



























































































































































VIb. Amino Acid Analyses of Purified Acetylcholine Receptor Preparations

In order to confirm estimations of protein concentrations made by
colorometric methods for highly purified AChR preparations (as described
above) determination of total protein from amino acid hydrolysates was
used. Briefly, purified cat denervated leg muscle AChR eluted from LCH-
Sepharose columns was dialysed extensively against 0.02% (v/v) Triton X-100
in water. This procedure did not inactivate [3H]toxin binding activity.
Aliquots (50-300 ul) of the dialysate were then taken to dryness under vacuum,
and hydrolysed 25 hours at 105°C gg_xgggg_with 100 u1 6 N HC1, plus a small
amount of phenol. After removal of 6 N HC1 the hydrolysate was dissolved
in 0.025 N HC1 and analysed as described by Threthol and Thomas (1977). Detection
of amino acids was by 0-ptha1dehydé~fluorescence and estimation of amino acid
concentrations made by direct comparison to known amounts of standard residues.
Hydrolysis of known quantities of BSA, prepared precisely as described for
receptor served as standards for the recovery from hydrolysis of each amino
acid. Amino acid composition data was examined as described by Barrantes
(1973; 1975) in order to determine a discriminant function for comparison to
other integral membrane proteins. Average hydrophobicity values for each

amino acid were as described by Bigelow (1967) and Tanford (1962).

Vic. Isoelectric Focusing of the Acetylcholine Receptor

In order to examine the purity of receptor preparations, as well as to
identify the purified protein as the AChR, isoelectric focusing of receptor
or AChR-[BH]BUTX complex in polyacrylamide gels or flat beds of ultradex
(LKB) was performed. Isoelectric focusing in polyacrylamide gels (0.5 x 8
cm or 0.25 x 8 cm) was essentially as described by Huang et al. (1973) and

modified by Dolly and Barnard (1977). Ampholytes (LKB) pH range 3.5-10
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were used at 1 or 2% final concentration and myoglobin was focused in a
separate gel to confirm that focusing had been completed. pH measurements
were made by inserting into the gel at 1 cm intervals a MI1-410 microelectrode
(Microelectrodes Inc. New Hampshire) attached to a Kent digital pH meter.
AChR-[3H]BUTX complex was located by slicing the gel into 2 mm sections and
soaking each slice overnight in Soluene/touene scientillant (30% efficiency)
or by combusting each slice in an Intertechnique ti;sue oxidiser with a 34%
counting efficency. In order to visualise protein bands gels were stained
with Coomassie R-250 as described by Righetti and Drysdale (1974).
Isoelectric focusing in ultradex flatbeds using the LKB Multiphor water-
cooled apparatus was as described in the published procedure (LKB application
note 198). The gel, which contained 0.1% Triton X-100 and 2% Ampholine (pH
3.5-10 or 4-6) was focused for 14-16 hours at 8 Watts constant power. After
focusing the gel was cut into 30 sections (5 mm) and each placed in a small
column and eluted with 5 ml of 0.2% Triton X-100/0.025M phosphate buffer pH 8.
Ampholytes were then removed by dialysis against the same buffer and receptor
activity measured by [3H] toxin assay. Alternatively, AChR—[3H]BUTX complex
was located by combustion of aliquots of each section in a intertechnique
tissue oxidiser according to the Oxymat JA 101 Manual (1973): pH gradients
were measured (25°C) by inserting a microelectrode as described above into

each gel section.

