. The proteolipid
protein appeared in three peaks, which
were eluted with the chloroform, and two
peaks, eluted with chloroform-methanol

(4 : 1), at the end of the chromatogram. The

total recovery of protein was 70-80 %.

Control experimennts performed with the

lipid extract without ‘4C-acetylcholine gave

the same pattern of elution of the proteo-

lipid. About 90 % of the lipid phosphorus

was recovered, appearing in two peaks in the

chloroform extract and in another at the

end of the chromatogram. The maximum

amounit of lipid phosphorus appeared 7 ml

earlier than the elution volume containing

maximal radioactive protein. The recovery

of radioactivity at this concentration was

80 % and appeared only in a sharp peak

(peak 3) between 35 and 40 ml of chloro-

form, coinciding with the maximum re-
covery of proteolipid protein. In this peak

the lipid phosphorus to protein ratio was

0.2. In control experiments with free

acetylcholine (5 X 10� �m) no radioactivity
� eluted with tine chloroform, and only
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FnG. 1 . Chroniatographic pattern obtained from lyophilized electric tissue of Electrophorus

The chloroform-methanol (2:1 by volume) extract was subjected to binding with 5 X 10� iu

methyl}-acetylcholine (‘4C-ACh) and passed through a column of Sephadex LH-20 (2.1 X 18 cm). The

bound radioactivity was eluted together with peak 3 of proteolipid protein (see description in the text).

6 % of the radioactivity was eluted with
chloroform-methanol (4 : 1).

Saturation of binding sites of proteolipid.
Binding experiments were carried out using
6 X 10-v M ‘4C-acetylcholine and varied

amounts of protein. Table 1 shows that the
protein recovered in peak 3, which carried

the label, increased in parallel witin tine
amount of protein applied to the columnn.
The ‘4C-acetylcholine bound to peak 3 was
quantitatively the same at all concentra-

tions of protein and represented about 60 %
of tine radioactivity of the original extract.
This indicates that the available acetyl-

choline was bound to the 220 �g of prote-
olipid eluted as peak 3 and that more ac-

etylcholine would be necessary to achieve
saturation with this amount of proteolipid.
Correspondingly, the specific radioactivity
in peak 3 decreased in parallel with tine

increased amounit of protein (Table 1).
In other experiments the protein concen-

tration was kept connstant and tine concen-
trationn of ‘4C-acetylcholinne was varied be-

tween 7 X 10� and 5 X 10� M. In each
case cointrols were performed with tine same
concentration of ‘4C-acetylcholine without

proteolipid. Inn all the experiments tine
radioactivity appeared in peak 3 together

TABLE 1

Binding of [‘4C-methylj-aeetyleholine in receptor
proteolipid as afunction of total protein applied

to Sephadex LH-�!O column

Peak 3 corresponds to the one carrying the peak

of radioactivity (see Fig. 1). The ‘4C-acetylcholine

added to the column in these experinnents was at a

final concentration of 6 X 10� M, e(luivalent to

61,000 dpm.

Protein on
column

Protein in
peak 3

Radioactivity
in peak 3

pg jig dpm/pg protein

1100 220 180

1950 384 100

3300 480 83

6200 1396 33

with tine protein. Table 2 sinows the various

concentrations of ‘4C-acetylcholine used, the
results obtained for binding, and also the
data used to construct tine curves of Figs.

2 annd 3.
With increasing concenitrations of acetyl-

choline ann inncreasing number of counts

appeared inn the chloroform-methanol (4 : 1)
extract. Since no differemnce was found
betweemn test amid conntrol experiments, such
counts were interpreted as being due to
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TABLE 2

Binding at various concentrations of [“C-mcthyl]-acetylcholine

fACh�l, initial concentration of acetylcholine; [ACh1l, concentration of free acetyicholine; n and
�/[ACh1l, the terms used in the Scatchard plot (Fig. 3), are defined in the text. At saturation � = 10,

assinming a molecular weight. for the proteolipid of 40,000.

