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STOPPED FLOW KINETICS OF CARBAMYLCHOLINE BINDING
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SUMMARY: Conformational changes upon binding of carbamylcholine to acetyl-
choline receptor-enriched membrane fragments have been observed by stopped-
flow methods using the fluorescent probe ethidium bromide. A model consis-
tent with both equilibrium and kinetic experiments is proposed in which the
receptor binds two molecules of carbamylcholine with high affinity in a non-
cooperative manner followed by binding of a third and possibly a fourth
molecule with increasingly lower affinity. The receptor ligand precomplexes
isomerize to different non-interconvertible complexes depending on the num-
ber of ligands bound. This kinetic model fits the data for carbamylcheline
interactions with receptor prepared initially either in a low or high affin-
ity form for ligands.

INTRODUCTION
Mechanistic studies of conformational changes in acetylcholine receptor-
rich membrane fragments upon ligand binding have been conducted using intrin-
sic fluorescence {1,2), extrinsic fluorescent probes (3,4) and by time-depen-
dent changes in affinity for cholinergic ligands detected by inhibition of
[1251]~u-bungarotoxin binding kinetics (5-8). In the present study a com-

parison is made of Torpedo californica acetylcholine receptor-rich membranes

that were initially in low affinity and high affinity forms for carbamylcho-
line; the low affinity membranes decayed to the high affinity form within a
few days. We describe quantitatively conformational changes observed by vir-
tue of an increase in ethidium fluorescence after carbamylcholine bound to

the receptor-ethidium complex, in either the high or low affinity forms. The
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proposed model describes the relationship between the observed kinetics and
the number of carbamylcholine molecules bound to the membrane bound acetyl-

choline receptor.

MATERIALS AND METHODS

Torpedo californica acetylcholine receptor-enriched membrane fragments
were prepared as described previously (9,10) and the concentration of o-bun-
garotoxin sites determined by the method of Schmidt and Raftery (11). The
affinity of membrane-bound acetylcholine receptor for carbtamylcholine was
characterized by the inhibition by carbamylcholine of the initial rate of
[1251]-a-toxin receptor complex formation with and without preincubation
(for assay details see 7,8).

Rapid kinetic experiments were done on a Durrum stopped-flow photometer
equipped with a soft stop. Exciting light was at 493 * 4 nm and emission
was monitored using a Corning C.S. 3-69 cut-off filter. Membrane fragments,
0.5 uM in toxin sites, plus 2 uM ethidium bromide were mixed with 2 uM ethi-
dium bromide plus carbamylcholine in order to maintain a constant indicator
concentration. The traces were recorded with a Hewlett Packard 7004-B x-y
recorder or a Tektronix 5103N oscilloscope and were analyzed by hand. Equi-
librium binding studies with [3H]-carbamy1choline and [3H]-ethidium were
conducted by centrifugation assay.

Ethidium bromide was purchased from Cal Biochem_and carbamylcholine
chloride from Sigma-Chemical Co. The syntheses of [“H]-carbamylcholine and
[3H]-ethidium bromide (specific activities 57 mCi/mmole and 100 mCi/mmole Te-
spectively) will be described elsewhere. All experiments were performed in
Torpedo Ringers containing 0.02% w/v sodium azide at pH 7.4 and 25°C.

RESULTS

Equilibrium Measurements of [SH]-Carbamylcholine Binding:

Scatchard plot data for the binding of [SH}—carbamylcholine to low af-
finity acetylcholine receptor (5-8) in the presence and absence of 2 uM ethi-
dium (Figure 1) show that at equilibrium there are one half as many high af-
finity carbamylcholine sites as a-bungarotoxin sites. Assuming that there
are four toxin sites per membrane receptor (17), this indicates that two
molecules of carbamylcholine bind with high affinity. The linear slopes
(Figure 1) indicate one homogeneous class of noninteracting binding sites
for carbamylcholine with equilibrium constants KD = 65 nM (Figure 1A) or 80
nM (Figure 1B) respectively. Similar data were obtained with receptor ori-
ginally in the high affinity form. The data are compatible with a third