VId. Affinity Alkylation of Purified Cat Denervated Leg Muscle Acetylcholine

Receptor

In order to establish that the purified protein prepared as described
here contained the active center for ACh as well as binding a-toxins, and to

determine on which subunit(s) this site was located; the reagent Br[3H]ACh
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was used. This reagent has been used elsewhere (Damle et al., 1978; Moore
and Raftery, 1979) and shown to specifically and irreversibly label the
active site for ACh of particulate and purified Torpedo AChR. Br[3H]ACh

(1.7 and 2.7 Ci/mmo1) prepared as described elsewhere (Wolosin et al., 1980)
was a gift from J. M. Wolosin and A. Lyddiatt. Briefly, aliquots of receptor

4 4

were treated with 10" 'M DFP and reduced with 2 x 107 'M dtt for 30 minutes at

23°C. The pH of the solution was then adjusted to bH 7.0 with phosphate
and Br[BH]ACh added to 10'5M final concentration. Alkylation was carried out
for 30 minutes and excess reagent then removed by gel-filtration on columns
of Sephadex G-25 (1 x 18 cm). Control sampleswere alkylated as above but

6

following treatment of receptor with 2 x 10° "M a-BUTX.

Vlie. Subunit Composition of Purified Receptor Preparations

Subunit composition of purified receptor preparations or Br[BH]ACh
labelled AChR was examined by SDS polyacrylamide gel electrophoresis (SDS
PAGE) essentially as described by Laemli (1971). Both gel rods (0.25 x 8 cm)
and slabs (0.2 x 15 cm) were used. Samples were denatured, prior to
electrophoresis with 1% (w/v) SDS, 1% (v/v) B-mercaptoethanol, 0.015 M Tris-
HC1 pH 6.5, 5% (v/v) glycerol at 100°C for 2 minutes or as described by

24 dtt, 1073M EDTA, 0.01 M

Karlin et al. (1973; 1974) using 2% (w/v) SDS, 10~
tris-HC1 pH 8.0, 5% (v/v) glycerol at 50°C for 1 or 2 hours. Non-reduced
samples were obtained by first carboxymethylating the protein with iodacetic

acid (2 x 1073

M; 20 minutes, 25°C) prior to denaturation with SDS (100°C
2 minutes) in the absence of g-mercaptoethanol or dtt. Protein standards
BSA (68000 Mr), ovalbumin (43000 Mr), aldolase (40000 Mr), chymotrypsinogen
A (27500 Mr) and myoglobin (17500 Mr) were prepared exactly as described

for receptor. Electrophoresis was at 3 milliamps/tube (rods) or 250 volts
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(slabs) until the tracking dye bromophenol blue (added to sampies) had
migrated to the bottom of the gel. Electrophoresed proteins were then fixed
by soaking in 50% (w/v) trichloracetic acid 45 minutes prior to washing
overnight (25°C) with 25% (v/v) propan-2-01/10% (v/v) acetic acid or alter-
natively washed without the trichloroacetic acid step. Fixed proteins were
then visualised by staining (12 hours; 25°C) with 0,04% (w/v) Coomassie
G-250/3.5% (v/v) perchloric acid and destaining with 10% (v/v) acetic acid.
Alternatively gels were stained with fast green as described by Gorovsky

et al. (1970) or Coomassie R250 as described by Vesterberg (1971). In order
to specifically visualise glycoproteins the periodate-§chiff staining method
as described by Fairbanks et al. (1971) was used. After electrophoresis of
samples of AChR labeled with Br[3H]ACh, gels were sliced into 2 mm sections,
using a gel slicer (Bio-rad), and each slice soaked overnight (25°C) in

Soluene 350/toluene scintillant as described by Dolly and Barnard (1977)

prior to measurement of radioactivity.

Estimation of Receptor Molecular Size:

In order to estimate the apparent oligomer molecular size of the acetyl-
choline receptor three methods were used, sucrose density gradient centrifu-
gation, gel-permeation chromatagraphy and polyacrylamide gradient poré gel
electrophoresis. In all of these procedures in addition to comparison to
standards purified cat denervated legmuscle AChR was compared to the highly

characterised 9S species of Torpedo marmorata receptor (Review Heidmann and

Changeux, 1978: see Introduction)

