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Swmmary The dependence of acetylcholine receptor-controlled transmembrane ion
flux on carbamylcholine concentration was measured in the msec time regionm,
using membrane vesicles and a quench flow technique. 4 Measurements were made:
(1) transmembrane ion influx, (2) rate of inactivation of the receptor by
carbamylcholine, (3) rate of recovery, and (4) ion influx mediated by "inact-
ivated" receptor. The minimal model, based on the measurements, accounts for
the time dependence of receptor-controlled ion flux over a 200-fold carbamyl-
choline concentration range. The maximum flux rate of 84 sec “indicates that
we have succeeded in measuring the receptor-controlled processes which give
rise to electrical signals in cells.

The amplitude and sign of receptor-controlled electrical signals in nerve
or muscle cells determines whether the signals are transmitted to another cell
or whether the muscle contracts. These electrical signals depend on the con-
centration of acetylcholine which binds to the receptor (1) and have been
investigated extensively during the last decade (for a review see (2)). The
underlying molecular processes which give rise to these signals are the receptor
controlled fluxes of inorganic ions through the cell membrane. The relationship
between the receptor-mediated flux rates and the concentration of receptor
ligands is not understood and has been investigated intemsively (3-12).

Here we report that we have succeeded in measuring the dependence of the
acetylcholine receptor-controlled ion flux on the concentration of carbamyl-
choline, a stable analog of acetylcholine, in the msec to min time regiom.
Measurements were made with membrane vesicles prepared from the electric organ
of the electric eel, Electrophorus electricus. The vesicles contain functional

+ . 42 +
acetylcholine receptors (3). 86Rb , an effective replacement for K (20}, was
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used in the experiments. The investigations differ from electrophysiological
measurements and previous flux measurements with cells or vesicles in several
important ways. (1) The techniques which we have developed allow the measurement
of flux rates of a particular inorganic ion across the membrane in the msec to
min time region (14), without interference by processes not related to the
receptor (7). (2) The internal and external ion concentration can be varied and
determined. (3) The number of receptor sites associated with a definite volume
of solution and exposed to a definite concentration of ligands can be measured.
Four different kinetic measurements have been made to establish the relation-
ship between receptor-controlled flux and ligand concentration. (1) Measurements
of the flux of 86Rb+ into the vesicles in the 25 msec to 99 sec time region,
examples of which are shown in Fig. la. The influx induced by 5 mM carbamylcholine

has an apparent t value of 40 msec. The influx induced by 0.25 mM carbamyl-~

1/2
choline is biphasic. An initial relatively rapid phase is followed by a second,
slower phase. (2) The inactivation of the receptor by exposure to acetylcholine
and its analogs has been observed in electrophysiological measurements (15). 1In
the experiment in Fig. 1b (solid symbols} the receptor was mixed with 7.5 mM
carbamylcholine for the time indicated on the abscissa and 86Rb+ influx was then
allowed to proceed for 1.2 sec. In the control experiment carbamylcholine was
not present in the preincubation. Comparison between these two measurements
gives the extent of inactivation of the receptor. A graph of the percent of
inactivation, on a logarithmic scale, versys time, is shown in Fig. 1b. The

inactivation follows a first order rate law with a t value of 250 msec. (3)

1/2
The rate with which the inactivated receptor is converted to the active states
can be measured (Fig. 1b, open symbols). 1In the experiment the vesicles were
pre-incubated with 70 uM carbamylcholine until an equilibrium between active and
inactive forms of the receptor was reached, and influx was then measured (see
Fig. legend). 1In the control experiments the vesicles were not preincubated with

carbamylcholine. A comparison between these two measurements gives the extent of

reactivation. The percent of reactivation on a logarithmic scale is plotted
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Fig. % The effect of carbamylcholine on receptor-mediated influx of 86Rb+, pH 7.0,1°C.

(a) 86pht influx in presence of 5 mM carbamylcholine (#,@® and 0.25 mM carbamylcholine

(0). Each point is the mean of 3 determinations. The lines are computed using eq. (1)

and the constants evaluated from the various experiments (see the text).

