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The Use of a Cholinergic Fluorescent Probe for the Study of the

Receptor Proteolipid

G. WEBER’ AND D. P. BORRIS

SUM’IIAR\�

A trimethylammommium derivative, 1 -dimethylamimiomiaphthalemie-5-sulfonamidoetilyl-
trimethylammonium perchilorate, was synthesized amid use(l as a fluorescent probe for the

study of the receptor proteohipid extracted from time electric organ of Elect rop/wrus eleetricus.

A special techmmique based on the preferred partitiomm coefficiemit of tue proteoiipid for

orgammic solvemmts amid of tile trimethylammonium derivative for water was developed. Suchi a

metilod permits time accurate aimd rapid titratioim of the proteolipid with the choliimergic

fluorescemmt probe and also the study of the action of other drugs competing for the bimmdimmg
sites.

A cooperative type of immteractiomm between time fluorescemmt trimethlylammolmium derivative

ammd time receptor proteolipid was observed, timid the competitiomm of acetylcholimie, dimethyl-

d-tubocurarine, and decametimonium for the bimiding sites of tue fluorescemmt probe ��‘as

demonstrated.

I NTROI)UCTION

Special proteolipids (hydrophobic lipopro-

teins) have beemi extracted froni different

gray structrmres of time central miervous sys-

tem and simowmi to hmave higim affimmity for
bimidimig drugs active iii synaptic trans-

missiomm, such as dimet hyl-d-tubocurarine
(1), atropine (2), 5-hydroxytryptamine (3),
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amid several adrenergic blockimig agents (4,

5). Such hiydrophobic proteimis were found
to be associated mainly with the synaptic
structures and particularly withi the mmerve
emidimig membramies mind were desigmmated
“receptor proteolipids” (1). More recently

a proteohipid was isolated aimd purified from
time electric orgami of Torpedo amid Elect ropli-

orus amid simowmi to bimid ‘4C-acetvlcholine
timid othier chohinergic drugs in vitro (6). A

saturation study of this proteohipid with

acetylcholine suggested the presence of a
single binding site of high affinity for a pro-

teolipid molecule, with an assumed molecu-
lar weight of 40,000 daltons, having a dis-
sociation constant of 1 X 10� �ti and a

group of low-affinity sites with a dissocia-

tion constant of 1 X 10� �m (7). In such
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�‘ By difference.

bimidimig studies each titratiomm poimmt re-
quired time use of at least two columns of
Sephadex LH-20, ivitim and without proteo-
lipid, which made the work rathmer lomig amid
painstakimmg.

I ii tile present work advamitage was taken

of time use of a fluorescent probe having a
catiommic head similar to timat of acetvlcho-
line amid with a preferred partitiomm coefficiemit
for water. Thus techmmique permitted a rapid
and reliable study of time fluorophmore-pro-
teohipid receptor immteractiomi, timid of time
competitive effect of otimer chohimmergic drugs
omm sucim bimidimig. A general tecimmiique for
measurimmg time bindilmg of drugs to imydro-

phiobic biological substammces fllfl� be based
olm time primmciples set fortim in thus immvestiga-

tiomm.

METHOI)S

�S’eparatuin and purijicatian of proteolipids.

Specimemms of Electrop/sorus eleetricus were

kept frozemm at - 30#{176}.The electroplaques

were dis.sected arid hlomogelmized imi distilled

water (10%, wv) in a Warimmg Blemidor for

timree 1-mimi periods at time highiest speed.

The imomogemmate was lyopimilized amid stored

ummder vacuum over a desiccammt. ()ime gram

p of lyophihized electroplaques, equivalemit to

12.5 g of fresh tissue, was hiomogemiized imi
15 ml of cliloroform-metilanol (2:1 by
volume) for 1 mimi imi ami Ultra-Turrax appa-
ratus (Karl Koib, Frankfurt). After stammd-

imig at room temperature for 5 miii, time
extract was filtered through Whatmami No.
2 filter paper. Time residue was washmed witim
chioroform-metimanol (5 ml; 2:1 by volume),
time volume of time extract � noted, amid a

volume of chloroform equal to imalf timat of

the extract was added. This was thiemi evap-
orated under vacuum at room temperature