VIf. Sucrose Density Gradient Centrifugation

In order to estimate the apparent sedimentation coefficient of receptor

in the presence of detergent AChR or [3H]BUTX-AChR complex (0.2-0.5 ml) was
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centrifuged 14-15 hours (4°C) in linear gradients of sucrose (5-20% (w/v))
containing 0.5% (v/v) Triton X-100 0.025 M phosphate pH 8.0 plus protease
inhibitors. A Beckman L5 ultracentrifuge set at 40000 RPM and an SW 40 Ti
rotor was used. Gradients (volume 12 ml) were constructed and fractionated
using a Buchler microfractionator with level sensing probe: fraction sizes
were 0.2 ml. Unlabeled AChR was located by the DEAE filter disc assay
described earlier, while [3H]BUTX-AChR complex was located by direct measure-
ment of radioactivity using a xylene based scintillant as described by Dolly
and Barnard (1977) and an Intertechnique.scinti]]ation counter. No correction
was made for quenching by sucrose. Beef Tiver catalase (11.4S) was used as
principle marker and was located by absorbance at 406 nm. Phosphocreatine

kinase (CPK) a second marker was located by enzymatic assay.

Vig. Gel-Filtration

The apparent molecular size of the detergent solubilised AChR was
also examined by gel-permeation chromatography. Briefly, in this procedure
Triton X-100 solubilised AChR was gel-filtered on columns of Sepharose 6B-Cl

(1.5 x 90 cm and 1.5 x 70 cm) preequilibrated with 0.2% detergent/]O'BM EoTA/ 10”4

M
benzethonium/]0'4M PMSF/0.025M phosphate buffer pH8. Molecular size cali-
brations were made using thyroglobulin (669000 Mr), catalase (244000 Mr),

(lactate dehydrogenase (144000 Mr) and BSA (68000 Mr) as standard proteins;

2 ml fractions were collected. Unlabelled chromatographed AChR was detected

by [3H]toxin assay or alternatively, chromatographed AChR-[3H]BUTX complex
(preformed in solution, or in particulate samples prior to solubilisation)

was detected by direct scintillation counting as described above. For prepa-

rative purposes a column 5 x 95 cm was used, preequilibrated in the same

buffer; 20 m1 fractions were collected.
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VIh. Polyacrylamide Gradient Pore Gel Electrophoresis

A third approach used in the estimation of receptor apparent molecular size was
polyacrylamide gradient pore gel electrophoresis (Esposito and Obyeski, 1976)
of AChR [3H]BUTX complex. Gradient (4-15%) acrylamide gels (0.2 x 15 cm)
were constructed essentially as described by 0'Ffarrel (1977) except that
0.5% Triton X-100 was added to the electrolyte buffer which also contained

3 Tris 107%M glycine pH 8.3. Sample sizes were 0.1-0.3 ml and

5x 107
electrophoresis was at 150-200 v for 14-16 hours. Standard proteins were

hog thyroid thyroglobulin (669000 Mr), horse spleen ferittin (440000 Mr),

beef liver catalase (232000 Mr), beef heart lactate dehydrogenase (140000 Mr)
and bovine serum albumin (67000 Mr). AChR-[BH]BUTX complex was located by
slicing of the gel into 2 mm sections, using a Bio-rad gel slicer, and

soaking each slice overnight (25°C) in Soluene 350/toluene scintillant as
described by Dolly and Barnard (1977), prior to determination of radioactivity.

Standards were located by staining with 0.04% (w/v) Coomassie G-250/3.5%

perchloric acid and destaining with 10% (v/v) acetic acid.
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CHAPTER 2 RESULTS

