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SUMMARY: The dimeric and monomeric forms of the acetylcholine receptor from
Torpedo californica electroplax have been purified in the presence of lipids and
reconstituted. A spectroscopic method was applied to study the rapid kinetics

of cation transport mediated by each of the reconstituted AcChR oligomers. Both
the AcChR dimer and monomer responded to carbamylcholine by mediating cation
transport on the time scale of a few milliseconds. The responses to carbamylcho-
line were blocked by histrionicotoxin and by desensitization, demonstrating that
both forms manifest pharmacological properties observed in vivo. Analysis of the
fast ion transport produced by various agonist concentrations yielded estimated
rates of transport through a single receptor chamnel. These were comparable for
the monomer and dimer and in agreement with those obtained for a preparation con-
taining a mixture of both oligomers.

INTRODUCTION

The acetylcholine receptor from Torpedo californica electroplax occurs as a

9S monomer and a 13.7S dimer following extraction into detergent solutions (1).
The monomer is a pentamer (2,3) consisting of two 40,000 and one of each of
50,000, 60,000 and 65,000 dalton polypeptides while the dimer results from a di-
sulfide linkage(s) between the 65,000 daltons subunits (4-7). A number of re-

ports of reconstitution experiments have appeared recently (8-14) in which it was
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demonstrated that purified AcChR consisting of a mixture of monomers and dimers

is functional in 22Na+ transport on the time scale of seconds. In one

reconstituted membrane system T. californica AcChR has been shown (15) to closely
resemble the physiologically active receptor in terms of both the rapidity of
cation translocation (millisecond time scale) and its quantitation. It is not
known whether or not both of the AcChR oligomers are functional at this level.
Preliminary reconstitution efforts (16) provided indications that both forms were
active in 22Na+ flux experiments, which studied transport on the time scale of
seconds, providing the amplitude of the ion translocation while yielding no infor-
mation concerning its rate. A final flux amplitude of 70 cations per channel was
obtained from this study.

In the work reported here, we studied the rapid kinetics of ion transport
mediated by purified AcChR dimer and monomer that had been reconstituted into
separate preparations of membrane vesicles, utilizing a rapid spectroscopic
method (19,15). We report that quantitative analysis of the kinetics yielded
rates of ion translocation mediated by reconstituted AcChR dimer and monomer that
are comparable to each other, as well as to those obtained previously for a pre-
paration containing a mixture of both oligomers (15) and to the AcChR in native

membranes (19).
MATERIALS AND METHODS

Purification and Reconstitution of AcChR Dimer and Monomer:

Highly purified AcChR-containing membranes were prepared as described earlier
(17,18). Purified membranes at 2 mg protein/ml were solubilized by stirring at
4°C for 15 min in 10 mM Na Hepes, pH 7.4 and 200 mM NaNO3 (termed Na Buffer) con-
taining 2% Na cholate (w/v) and 4 mg/ml sonicated asolectin (8). Non-solubilized
material was removed by centrifugation at 40,000 rpm in a Beckman 65 rotor for 1
hr. Approximately 8-12 mg of the solubilized AcChR (in 4 ml) were incubated with
50 ng of [125I] o-BuTx (~40,000 cpm) at 0°C for 30 min. The sample was then
layered on a 6.5 - 22% sucrose gradient prepared in Na Buffer containing 4 mg/ml
sonicated asolectin. The gradient (~36 ml) was centrifuged in a Beckman VTi 50
vertical rotor at 46,000 rpm for 4 hr. Fractions of 35 drops (~1 ml) were col-
lected and counted for [1251] in a Beckman gamma counter. Peak fractions corre-
sponding to AcChR dimer and monomer were pooled. Sonicated asolectin which had
been solubilized in 2% Na cholate was added to each of the two purified AcChR
oligomers to reach a final asolectin concentration of 14 mg/ml. Detergent was
removed by dialysis against 1000 volumes of Na Buffer at room temperature for
20 hr.
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FIGURE 1: [!251] a-BuTx Binding Profiles of Cholate-solubilized AcChR Membranes
Centrifuged Through Sucrose Gradients:
(A) Purified native membranes and (B) purified dimer (O) and monomer
(@) that had been reconstituted into membrane vesicles were solubilized
and centrifuged through 6.5 - 22% sucrose gradients in a Beckman VTi 50
vertical rotor as described in Methods.