to a fimial volume of 5 ml. After starmdimig at

#{149} room temperature for 20 mimi, time extract

� loaded onto a Sephadex LH-20 cohummm

(2.1 X 18 cm) tiiat had beemi equilibrated

overnigimt in chloroform. Tile stamidard em-

tiomi procedure previously reported (8) was

modified slightly as follows: chloroform, 80

ml; chloroform-methanol (15:1), 30 ml;

and chloroform-methamiol (4:1), 70 ml. Time

eluate was monitored at 278 rmm with mimi

LKB Uvicord ultraviolet absorptiomm meter

at a flow rate of 0.5 ml/niimi timid collected
into 2-5-mi fractions. The chromatographic

pattern showed three peaks of proteolipid

in time chiloroform amid two peaks in cimloro-
form-methammol (4:1) [see Fig. 1 of I)e

Robertis et a!. (7)]. Peak 3 shiowed time
hmiglmest affimmity for bindimig of acetylchmohlme
ammd thmus was called time receptor peak. In
timis peak time lipid phospimorus to proteimi
ratio was about 0.2, timid time Protein yield
was approximately 220 �g.

�‘iynt/uesis of fluorescent probe. A fluores-

cemmt trimetimylammommium derivative, 1 -di-

met imylami nommapht hmalemme-5-sulfoimamidoet It-
yltrimetimylammommium percimlorate, was used

mis a probe. Its cimemical formula is

‘u�: IH,

cIo�

HN-CH2--C�I2-N �

Mol wt 434.5

l’or time symmtlmesis of tue compoumid, 1.6 g

of 1, 5-dimet imvlamimmonaphmt hylsulfommyl cub-
ride were refluxed �vitlm 0.53 g of ulmsyni-
metrical dinietimylethylemmedianlilme (Aldrich

Cimemical Compalmv) imm50 nih of acetomme for

1 imr. Time resultimig imydrochloride was mmerm-

trahized withm a solution of 0.6 g of potassium
carbommate dissolved iim 1 ml of water timid
refluxed for 30 mimi. Themi 1.5 ml of metimyl
iodide were mudded slowly and refluxed for I
hr. Additiolmal acetomme was added, timid time

solutiolm was poured imito 250 ml of 3 M

sodium perchm lorate. The resultamit crystals

(2.3 g) were filtered ammd washmed witim a

saturated XaHCO3 solut iou. After recrvs-

tallyzatiomm from water, the crystals were

washed with ether. Melting poimmt raumge:

182.5- 184.5#{176}.

ELEMENTAL ANALYSIS
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FmG. 1. Absorption and technical fluorescence spectra of 1 -dimethylaminonaphthalene-5-sulfonamido-

ethyltriinethylamnzonium perchlorate in water saturated with chloroform

See the text for further description

I

I

N-H stretching vibrations for tertiary

amine salts were not observed in the infra-
red region, eliminating the possibility of the
synthesized compound having the structure

H3C,CH3

Y cio�

1N-CH2-CH2- �J-CH3

CH3 H

Method for study of binding. The excitation
and fluorescence spectra of the probe are
illustrated in Fig. 1. The main excitation
region corresponds to the long-wave absorp-

tion band of this compound, which has a

maximum at 340 nm. In the experiments

the wavelength cimosen for excitation was
370 nm. Time emission bamid is, as expected,

time mirror image of the 340 nm absorption
bamid, having its maximum at 520 nm. The

wavelength region of the emission chosen

for the measurememits of tue concentration
of time fluorescent probe was 540 nm. The

wavelengths of excitation (370 nm) and

emission (540 nm) were very well separated,
so that correctiomis for scattered exciting

light were minimized. The spectra were not
corrected for the variation of the output of

the xenomi arc with wavelemigth, for the

transmission of tue excitation monochroma-

tor in the case of tue excitation spectrum,
or for the transmission of the fluorescence
monochromator amid photomultiplier re-

sponse in the case of the emission spectrum.
However, such correctiomis were not relevant

imi our case, because we simply used the total
emission excited at a given wavelength as a