[ACh,]
Acetyicholine

bound to
peak 3

[Ach1]
Radioactivity

in peak 3
�/[A Ch1]

.81
(�
,.� .‘f dpm/pg protein

7.0 X 10� 80 5.6 X 10-8 176 0.35 6.32 X 10’

1.1 X 10’ 80 2.2 X 10� 334 0.68 3.06 X 106

2.3 X 10’ 50 1.1 X 10” 570 1.15 1.04 X 10’

4.5 X 10” 47 2.4 X 106 880 1.78 7.40 X 10�

7.3 X 106 48 3.8 X 106 1465 2.96 7.70 X 106

1.2 X 10� 39 7.3 X 10-6 1750 3.55 4.85 X 10�

2.6 X 10� 25 1.9 X 10� 3000 6.05 3.18 X 10�

5.0 X 10-i 15 4.2 X 10’ 3890 7.84 1.87 X 10�

4895 10.00

free acetylcholine. At high concenntrations
free acetylcholine also appeared in the
chloroform eluent. Table 2 indicates the

percenntage of bound radioactivity in peak 3
at each concentratiomn of acetylcholine.

The saturation curve obtained by plotting
radioactivity against the concentration of
free acetylcinoline did niot show tine charac-

teristic rectangular hyperbola expected for
the saturation of a sinngle set of binding
sites. When a double-reciprocal plot was
connstructed, the multiple nature of the
binding became more evident. As shown in
Fig. 2, two sets of bimnding sites having

different dissociation comnstants, i.e., K1 =

1 X 10� and K2 = 1 X 10�, may be cal-

culated by extrapolation of the curve.
A plot of acetylcholine bounnd against

tine reciprocal of the initial acetylcholine

concenitration indicated the degree of satu-

ration of the proteolipid. By extrapolation

it could be demonstrated that, at full

saturation, about 4950 dpm/�g of protein

may be bound (Table 2). This amount

corresponds to 2.4 X 10’� mole of acetyl-

choline per microgram of protein, or ap-

proximately 10 moles/mole of proteolipid,

assuming tlnat peak 3 connsists of a homo-

geneous population of molecules havimng a

molecular weight of 40,000 (see DISCUSSION).

To analyze these data further, the Scatcin-

ard equationn (14) was introduced.

� = K(n -

Here 1’ is tine average nnumber of moles of

acetylcholine bound per mole of proteolipid,
[ACh1] is the concentration of free acetyl-

choline, K is the association constant, and

n is the number of binding sites in the pro-

teolipid molecule. Tine Scatchard plot of

i/[ACh1] against i; gives a straight line if

only one type of binding site is present.

Because of the shape of the curve it is evi-

dent that there is more than one type of

site present in the molecule (14), thus con-

firming tine analysis of the saturation curve.

By extrapolation of the curve to both

abscissa and ordinate intercepts, it is

possible to make an approximate evalua-

tion of the number of binding sites and of

the apparent dissociation constant for

each species of site (Fig. 3). Taking into

account the assumptions made above, we

may connfirnn that there is a single high-

affinity bindinng site per molecule of proteo-

lipid, having an apparent dissociation con-

stant of 1 X l0-�, and another group

of sites with much less affinity, having
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Fin. 2. Double-reciprocal plot of data obtained from saturation curve

In each experinnent the sanne amount of proteolipid (i.e., 160� jig) in 5 nil of clnloroforni-methainol w�rs

loaded onto the column. EACh1], concentration of free acetylcholine. K, and K2 are association constants

resulting from extrapolation of the curve to the left on the abscissa.
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ann apparent dissociationn connstannt of 1 X
10-s.

i)ISCUSSION

The results presented here imndicate tinat,
as previously demonstrated for methyl-

‘4C-inexannethonium and 3H-[trimethylphen-
ylammonium�diazonium fluoroborate (7),