Loading of ANTS within Reconstituted Vesicles:
The fluorophore (ANTS) molecule was loaded into vesicles by the freeze-thaw
procedure previously described (15).

Stopped-Flow Study of T1* Flux into Reconstituted Vesicles:

Measurement of T1*+ transport was performed in a stopped-flow instrument as
described (19). TI1* flux was initiated by rapid mixing (machine dead time of ~3
msec) at 25°C of a reconstituted vesicle suspension with an equal volume of 28 mM
TINO3 in 10 mM Na Hepes, pH 7.4 and 172 mM NaNO3 (termed TINO3 Buffer) either
lacking or containing Carb. Fluorescence emission was monitored, recorded and
analyzed as reported (19).

RESULTS AND DISCUSSION

Using the purification conditions described here solubilized AcChR dimers
and monomers are obtained in approximately equal amounts (Figure 1A) and in quan-
tities sufficient for reconstitution into membrane vesicles. Each receptor oli-
gomer appeared to be reasonably stable in reconstituted membranes in terms of

spontaneous conversion to the other oligomeric form since the a-BuTx binding pro-
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files in Figure 1B reveal the predominant occurrence of the expected AcChR oli-
gomer in the reconstituted membranes derived from each of the two purified oligo-
meric forms. In contrast to membrane-bound preparations, AcChR dimer in detergent
solution was found to be significantly less stable; more than 50% of such puri-
fied dimers spontaneously converted to monomers over a similar period of time
(2-3 days).

Transport of T1" into reconstituted vesicles containing purified AcChR
dimer or monomer was studied by measuring T1" -induced quenching of fluorescence
of ANTS entrapped in the vesicle interior (19,15). As observed previously for
reconstituted AcChR membrane vesicles (15), a spontaneous fluoroscence decay,
representing leakage of T1+, was recorded when vesicles entrapping ANTS were
mixed with T1® in a stopped-flow instrument. The carbamylcholine-activated in-
flux of T1" into membrane vesicles yielded a marked acceleration of fluorescence
decay. The fluorescence traces in Figures 2A and 2B (lower traces in each) show
the response to 1 mM Carb by ANTS-reconstituted vesicles containing purified
AcChR dimer and monomer, respectively. For the preparation containing dimer, the
rate of fluorescence decay was accelerated from a half time of 600 msec recorded
in the absence of Carb to 6 msec when 1 mM Carb was introduced. The same concen-
tration of Carb accelerated the fluorescence decay mediated by AcChR monomer from
a 500 msec half time to 19 msec. The Carb-induced response by both reconstituted
preparations was blocked by 10 uM HTX (Figures 2C and 2D), a toxin reported to
possibly interact with AcChR-associated ion channels (20,21). Desensitization of
each reconstituted AcChR oligomer induced by preincubation with 100 uM Carb was
also shown to abolish the rapid fluorescence decay (Figures 2E and 2F) produced by
1 mM Carb. These results demonstrate that both the AcChR dimer and monomer re-
constituted into membranes are each capable of binding HTX and undergoing agonist-
induced desensitization to manifest the specific pharmacological blockage of ca-
tion transport shown previously for native preparations (22,23).

To achieve a quantitative comparison of the capability of both AcChR forms

to translocate cations, the rates of ion transport mediated by each reconstituted
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FIGURE 3: Dependence of the Rate of T1* Transport on Carb Concentration: Fluore-
scence traces showing the kinetics of T1% influx across reconstituted
membranes containing purified AcChR dimers (A) and monomers (B) with
various agonist concentrations. Fluorescence traces shown in descending
order were recorded for T1% flux activated by 0, 100, 400 and 1000 uM
Carb.