I. Preparation of a-Neurotoxins

Ia. Cobra Toxin

In order to prepare an a-neurotoxin suitable fbr affinity chromoto-
graphy of detergent solubilised AChR (Karlsson et al., 1972) a-Naja naja
sjamenses (cobra) toxin was purified using the rapid procedure described
by Reich et al. (1971). The complex formed between this toxin and the de-
tergent solubilised AChR although equally as specific as «-BUTX is considera-

bly more reversible (Tu, 1977; Lee, 1972). Thus, Naja naja siamenses toxin

has been widely used elsewhere in the preparation of affinity matrices for
receptor purification (Karlsson et al., 1972; Review Heidmann and Changeux,
1978; Dolly, 1980). As can be seen in Fig. 1A and 1B Biorex 70 ion exchange
and Sephadex G-50 chromotography results in the preparation of considerably
purified toxin. In fact, polyacrylamide gel electrophoresis reveals a
single band of protein on staining with Coomassie G-250 (Fig. 1C) and when
the purified toxin was injected into mice (1 nug/g body weight) death usually
resulted 3-5 minutes after administration. Approximately 330 mg of toxin

were obtained from 1 g of lyophilised venom.

Ib. Purification and Radiolabelling of a-BUTX

As described elsewhere the binding of a-BUTX to acetylcholine receptors
is essentially irreversible and specific (See Introduction). Moreover these
properties are not lost on radiolabelling, by various techniques, of the
purified toxin (Review Fulpius, 1976). Thus radiolabelled a-BUTX has been

widely used to assay levels of AChR activity at various stages of purification
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Figure 1  Purification of Naja naja siamenses a-Toxin by Ion Exchange and

Molecular Sieve Chromatography

Purification of Naja naja siamenses (cobra) toxin was as described by

Reich et al. (1971). Chromatography of 1 g of lyophilised venom on Biorex

70 (A) and subsequently on Sephadex G-50 (B) was as described in methods. In
(C) is shown a densitometer tracing of 40 ug of purified toxin electrophoresed
as described by Reisfield (1962) and stained with Coomassie G-250 as described

in the text. The origin of the gel (+) is shown to the left of the figure.
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or during a variety of receptor quantitation studies (Review Heidmann and
Changuex, 1978; Dolly, 1980). Purified a-BUTX was prepared here essentially
as described by Lee et al. (1966) and modified by Dolly and Barnard (1977).
Radiolabelling of the purified toxin was also as described by Dolly and
Barnard (1977).

As can be seen in Fig. 2 chromatography of lyophilised Bungarus

multicinctus venom on carboxymethyl Sephadex (C-50) resolved several peaks
of protein. Peak III has been characterised by Lee et al. (1966) as con-
taining o-BUTX. The other peaks have'beén characterised as containing
various p-toxins, cardiotoxins, enzymes, nucleotides or additional a-
neurotoxins (Review: Tu, 1977). When those fractions from peak III (Fig. 2)
were further chromatographed on carboxymethyl Sephadex (CM-52) several
proteins were resolved away from the o-toxin (peak 4, Fig. 3A). In fact,
polyacrylamide gel electrophoresis of the purified a-BUTX, peak fractions
revealed a single band of protein on staining with Coomassie G-250 and
destaining with 10% (v/v) acetic acid (Fig. 3B). Tail vein injection of
this toxin (1 ug/g weight) into mice resulted in death 3-5 minutes after
administration and 80-100 mg toxin were obtained from 1g of lyophilised
venom. When the amino groups of purified a-BUTX were acetylated by reaction
with [3H]acetic anhydride mono-, di-, and tri[3H]acetleUTX derivatives
were obtained and in similar yields to earlier reports (Barnard et al., 1971;
Dolly and Barnard, 1977). The specific radioactivities for the different
toxin species were 2.5, 5 and 7.5 Ci/mmol respectively. Although all of

the [3H]acety1 labelled toxin derivatives were found to be equally specific
as well as being irreversible (Dolly and Barnard, 1977; Barnard et al., 1977)

tri[3H]acetleUTX has been reported to have an affinity for the AChR three-
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Figure 2  Carboxymethyl Sephadex-C-50 Chromatography of Lyophilised Bungarus

Multicinctus Venom

Purified oBUTX was prepared from lyophilised Bungarus multicinctus

venom as described by Lee et al. (1966) and modified by Dolly and Barnard
(1977). 0.5g of venom was applied to a 1.8 x 85cmcolumn of carboxymethy]l
Sephadex-C-50 and a gradient of ammonium acetate deye1oped as described in the
text. Peak III which has been characterised as containing o-BUTX (Lee et al.,

1966) was then pooled and subjected to further purification as described in

methods.