molecule of ligand binding with substantially lower affinity as required by

the kinetic experiments (see below). Comparison of Figure 1A and 1B shows
that 2 uM ethidium had only a small effect on the affinity of carbamylcho-

line binding and no effect on the number of binding sites.
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FIGURE 1: Secatchard Plot of [:"H]-Ca‘rbam)'léholine Binding to Acetylcholine
Receptor: Ethidium bromide concentrations-in (A)=0, %5-7 M.
Experiments were done by centrifugation assay. [Receptor] was
0.8 + 0.1 yM in toxin sites. --- Linear least squares analysis
of the data. From the abscissa intercepts the ratio of ligand
to toxin sites equals 0.49 for (A) and (B). Kg = 65 nM (A) or
Kg = 80 nM (B). Curve calculated according to scheme (1)
neglecting binding of the fourth ligand. Parameters used: [re-
ceptor] = 0.7 uM in toxin sites, (A) ,lei = 0.05 uM, K1KoKzK3
= 2.8 10-2 yM3 and (B) KjKj = 0.07 uM, KjKoKzKj = 2.8x10-2
uMe,

Ethidium as an Indicator:

We have previously shown (4) that the observed increase in ethidium
fluorescence intensity upon the binding of carbamylcholine arises specifi-
cally from the receptor-ethidium-carbamylcholine complex. The addition of
carbamylcholine to [3H]-ethidium receptor complex does not lead to an in-
crease in concentration of dye bound indicating that the observed increase
in fluorescence is due to a change in quantum yield of ethidium bromide
bound in the ternary complex rather than to dye uptake (manuscript in pre-

paration),

Kinetic Titration of Membrane Fragments in the High Affinity Form with
Carbamylcholine:

Rapid mixing of membrane fragments plus 2 UM ethidium with 2 pM ethi-

dium in the stopped-flow photometer resulted in an essentially flat baseline
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FIGURE 2: Kinetic Traces of Fluorescence Intensity Increase of Ethidium
Bromide Upon Rapid Mixing of Receptor with Carbamylcholine in a
Stopped-Flow Photometer: One syringe contained receptor (0.5 uM
in toxin sites, originally in the high affinity form) and 2 uM
ethidium bromide and the amount of carbamylcholine indicated be-
low. (A) Control: [Carbamylcholine] = 0. The same flat base-
line was observed when acetylcholine receptor-oa-bungarotoxin com-
plex was mixed with carbamylcholine. (B) [Carbamylcholine] = 3
uM. The faster phase (8A3) is followed by the slower phase 8A;.
Evaluation of the data gave 6A;/8A¢ = 0.3, Tyl = 1.8 x 10-2 s°1,
8A2/8A¢ = 0.7, T3l = 0.42 s-1, (C) [Carbamylcholine] = 2 mM,
time scale 100 ms/div. The semilog plot of the data revealed
two phases (2 and 3) with §Ay/8A¢ = 0.46, t31 = 3.5 s-1 and 8Az/
8A¢ = 0.54, 13l= 18 s-1,

(Figure 2). When membrane fragments were mixed with carbamylcholine concen-
trations lower than 1 uM the observed increase in ethidium fluorescence fol-
lowed a single exponential with an apparent half-time in the minute range
(Phase 1). Above 1 M carbamylcholine, a faster phase (Phase 2) arose (Fig-
ure 2). Figure 4 shows that Phase 2 increased in both rate and amplitude
with increasing ligand concentration. Correspondingly, both the apparent
rate constant Til (Figure 3, -Q-) and relative amplitude <SA1 (Figure 3,-4\-)
of Phase 1 decreased. At very high carbamylcholine concentrations a much
faster phase (Phase 3) appeared at the expense of Phase 2 (see Figures 2,4).
The observation of a single exponential at ligand concentrations less
than 1 UM where the equilibrium binding data (Figure 1) indicate the exis-

tence of mono-and diliganded receptor complexes C1 and C2 implies that the
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FIGURE 3: Dependence of Total Amplitude and Phase 1 on Total Carbamylcho-
Tine Concentration: (-@-) 6A;, (-A-) %A; and (-O-) 17l. Con-
ditions were as indicated in Figure 2. Curves shown as —, ---,
-+-, were calculated according to Equations (A6), (A2a) and (A4)
respectively using the parameters given in Table 1.