preparation were determined for various concentrations of the agonist. Figures

3A and 3B show that increasing the concentration of Carb produced fluorescence

FIGURE 2:  Carbamylcholine-Induced Influx of T1" Across Reconstituted Membranes
Containing Purified AcChR Dimer or Monomer: Reconstituted membrane
vesicles containing (A) purified dimer or (B) purified monomer and en-
trapping ANTS (Syringe 1) were rapidly mixed at time = 0 in a stopped-
flow instrument with TINOz-Buffer (see Materials and Methods) containing
no (upper trace in each) or 2 mM (lower trace in each) Carb (Syringe 23}
and the fluorescence was recorded over a period of 100 msec. Since
equal volumes of membranes and Carb solutions were mixed, the final
concentration of agonist was half of that initially present in Syringe 2.
(C) Purified dimers and (D) purified monomers in reconstituted membrane
vesicles loaded with ANTS were preincubated with 10 uM HTX for 5 min at
25°C (Syringe 1) and were rapidly mixed with 10 uM HTX in TINO3z-Buffer
(Syringe 2) containing no or 2 mM Carb.

(E) Purified dimers and (F) purified monomers in reconstituted membrane
vesicles entrapping ANTS were preincubated with 100 uM Carb at 25°C for

30 min (Syringe 1) and were rapidly mixed with TlNOs-Buffer (Syringe 2)

containing no or 2 mM Carb.
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TABLE 1

COMPARISON OF ION FLUX RATES AT VARIQUS CARBAMYLCHOLINE CONCENTRATIONS

Kapp sec ! CATIONS/SEC/CHANNEL?
[CARB] DIMER MONOMER DIMER MONOMER
100 1M 4.1 3.1 1.69 x 10 2.22 x 104
250 uM 15.5 8.6 6.40 x 10* 6.15 x 10"
400 1M 47.9 9.6 1.97 x 10° 6.86 x 10
750 1M 77.0 26.7 3.17 x 10° 1.91 x 10°
1000 1M 112.0 35.7 4.61 x 10° 2.57 x 10°

1. The apparent flux rates (k;,,) were determined by computer averaging
5-6 fluorescence traces for each Carb concentration and fitting each
averaged trace to Equation 1 (19), which described fluorescence decay
as a function of time.

2. The number of cations transported per second by each activated receptor
channel was estimated by obtaining the apparent cation transport rate
across a single vesicle for each Carb concentration and dividing it by
the average number of AcChR molecules per vesicle as described previously
(15). For reconstituted AcChR dimer there were on the average 2.05 chan-
nels per receptor-containing vesicle and for reconstituted AcChR monomer
there were 1.18 channels per vesicle (assuming 1 channel per 2 a-BuTx
sites). The final concentrations of a-BuTx sites in the ANTS vesicle
preparations were 8 X 10-8M for dimer and 5.1 x 10-8M for monomer. The
phospholipid concentrations were 2.6 X 10-3M and 2.15 x 10-3M for dimer
and monomer, respectively. Assays of a-BuTx sites and phospholipids were
determined as in earlier experiments (15).

traces with higher decay rates. The left-hand column of Table 1 shows the ap-
parent flux rate constants (kapp) cbtained for activation up to 1 mM Carb. It is
clear that the concentrations used are below saturating levels for both prepara-
tions, in agreement with the previous observation for reconstituted (15, con-
taining a mixture of oligomers) and native (19) AcChR membranes. Using the kapp’
the number of cations that were transported per sec by a single activated AcChR
channel was estimated for each agonist concentration. The transport numbers for
both the dimer and monomer are within a factor of 2 of each other, as shown on
the right-hand column of Table 1. The transport numbers for the individual oli-
gomers are approximately within a factor of 2 of those obtained for reconstituted
AcChR consisting of a mixture of both oligomers. The numbers calculated here are
2

substantially higher (by 1-2 orders of magnitude) than that estimated from ZNa*

flux assay (16) Assuming a dose response behavior similar to the preparation of
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mixed oligomers (15), the maximal transport rate for the purified AcChR dimer
would be slightly more than 106 when extrapolated to saturating Carb concentrations.
These results thus provide the quantitative evidence necessary to demonstrate
that both the dimeric and the monomeric forms of AcChR are fully functional in

terms of mediating the very fast ion transport known to occur for an AcChR in vivo.