Figure 3  Purification of «-BUTX by Carboxymethyl Sephadex (CM 52)

Chromatography

Pooled o-BUTX fractions from the Sephadex C-50 chromatography shown in
Figure 2 were applied to a column of Sephadex CM-52 and purified o-BUTX
eluted as described in the text (A). Polyacrylamide gel electrophoresis of
20 ug of purified toxin from peak 4 revealed on staining with Coomassie G-250
a single protein band (B). Radiolabelling of the purified toxin with [3H]
acetic anhydride and polyacrylamide gel electrophoresis(C) or isoelectric
focusing (D) of the mono[BH]acetyl toxin revealed a single radiolabelled

component.
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fold lower than native BUTX (Dolly et al., 1977; Barnard and Dolly, 1975).
Mono[3H]acety1BUTX, however, has been characterised by electrophysiological
and biochemical criteria as possessing the same affinity as native toxin for
denervated muscle AChR or receptor at the innervated muscle endplate (Barnard
et al., 1975; Chiu et al., 1974). When purified mono[BH]acetleUTX was
electrophoresed or isoe]ectric focused in polyacrylamide gelsa s%ng]e band
of radioactivity was observed (Fig. 3C and d). Moréover the isoelectric
point obtained for this labelled toxin (pI 9.0) is similar to that reported
for unlabelled BUTX (pI 9.2; Clark gg.gl., 1972). Sequencing of the mono-
labelled toxin has shown acetylation to have taken place only at Lys-52
(Barnard et al., 1979). In contrast to the monolabelled toxin di-, and
tri[3H]acety]BUTX were found to have isoelectric points of 8.5 and 5.0
respectively. This probably reflects the further acetylation of toxin amino
groups and the loss of surface negative charges. Similar changes in isoelectric
point have been reported elsewhere on reaction of purified a-BUTX with other
amine directed compounds or conditions (Suskiw, 1976; Jones and Thompson,
1980). In this study tri[3H]acety1BUTX and di[3H]acetleUTX were routinely
used for preparative work whereas mono[SH]acety1BUTX was primarily used for

receptor analysis. Additional [3H]u-neurotoxins from Naja naja melanoleuca,

Naja naja nigricollis or mono[3H]propiQny1 BUTX used exactly as described

for [3H]acetleUTX.

I1. [3H]Neurotox1n Assay of Detergent Solubilised Acetylcholine Receptor

As detailed earlier receptor assay conditions using [3H]a—neurotoxins
were essentially as described by Dolly and Barnard (1977). Control incuba-

tions of [3H]toxin (20-30 nM) with buffer in the absence of receptor, with
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receptor that had been denatured by boiling 2 minutes, or with receptor in
the presence of saturating concentrations of dTc or deca resulted in less
than 1% of the added radioactivity bound to the DEAE filter discs. Moreover,
incubations of receptor with the [3H]toxin for 30 or 60 minutes (37°C)
yielded similar results and increasing the toxin concentration to 40 or 60 nV',
without altering AChR added.did not increase levels of bound radiocactivity

to the DEAE disc. These results therefore suggest complete saturation of
receptor sites under the conditions used. Due to high levels of protein

(> 5 mg/m1) however saturating the DEAE disc, more than 20 u1 of crude muscle
detergent extracts could not be assayed. The presence of protease inhibitors
which were also used during various stages of receptor purification and were
diluted 6-10 fold in the [°H]toxin assay did not effect the binding of o-
toxins under the conditions used (Table 1). Maximum recoveries of radio-
activity from the DEAE discs however, were obtained by overnight soaking
(4°C) in Soluene 350/toluene scintillant. Comparison to filters combusted

in an Intertechnique tissue oxidiser revealed 90% recovery of bound [3H]
with soluene 350. A counting efficiency of 33-35% was also determined for

this scintillant with [3H]hexadecane as standard.