FIG. 2. Apparatus used for study of fluorescent

probe-proteolipid interaction

A small cylinder was placed on a magnetic

stirrer which kept the 2 ml of the lower phase

containing the proteolipid sample (1) under coml-

stant agitation. Another stirring device (s), made
of Teflon, was set in the 2-ml upper aqueous

phase (u).



means of determining the concemitration of

the fluorophore imi water. All the measure-
ments were made with au Aminco-Bowmami
spectrofluorometer arid registered omi mmmixy
Aminco-Bowman recorder. Standard curves

for the fluorescent probe in chiloroform-
saturated water were made in comicentrations

�lI� = ([Xb]I + [X1]1) . I’� (1)

i�hmere [As,]’ is time bound concentration of
.v � time lower pimmise, [AfJ, �5 the free comi-
cemmtratiomm of X imi time Io�ver phase, timid l�

is the volume of the lower phase. 1mm the

upper phase time amnoumit of ligamid is
ramigimig between 8 X 10_8 arid 1.8 X 10-i M.

The partition coefficient of the compound
between water saturated with chloroform
and chloroform saturated with water at 18#{176}

was 31 : 1 in favor of the water.
As shown in Fig. 2, the experimental pro-

cedure used throughout consisted in placing

a sample of 2 ml of proteolipid, containing

jJfl = [X1],� - U,. (2)

i�e�’e [X�,.J,, is time free concentration of X imm
time upper phase timid I’,, is time volume of

time upper pha.se.

If aim equilibrium between the phases huts
been established,

about 30 j.�g of protein per milliliter of (3)
chloroform, in the bottom of a small cylin-
der. Such a proteolipid was washled several

times with 2 ml of water saturated witil
w�hich S is time partition coefficient.

chloroform for a period of 30-60 mm, until M #{163}lIu+ M� [Xblz 11
the fluorescence in the upper phase reached
a constant value. This value was deducted

from all time subsequent measurements.

( vi” (4)

+ [XiL� � + -.�-)

I

When equilibrium was achieved, the fluo-
rescent compoummd was added to time upper
aqueous phase under constant stirring of
both phases for ‘5 mm. Time solution of the
fluorescent probe was 1 .6 X 10� �m, and the
additions were made 1-10 � at a time.

After each addition the fluorescence meas-
urement w’as made in 1 ml of the upper
phase, and this phase was returned to the

cylinder before the next addition.
Competition experiments were performed

using acetyicholimme chloride, dimethyl-d-tu-

bocurarine hydrochloride, and decametho-
nium bromide. Tilese three compounds
showed no intrinsic fluorescence in the wave-

length used. The titration with the fluores-
cent probe imi the presence of time competing
drug was carried out as indicated above.

Since if, the total amoumit of ligand added,

is kmio�vmm, a simple determination of [X1J,, is
sufficient to determine [XbJ �, when S is

known from a previous determinatiomm.
The method becomes particularly seimsi-

tive if S is a large number, in whicim case

the ligamid in the upper pimase is virtually the
total free ligand and the ligand in the lower
phase in virtually the total boummd ligand.

Moreover, in such cases time smallest con-
centration of free ligand in equilibrium with
bound ligamid that can be determined by the

method of measurement becomes decreased

� the factor 8, thus extending by this
factor the range of dissociation constants
that may be estimated.

Plotting and interpretation of results. When
When [X1], timid [XbJz are kmiowmi for a fixed
medium and temperature, the equilibrium
is completely determined. Timere are various

Two phases, with volumes V� and V� , ways in which the results may be plotted

respectively, are equilibrated. Time lower according to the needs of time case (see ref.
phase contains a binding agent (proteolipid) 9). We favor, for reasons given elsewhere
which is insoluble in the upper phase. Let A! (10, 11), the plot of -log [X1] against IX,,].

moles of a ligand X be introduced so that it The former quantity is proportional to the
becomes partitioned between the two phases. cimemical potemmtial of the higand, so that the

The amount of higand X in the lower phase, plot gives directly time comicentration bound
A!, , is made up of two parts, one free aimd at each potential mmd is a direct thermo-
the other boummd to the proteolipid. dynamic description of time system. In a