(b) Inactivation of the receptor (#). The vesicles were pre-incubated with 7.5 mM

carbamylcholine for the times indicated on the abscissa and then for 1.2 sec with

5 mM carbamylcholine and “°RbCl. In control experiments carbamylcholine was

omitted from the preincubation. Reactivation of the receptor (0,48). The vesicles

were pre-incubated with 70 uM carbamglcholine for 2 h and then diluted 7-fold. After

the time indicated on the abscissa, 6rb* influx was allowed to proceed for 1.2 sec

in presence of 5 mM carbamylcholine. In the control experiments carbamylcholine was

omitted from the preincubation. Each point is the mean of 2 determinations. Different

symbols represent different membrane preparations.

(¢) Influx mediated by the equilibrium mixture of active and inactive receptor

conformations. The vesicles were preincubated with 2 mM carbamylcholine for 30 min

and SO6RbT influx was then allowed to proceed for the times indicated on the abscissa

in 2 mM carbamylcholine. The symbol M' refers to the 86Rb+ content of the vesicles

and the subscript to the time of measurement. Each point is the mean of 2 determinations
E.electricus were obtained from World Wide Scientific Animals. The vesicles

were prepared as described by Fu et ql. (25). Measurements were made in eel Ringer

solution {26) using a pulsed cuench flow apparatus (27). Protein concentrations

were measured by the method of Lowry et gl (28). Carbamylcholine chloride and d-tubo-
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versus time in Fig. lb. The reactivation follows a first order rate law with a
t1/2 value of about 1 sec in 10 uM carbamylcholine. (4) The rate of influx reg-
ulated by an equilibrium mixture of active and inactive receptor can be measured
as a function of ligand concentration. In the experiment in Fig. lc prior to
addition of 86Rb+ the membrane vesicles were pre-incubated with 2 mM carbamyl-
choline for 30 min to obtain an equilibrium mixture of active and inactive
receptor states. Experiments similar to those illustrated in Fig. 1b show that
this equilibrium is reached within seconds at the carbamylcholine concentration
used and that the inactivation process is reversible. The experiment (Fig. lc)
indicates that influx follows a first order rate law with a tl/Z value of 21 sec
in 2 mM carbamylcholine.

On the basis of electrophysiological measurements with muscle cells, Katz
and Thesleff (15) suggested that the receptor exists in an active and in an
inactive state. The model in Fig. 2 accounts for the underlying processes which
give rise to these electrophysiological measurements, the receptor-controlled
flux of inorganic ioms through the membrane. The minimum number of intermediates
and constants, which can account for the experimental results, are: an active
state (A), an inactive state (I), and the open channel form (&). The binding of
two ligand molecules to the A state is required for channel opening and ion flux
while inactivation proceeds with one or two ligand molecules bound. One ligand

. s s . -1
dissociation constant, K,, an equilibrium constant for channel opening, ¢ , one

l’
ion flux rate constant, Jm’ one constant for the conformational equilibrium

between the A and I states, Kc2’ and one ligand dissociation constant pertaining

curarine chloride were obtained from Sigma Chemical lo. 86RbC1 was obtained from New
England Nuclear. All other chemicals were reagent grade.

In the quench flow apparatus the vesicle suspension (V800 ug protein per ml,
0.23 ml) was mixed with an equal volume of the carbamylcholine solution, or with 6
volumes of buffer in the reactivation experiments, or with a solution containing
both carbamylcholine and 86phc1 (100 pCi/ml). After a desired time interval the
reaction mixture was quenched by wixing with a solution of d-tubocurarine (30 mM,
0.23 ml). The vesicles were ghen removed from the reaction mixture by a Millipore
filter (HAWP 025) and their 8 Rb+ content was determined by scintillation counting.
Complete quenching of the flux by d-tubocurarine was demonstrated by the absence of
receptor~controlled flux with very short reaction times or when d-tubocurarine was
added simultaneously with carbamylcholine. For each measurement with carbamyl-
choline a control experiment in absence of carbamylcholine was performed.
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Fia 2 Minimum mechanism to account for the acetylcholine receptor-controlled flux
of inorganic ions, and the integrated rate equations pertaining to this scheme,
with the values for the parameters which fit the data.
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Pig 2 Inset A plot of the data according to eq. (7). The line is drawn through
the points which are calculated using Jm=86 sec™l,

to the I state, K,, are required. With the assumption that all ligand binding

2
steps and the equilibration between open and closed channels are fast relative to
the interconversion between the A and I states, the integrated rate equation for
the receptor-controlled flux is given by equation (1) in the legend to Fig. 2.