formation of both these complexes is observed in the single slow kinetic
phase (Phase 1). The concentration dependence of the kinetic parameters of
Phases 1 and 2 (see Figures 3,4} can be quantitatively accounted for by as-
suming formation of a tri-liganded complex C3 at ligand concentrations above
1 uM, as reflected in Phase 2 (Figure 4). With increasing ligand concentra-

tion, formation of C, is favored by the law of mass action at the expense

3
of C1 + C2, thus leading to a decrease in both amplitude 6A1 and apparent

rate constant Til of Phase 1 (see Figure 3). At concentrations well below

1 uM, where formation of C, can be neglected, 6A1 increased with increasing

3

ligand concentration, reflecting increasing saturation of C1 + C2 whereas

1

tration since ligand was not in excess over receptor (see Figure 3). The

the apparent rate constant T,  was almost independent of the ligand concen-

2

the formation of Cz) both increased with increasing ligand concentration un-

amplitude GAZ and the rate constant T 1 of the second phase (which reflects

til reaching a platean (see Figure 4). The total amplitude GAt = 6A1 + 5A2

(see Figure 3, -@-) followed a binding hyperbola and remained constant at
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FIGURE 4: Dependence of Phase 2 and 3 on Total Carbamylcholine Concentra-
tion: Ay (-@-), 130 (~O-), SAz (-A-) and 13! (-&-). Con-
ditions as in Figure 2. -— and --- are curves calculated ac-
cording to Equations (A3a) and (A5).

ligand concentrations greater than 2 UM, indicating that formation of C1 + C2
was accompanied by the same fluorescence enhancement as formation of C3' At
ligand concentrations approaching 1 mM (Figure 2, top trace and Figure 4)

the fastest kinetic phase appeared (Phase 3) at the expense of Phase 2. We
tentatively attribute this to the formation of the tetra-liganded receptor
(C4) although we do not have enough data to treat this point quantitatively.

Omitting bound ethidium the proposed mechanism can be written:

K K K
R+ AL BRL + ILaZORL, ¢ 2LeSRL; + Latpy,

| | 1 ' | 1] )

kg fxy 38 138 ki [[%! s k;h”k_4

c) c, Cs ¢,
SLOW FASTER (FASTEST)

where R = receptor, L = carbamylcholine, RLi the receptor-ligand precomplex
and Ci the final receptor ligand complex with i molecules of ligand bound
(i=1,...,4). Depending on ligand concentration, the receptor first combines
in a fast step with i ligand molecules to form RLi foliowed by a slow iso-

merization to the final complex Ci' On the time scale of the experiment Ci
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TABLE 1

PARAMETERS DERIVED FROM FITTING THE DATA IN FIGURES 3 AND 4
TO SCHEME (1) ACCORDING TO THE FORMULAE LISTED IN THE
APPENDIX

(Values in parentheses refer to experiments with receptor originally in the
low affinity form with [receptor]o = 0.15 uM in toxin sites)

K\Kj = 0.1 uM (0.2 uM); K, = 2 uM (= 2.5 uM); kj = 0.95 sl 0.2 s'l).

K2 = 0.75 uM (= 3.6 uM)

K KK KS = 0,015 uM® (0.1 we); Ky = 14 WM (= 100 uM); ki =3.5s (>2.5 57

Quantum yields Qi =Q
saturation amplitude GAt = 7.6% at [receptor}0 = 0.25 uM toxin sites (4.2% at

[receptor]o = 0.15 uM) with a total fluorescence corresponding to 9.6 V.

does not bind further ligands. The increase in fluorescence arises in the

isomerization steps RLi-+Ci and the fluorescence enhancement is the same for
all Ci' A complete analysis of scheme (1) in terms of two exponentials will
be given elsewhere.” The formulae necessary for a fit of the experimental
data in Figures 3 and 4 to mechanism 1 are listed in the Appendix and the
fitting parameters are given in Table 1. These parameters varied up to a
factor of 2 for different preparations. The data do not allow for a fourth
ligand to bind at carbamylcholine concentrations less than 50 uM.