THEORY OF THE METHOD
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I

Fm. 3. Plot of - log free ligand [X1] in upper phase against concentration of bound ligand [Xbl in lower

phase

The points represent the experimental values. The commtinuous curve ( --) was computed for a simple

type of bimmdiumg (see Eq. 5), and the discommtinuous one (- - -), for cooperative binding of pairs of sites

(Eq. 6).

system with two sets of bindimmg sites (mimI-

tiple binding), if the sites have dissociatiomi
conmstamits separated by ti large iuiterval (in

practice 100:1), two titration regiolis sepa-
rated by aim intermediate sat uratiomi regiomm
tire observed. If time dissociation constammts

mire close, the resolutiomi imito separate re-
giomis is mio lomiger possible, but in either case
the logarithmic spamm or interval imi -log [X1]

between 10 % timid 90 % tot al saturationm is
larger thiami 1.81 umiits. Time exact value of

1.81 units corresponds to equal, indepemmd-
emit sites (simple binding). Iii cases of co-
operative binding, that is, whemm the addition
of higand facilitates further additiorm, the
logarithmic spami is always less timamm 1.81

units. Such measurements thus give a first
indication of the type of binding: simple,

multiple, or cooperative.

RESULTS AND 1)ISCU5SION

Figure 3 simows a I)lot of time experimemmtal
values of -log [X1] ttgaimmst [Xb]. From timese
ammd similar titratioum curves we imave at-

tempted to determimme (a) time stoicimionmetry
of the reactiomm of time fluorescemut probe with
time proteolipid timid (b) the type of bimiding
process. Jim considerimmg the possible sources
of error it is mmecessary to bear in mind timat a
titratiomm curve like that of Fig. 3 must cover

at least omme to two orders of magnitude in
free ligamid concemmtratiomm. The factor of 20
reached is sufficieumt to defimme time curve over

a spamm such timat comparisomi with theo-

retical curves becomes possible. Over this

range of free ligand the bound fluorescent

ligamid varied over a factor of 60, amid the

ratio of free to boumid ligammd miever exceeded
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IXbI x i07 M

Dimethyl-d-tubocurarine 1.6 x 10-6 M

FmG. 4. Effect of addition of competing drugs on binding of 1-dimethylaminonaphthalene-5-si�lfona,ni-

doethyltrimethyla�nmonium perchlorate (D.VE TMA) by proteolipid

Coordinates as in Fig. 3. Notice the smoothed curve fitting the experinmental points (�) for the

binding of the fluorescent ligands, in comparison with the upward displacement of the curves in the

lreseimce of the competing drugs.

4. ‘lime largest value of free ligaumd measured
by time fluorescemmce techmmique � snialler

thamm 10� u. Therefore optical artifacts due

to appreciable reabsorptiomm of fluorescemmce

tire negligible.

Stoichiornetry Qf tile reaction. It is seemm imm

Fig. 3 timat mimi apparemmt emmd poiumt of time
titratiomm (i.e., saturation) is reacimed after 1

mole of higammd is bound to approximately
5000 g of proteohipid. This over-all stoichi-

ometry is close to timat previously observed
for time bimmdiumg of ttcetylchmoliume (7) (1 mole

4000 g of proteolipid).
Type of binding. Examimmatiomm of time cx-

perimeumtal values iimdicates thmmt time cemmtral

80 � of time titration curve (Fig. 3) occurs

over mi span commsiderablv shorter timamm 1.8

log umiits, so that we must have a case of
cooperative binding. To demonstrate the
cooperativitv we have drawn time theoretical

[.Xbl - [��‘1
TIXI+K

- [v�2

T [X]2+K

where 7’ is time total concemmtratiomm of sites.