All terms in the equation and the values for the constants are given in the

legend. The rate constants for the isomerization of receptor forms are contained
in a. At each ligand concentration o is obtained from measurements illustrated in
Fig. 1lb. The integrated rate equation for the ion flux characteristic of the
equilibrium mixture of active and inactive receptor states is given by equation (6)
and the value of JI(obs) at each ligand concentration can be obtained from the
measurements illustrated in Fig. lc. The ion flux associated with the receptor
prior to inactivation, JA(obs), is now the only unknown term in equation(l). The
term was evaluated at each ligand concentration from experiments illustrated in
Fig. la with a curve fitting procedure and use of a computer program. The solid
lines in Fig. la are calculated using the values obtained in the different
measurements. The dependence of JA(obs) on carbamylcholine concentration indicates

that ligand binding to the active receptor state is cooperative. The minimal model
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requires the binding of two ligand molecules to the active receptor form, and two
constants, KI and Q—l. A plot of equation (7), which is based on this model, is

shown in the inset to Fig. 2. This equation is obeyed over the whole concentration
range of carbamylcholine used. The values of Kl’ ¢_1, and Jm obtained from this graph
are listed (Fig. 2 legend). The maximum rate of inactivation of the receptor (Fig. 1b)
is reached at a ligand concentration at which the flux rate has not reached its
saturation value. This is accounted for by the model, in which the binding of only
one ligand molecule is required to induce interconversion of the active to an
inactive state which binds ligand with higher affinity, i.e. K1>>K2. This inequality
of binding constants is supported by the influx controlled by the equilibrium

mixture of active and inactive states. When the maximum flux rate of 0.03 secql
associated with the equilibrium mixture is attained (Fig. lc), Kc2 can be eval-

uated (eq.3.ii). The value of K, is obtained from the effect of carbamylcholine

2

concentration on JI(obs) (eq.3.1). The value for KC of 2 x 10_3 requires that

2

k34>>k43. As can be seen in Fig. 1b, the rates of inactivation and reactivation
differ by only a factor of 4. This observation is accounted for by recovery of

the receptor occurring from a species different from IL, and justifies the inclusion

2

of ILl in the model. The existence of an inactive state of the receptor in the
absence of ligand is neither required nor excluded by our data that channel opening
represents a rapid equilibrium between open and closed receptor forms; this

process alone is sufficient to account for the observed cooperativity. This
interpretation leads to the conclusion that, when the carbamylcholine is the
ligand, only one quarter of the AL2 species gives rise to open channels.

A number of electrophysiological experiments have indicated a requirement
for the binding of more than one molecule for receptor-mediated conrductance
changes (15-17). Previously, with the same preparation, two ligand binding sites
on the receptor, and a minimum reaction scheme essentially identical to that in
Fig. 2, were required to account for the reaction of o-bungarotoxin with the

receptor (18, 19). The biphasic nature of the receptor-controlled flux shown in

Fig. la (open circles) was first detected in efflux experiments (20). While the
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initial phase of this flux was too fast to be measured by the techniques then
available, a dissociation constant for the carbamylcholine induced flux associated
with the slow phase of 70 uM was determined (7), in good agreement with the value
obtained here.

Using purified membrane vesicles and flux rates associated with the slow
phase of the receptor-controlled flux, we estimated the initial velocity, Vi of
the receptor-controlled jon translocation process to be 3 x lO4 ions per toxin
site per min (21). Based on the value of Jm determined in this study, A is
1.7 x lO4 times greater than this, prior to inactivation of the receptor, and is
well within the range of values obtained by electrophysiological techniques with
muscle cells (22, 23). Thus it appears that with the techniques we have developed
(14,24) we have succeeded, using variable but well-defined conditions, in measuring
the receptor-controlled processes which give rise to electrical signals in cells,

and which determine the transfer of information between these cells.