The kinetic behavior of carbamylcholine binding to the receptor origin-
ally in the low affinity form was similar to that obtained with high affinity
membranes. The fit of these data to mechanism 1 gave the parameter values

(in parentheses) in Table 1.

DISCUSSION
The absence of any fluorescence enhancements in the presence of a sat-

urating concentration of a-toxin (see Caption of Figure 2) strongly indi-
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cates that the observed signal arose from interactions between carbamylcho-
line and the receptor ethidium complex. Since the kinetics were both too
slow and saturable by the ligand, neither kinetic phase reflects the direct
ligand binding step. The signal was assumed to arise from slow isomerizations
of the ternary complexes after ligand binding, causing a change in micro-envi-
ronment of the bound ethidium. Any mechanism which describes the kinetic

data must accommodate a linear Scatchard plot extrapolating towards one half
of the toxin sites with the observed complex kinetic behavior developing at
concentrations where binding of the first two ligands was almost complete.

The possibility that the same diliganded complex was formed via different
kinetic pathways depending on ligand concentration is inconsistent with the
concentration dependence of the amplitudes. Simple sequential (12) and two
state models (13) can also be excluded. The kinetic data seem compatible
only with the parallel formation of complexes with different states of liga-
tion (scheme 1). A formally similar scheme with only two ligand molecules
binding has been proposed for the acetylcholine receptor at the frog neuro-
muscular junction (14).

The value of the overall dissociation constant for the first two ligands
KlKi = 100 nM is in good agreement with the equilibrium data in Figure 1
and with published values (8,17). The value of the preequilibrium constant
K1 = 2.0 yM is, however, one order of magnitude smaller than other reported
values (2,8,16).

The kinetic scheme predicts binding of a third ligand with an apparent
equilibrium constant of 1.5 pM. The equilibrium data in Figure 1 are compa-
tible with this requirement. More direct evidence for a third (and fourth)
ligand binding is desirable although technically difficult to obtain due to
non-specific binding of the ligand to the membrane.

The most important result of this study is that the kinetics of the in-
teraction of membrane bound acetylcholine receptor with carbamylcholine as

reflected by ethidium fluorescence can be fitted to the same kinetic scheme
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(1). This makes it difficult to relate the observed phenomena to in vitro
desensitization (1-3, 5-8) or ''channel opening'" (3)}. It clearly shows, how-
ever, that carbamylcholine induced conformational changes both in high and

low affinity acetylcholine receptor in vitro.

APPENDIX

Scheme (1) was analyzed neglecting b1nd1ng of the fourth ligand. Lin-
earity of the Scatchard plot data requires (K1K1) K1K2K2 Assum1ng that
the quantum yields Qj are identical for all Cj, Qi = Q, and that k! 21 = k' _2s
the increase in fluorescence is given by (T'l << 15 1)

z = Q[(51+Ez+53) + GAI exp(-t/rl) + 6A2 exp(-t/rz)] (A1)
with
oA, = Q[(c'1+c'2)(-1+(rlk:2)")+ 53(-1+(T1k:1)'1)1 (A2)
8, = -QLE+T) (T k! )7 + Cyle k! )'11 (A3)
(©,+T,) = R 12/ (K K] + L/ kD 1a7h, Ty = RO/ (R prpkp Ta™

where o =(1+L/K1Ki)2 + L3/(K1K2K3Ké) and the bars denote concentrations at
equilibrium. The respective relaxation times are given by:

Tt = ke Ik LK +12/63k0 T [1e21/K +L2/(K1K2)+L3/(K1K2K3K%)]'l (A4)

T;l = : +[k'L /(K1 2K3)] [1+2L/K +L /(K K2)+L (Kl ZKS)] (AS5)
and

6A, = 6A + 8A, (A6)

For this preliminary evaluation of the data the amplitudes were approxi-
mated by:

GAI

8A, = -Q T, (A3a)

12

~Q(C;+C,) (A2a)

A more rigorous treatment of the data is now in progress.
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