A value of K = 2.16 X 10_6 M wmis ciiosemm

so timat time curves would coincide witim time
experimemmtmil poimits wimemm hmahf time sites were

occupied ([X,,] T = � �). Equmitiomm 5 de-

scribes simple bimiding, wimile Eq. 6 describes

cooperative bimmdimmg of pairs of sites, so thmat
whmemm one site of time pair is occupied time

other is also occupied. It is evidemmt timat the
simple binding type of curve does mmot fit at
all whereas time cooperative binding of pairs

gives a very rea.sommable fit to the experimemm-
tal points (Fig. 3). The situatiomi appears
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quite different from timat obtained in the

bimmding of acetylcholine, imm which case De
Robertis et al. (7) identified omme strong bind-

ing site per 40,000 g of proteolipid (K1 =

1 X 10� �m) amid some 10 weaker sites (K2 =

1 X 10� sn). Attempts to fit the experimen-
tal binding curve with a curve correspond-
imig to a strong binding site and a group of

weaker but cooperative sites gave a much

poorer fit timan the one shown in Fig. 3. The

difference between the noncooperative bind-

immg of acetyicholine amid the cooperative
binding of the fluorescent ligand is not un-

expected in view of the large hydrophobic

surface of the fluorophore, which enhances
the possibility of stabilizing a nearby site.

The accuracy of the measurements is not
sufficient to allow a decision as to whether

the exponent 2, assumed in Eq. 6, is to be
preferred to some higher value. If such were

the case, one could conclude that the bind-
ing sites do occur in pairs which may bear

important structural or functional relations.
Binding of a competing ligand. The iden-

tity of the proteohipid sites for binding
acetylcholine and the fluorescemmt trimethyl-
ammonium derivative may be demonstrated
by competition experiments (Fig. 4). When
a fixed amount of mtcetylcholinme, dimethyl-d-
tubocurarine, or decamethonium was intro-

duced into the system, the titration curves
of the fluorescent higand were displaced

upward, indicating the molecular displace-

ment of the latter by the competing drug.
When the amount added was small, that is,
in time region where competition takes place
with the strommg bimuding site of acetylcho-
line, the titration curve was displaced some
0.5 logarithmic ummit. In similar regions time

titration curve was displaced 0.7 log ummit
when the competitor was dimethyl-d-tubo-

curarine or decamethonium (Fig. 4). If time
partition coefficients of the competitors and
of the fluorescent ligand are all strongly in
favor of the water phase, the affinity ratios

of the ligand and competitors tire given to a
first approximation by the ratio of ligand

concentrations in the water pimase that pro-

duce the same binding in the absence and

presence of the competitor. Oim this assump-

tion time relative affinities of the fluorescent

trimethylammonium derivative, acetylcho-
limie, dimethyl-d-tubocurarine, and decame-

thonium are approximately imm the ratio

1 : 4 : 5 : 5, respectively. These crude affinity
ratios do miot admit a simple interpretation

in terms of dissociation constants, not only

because of the lack of knowledge of the
exact partition coefficiemmts of the competi-

tors but also because of the different char-
acteristics of the binding of the competing

ligands: i.e., multiple bimmding in the case of

acetylcholine, cooperative in the case of
the fluorescent trimethylammonium deriva-

tive.

CONCLUDING REMARKS

Differences between fluorophore and acetyl-
choline. 1 -Dimethylaminonaphthalene-5-sul-

fonamidoethyltrimet hylammonium perchbo-
rate resembles acetylcholine in the ethyl-
trimethylammonium end, which carries a

strong positive charge timid which binds
aniommic sites mm the proteolipid. This fluo-

rescent probe lacks the esterophilic region

which provides for a secondary mode of

interaction for acetylcholine (see ref. 12).
The lower affinity of the fluorescent ligand
for the proteolipid as compared to that of

acetylcholine is thus easily explained. The

cooperative binding effect observed for the
ligand but absent with acetylcholine is

more difficult to explain. It may depend

upon the fact that the fluorescent ligand is a
bulky hydrophobic molecule that is capable

to a much larger extent than acetylcholine
of modifying the structure of the proteolipid
upon binding.

Extension of methodology to other studies.
The insolubility of the proteolipid in the
water phase and its solubility in organic

phases immiscible with water provide an

excellent opportunity for carryimmg out bind-

ing studies using partitiomm of the free ligand

between the water and the nonpolar phase.

The theory of the method developed in the

present work cami easily be applied to the

study of binding of ligammds labeled with

radioisotopes. Such a method is already

being applied in this laboratory to the study

of receptor proteolipid-drug interactions.
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