Acknowledgements: We are grateful to the National Institutes of Health (NS08527)
and to the National Science Foundation (PCM78-09356) for financial support. D.J.C.
was supported by a Center Grant from the National Institutes of Health (CA 144454).
H.A.is on leave of absence from the University of Yamaguchi, Japan. We thank David
Hess for the artwork of Fig. 2.

REFERENCES
1. Nachmansohn, D. (1955) in Harvey Lectures 1953-1954 (Academic Press:New York)
pp.57-99.

2. The Neurosctences:Fourth Study Program (1979)F.0.Schmit and F.G.Worden, eds.
(MIT Press:Cambridge).

3. Kasai, M. and Changeux, J.-P. (1971) J.Membr.Biol. 6, 1-80.

4. Michaelson, D., Vandlen, R., Boden, J., Mcody, T., Schmidt, J. and Raftery, M.A.
(1974) Arch.Biochem.Biophys. 165, 796~804.

5. Catterall, W.A. (1975) J.Biol.Chem. 250, 1776-1781.

6. Stallcup, W.B. and Cohen, M. (1975) Expt.Cell.Res.98, 277-289.

7. Hess, G.P., Andrews, J.P., Struve, G.E. and Coombs, S.E. (1975) Proc.Nat.Acad.
Set.U.S.4. 72, 4371-4375.

8. Andreasen, T.J. and McNamee, M.G. (1977) Biochem.Biophys.Res.Comm. 79, 959-965.

9. Schiebler, W., Laufer, L. and Hucho, F. (1977) FEBS Letters 81, 39-42.

10. Hanley, M.R. (1978) Biochem.Biophys.Res.Comm. 82, 392-401.

11. Sine, S. and Taylor, P. (1979) J.BZol.Chem. 254, 3315-3325.

12. Neumann, E. and Chang, H.W. (1976) Proc.WNat.dcad.Sei.U.S.A. 73, 3994-3998,

13, Patrick, J. and Stallcup, W.B. (1979) Proc.Nat.dcad.Sei.U.S.4. 74, 1812~1845,

14, Hess, G.P., Cash, D.J. and Aoshima, H. (1979) Nature (in press).

15. Katz, B. and Thesleff, S. (1957) J.Physiol. (London) 138, 64-80,

16. Dionne, V.E., Steinbach, J.H. and Stevens, C.F. (1978) J.Physiol.(London) 281,
421-444,

17. Land, B.R., Podleski, T.R., Salpeter, E.E. and Salpeter, M.E. (1977) J.Phystiol.
(London) 269, 155~176.

903



Vol. 92, No. 3, 1980 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

18.
19.
20.
21.
22.
23.
24,
25.

26.
27.

Hess, G.P., Bulger, J.E., Fu, J.-j.L., Hindy, E.F. and Silberstein, R.J. (1975)
Biochem.Biophys.Res.Comm, 64, 1018-1027.

Bulger, J.E., Fu, J.-j.L., Hindy, E.F., Silberstein, R.L. and Hess, G.P. (1977)
Biochemistry 16, 684-692.

Hess, G.P., Lipkowitz, S. and Struve, G.E. (1978) Proc.Nat.Acad.Set.U.S5.4 75,
1702-1707.

Hess, G.P. and Andrews, J.P. (1977) Proc.Nat.Acad.Sei.U.S.A. 74, 482-486.

Katz, B. and Miledi, R. (1972) J.Physiol.(London) 224, 665-699.

Anderson, C.R. and Stevens, C.F. (1973) J.Physiol.(London) 235, 655-691.

Hess, G.P. (1979) in The Neurosciences:Fourth Study Program,ed. F,0. Schmit
and F.G. Worden (MIT Press:Cambridge) Chapter 49, pp.831-839.

Fu, J.-J.L., Donner, D.B., Moore, D.E. and Hess, G.P. (1977) Biochemistry 16,
678-684.

Keynes, R.D. and Martins-Ferreira, H. (1953) J.Physiol.(London) 118, 325-351.

Fersht, A.R. and Jakes, R. (1975) Biochemistry 14, 3350-3362.

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951) J.BZol.Chem.
193, 265-275.