ACKNOWLEDGMENTS
We are grateful to Drs. H.-P. Moore and S.M.J. Dunn for their assistance
with computer programs and operation of the stopped-flow instrument. We thank
Valerie Purvis for the typing and excellent illustration of figures and J. Racs

for preparation of AcChR-enriched membranes.

REFERENCES

1. Raftery, M.A., Schmidt, J. and Clark, D.G. (1972) Arch. Biochem. Biophys.
152, 882-886.

2. ﬁg?fery, M.A., Hunkapiller, M.W., Strader, C.D. and Hood, L.E. (1980)
Science 208, 1454-1457.

3. Lindstrom, J., Merlie, J. and Yogeeswaran, G. (1979) Biochemistry 18, 4465-
4469.

4. Suarez-Isla, B.A. and Hucho, F. (1977} FEBS Lett. 75, 65-69.

5. Chang, H.W. and Bock, E. (1977) Biochemistry 16, 4513-4520.

6. Hamilton, S., McLaughlin, M. and Karlin, A. (1977) Biochem. Biophys. Res.
Commun. 79, 692-699.

7. Witzemann, V. and Raftery, M.A. (1978) Biochem. Biophys. Res. Comm. 81,
1025-1031.

8. Wu, W.C.-S. and Raftery, M.A. (1979) Biochem. Biophys. Res. Commun. 89,
26-35.

9. Changeux, J.-P., Heidmann, T., Popot, J.-C. and Sobel, A. (1979) FEBS Lett.
105, 181-187. T

10. Huganir, R.L., Schell, M.A. and Racker, E. (1979) FEBS Lett. 108, 155-160.

11. Gonzalez-Ros, J.M., Paraschos, A. and Martinez-Carrion, M. (1980) Proc.
Natl. Acad. Sci. USA 77, 1796-1800.
12, Lindstrom, J., Anholt, R., Einarson, B., Engel, A., Osame, M. and Mauricio, M.

(1980) J. Biol. Chem. 255, 8340-8350.

13. Sobel, A., Heidmann, T., Cartaud, J. and Changeux, J.-P. (1980) Eur. J. Bio-
chem. 110, 13-33. B

14. Heidmann, T., Sobel, A., Popot, J.-L. and Changeux, J.-P. (1980) Eur. J. Bio-
chem. 110, 35-55. ““

15. Wu, W.C.-S., Moore, H.-P.H. and Raftery, M.A. (1981) Proc. Natl. Acad. Sci.,
in press.

16. Anholt, R., Lindstrom, J. and Montal, M. (1980) Eur. J. Biochem. 109, 481-487

17. Elliott, J., Blanchard, S.G., Wu, W.C.-S., Miller, J., Strader, C.D., Hartig,
P., Moore, H.-P.H. and Raftery, M.A. (1980) Proc. Natl. Acad. Sci. USA 77,
4509-4513.

18. Wu, W.C.-S. and Raftery, M.A. (1981) Biochemistry, in press.

443



19.

20.

21.

22.

23.

Vol. 99, No. 2, 1981 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Moore, H.-P.H. and Raftery, M.A. (1980) Proc. Natl. Acad. Sci. USA 77, 4509-
4513,

Alburquerque, E.X., Barnard, E.A., Chiu, T.M., Lapa, A.J., Dolly, J.0.,
Janson, S.-E., Daly, J. and Witkop, B. (1973) Proc. Natl. Acad. Sci. USA 70,
949-953,

Elliott, J. and Raftery, M.A. (1977) Biochem. Biophys. Res. Commun. 77,
1347-1353.

Neubig, R., Krodel, E.K., Boyd, N.D. and Cohen, J.B. (1979) Proc. Natl. Acad.
Sci. USA 76, 690-69%4.

Moore, H.-P.H., Hartig, P.R., Wu, W.C.-5. and Raftery, M.A. (1979) Biochem
Biophys. Res. Commun. 88, 735-743.