‘4C-acetylcinoline binds to a special proteo-
lipid protein fraction extractable with chloro-
form-methanol (2 : 1) and purifiable by
chromatography through a Sephadex LH-20
column. With all these cholinergic drugs

the bound radioactivity appeared with the
same I)rOteOliPid peak (peak 3). This peak
contains mainnly phosphatidylcholine, phos-

phatidylethannolamine, and a small amount

of pinosphatidylserine and phosphatidyl-
inositol; however, these phospholipids are

also common to protein peak 2, which
shows mo binnding. These findings suggest

tiTlat it is tine protein of peak 3 which is
responnsibhe for tine binding, although the

participation of pinosphohipids cannnot be
excluded at presennt. From tine amount of
proteinn present in peak 3 it is possible to
calculate that, at tine most, 26 mg of this
type of proteohipid having cholinergic prop-

erties are present in 1 kg of electric tissue of
Electrophorus. We have previously reported
that in Torpedo there may be nnore than
twice that amount of proteolipid with a
similarly high binding affinity (7).

Assuming a molecular weight for tine

proteohipid of 40,000 (see below), it is
possible to estimate that a sinngle electroplax
of 35 mg, wet weight, having some 35,000

synapses, should contain a maximum of
1.2 X 10’s of these proteolipid molecules;

this corresponds to some 3.4 X 108 mole-
cules/end plate. This value is not far

from tine number of acetylchohine molecules



FIG. 3. Scatehard plot of data shown in Table 2 (see description in the text)

Intercepts on the abscissa indicate the ntmmber of binding sites. Intercepts on the ordinate correspond,

according to Scatchard, to n/K,,,
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‘0

(i.e., 6 X 10� - 6 X 108) needed to cause
depolarization of the myoneural junction
(15).

For these calculations an exact kmiowledge
of the molecular weight of the proteohipid
of peak 3 would be inndispennsable. Such
information is unfortunately not available
at the present time. Previous studies were
done on the proteolipid isolated from nerve

ending membranes of the cerebral cortex.
This was eluted inn chloroform-methanol

(4:1) with the Sephadex LH-20 column

and bound ‘4C-dimethyl-d-tubocurarinne (1)
and atropine sulfate (2, 3). Electron mi-

croscopy demonstrated that this macro-

molecule is rod-shaped with a minimum size
of 15 X 150 A (16), from which a molecular
weight of about 20,000 may be calculated.
Similar morphological studies being con-

ducted onn the peak 3 proteolipid of Electro-

phorus bound to cholinergic drugs suggest

that the size of this molecule may be larger.
Another crucial problem in these binding
studies is the degree of homogeneity of the
proteohipid in peak 3. However, in view of
its special, constant chromatographic prop-
erties and the smoothness of the saturation
curve, we are inclined to believe that the
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peak 3 proteolipid fractiomn is a fairly pure
molecular species. This conclusion is sup-

ported by electron microscopic observations
of these macromolecules, which show a

rather homogeneous appearance.
The Scatchard equation requires a mimi-

mum molecular weight of 40,000 to give a
1 : 1 molecular ratio between the proteolipid
molecule and the high-affinity binding site
for acetylcholine. The conclusion drawn
from the double-reciprocal plot (Fig. 2) sug-

gesting that the binding is not simple but
multiple, involving several . sites of binding

with more than one apparent dissociation

constannt, is confirmed by the Scatchard
plot (Fig. 3). If we assume a homogeneous
populatiomi of proteolipid molecules for

peak 3, there would be only one site with
high-affinity binding, the remaining species

of low affinity, being less specific anniomnic
sites on the protein molecule. Since the
affinity of the first site is about 100 times

greater than that of the nnonspecific sites,
we may postulate that within the physio-

logical range of acetyicholine (15) only tine

high-affinity binding site would be effective
in synaptic transmission.

The special bindinng properties of this
molecule and the fact that it is tightly
bound to the electroplax membrane (9)

suggest tinat it may be the cholinergic

receptor molecule. Experiments to prove

this by other techniques are now under way.
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