III. Detergent Solubilisation of Membrane Bound Acetylcholine Receptor

As cat denervated leg muscles have been shown elsewhere (Dolly and
Barnard, 1977) to contain protease activity capable of a]tering the detergent
solubilised AChR, conditions were sought that would minimise the time for
receptor extraction as well as maximise receptor yields and specific
activities. In fact, homogenisation of cat denervated leg muscle mince and
suspension of washed membrane fragments in 1.5 or 2% Triton X-100/phosphate

buffer pH 8 for 1 hour resulted in the solubilisation of 80-90% of the total

55



TABLE 1

Effect of Protease Inhibitors on Receptor Assay

Inhibitors Used Measured Receptor Concentration
(pmol/ml)
None 30.4
PMSF 51.5
Benzethonium 32.5
PMSF + Benzethonium - 30.4

PMSF + Benzethonium + EDTA + STI
+ Benzamidine + Bacitracin + Leu-
peptin 33.2

Detergent extracts were prepared from proximally denervated cat
leg muscles in the presence and absence of the protease inhibitors
shown. Aliquots of each extract (40 ul) were diluted 6-fold with
Triton/phosphate buffer and assayed in duplicate with mono[3H]propiony1
BUTX. Final concentrations of inhibitors were 1.6 x 10-°M EDTA; 1.6 x
10-5M PMSF; 1 ug/ml STI; 1.6 x 10-4M benzamidine; 17 ug/ml bacitracin;
1.7 x 10-4M benzethonium; 1 pug/ml leupeptin. Incubations with [3H]toxin
(30 nM) were 30 minutes at 37°C.



muscle AChR content. The specific activity of AChR extracted by this method
was 11.3 nmoles [3H]toxin sites/g protein although preparations as high as
20 nmoles/g protein were obtained (Table 2). In order to determine the total
receptor content of the denervated muscles 2 sequential Triton X-100 extrac-
tions of ‘an aliquot of the muscle mince were used. A third solubilisation
failed to release any further detectable AChR. Receptor specific activities
in the second Triton extract were usually lower (3.6 nmoles/g protein) and
this AChR was not used for receptor purification.

As can be seen in Fig. 4 when reéeptor was solubilised from muscle
mince, without homogenisation or protease inhibitors 80-90% of the total
muscle receptor content could be solubilised after 4 hours. Longer periods
of incubation (4°C) however, resulted in a gradual decline (to 50 or 60%)
of maximum AChR yields. Similar results were obtained for AChR extracted
from muscles after homogenisation but without protease inhibitors; maximum
receptor yields however, were obtained after 1 hour incubation. When the
protease inhibitors, EDTA, PMSF, STI, benzamidine, bacitracin, benzethonium
and leupeptin, were included throughout receptor solubilisation from homo-
genised muscle membranes (uppermost curve Fig. 4) minimal loss of receptor
activity occurred even after 12 hours (4°C). As the specific activities of
receptor crude extracts from muscle mince or unwashed homogenised'membranes
was also lower (2.9 and 6.8 nmole/g protein respectively: Table 2) detergent
solubilisation of receptor from the washed homogenate membranes of cat
denervated leg muscles, in the presence of protease inhibitors was the
preferred method for the large scale preparation of soluble AChR.

When AChR-[HIBUTX complex was solubilised from [SHIBUTX Tabelled cat

denervated leg muscle membranes about 85% of the total complex present could
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TABLE 2

Detergent Solubilisation of AChR from Cat Denervated Leg Muscle with Triton X-100

Extraction Time Specific Activity Purification

Musc] Sample (hours) % Total Activity (nmol/g protein) Fold

uscle
Unextracted whole muscle
Mince 0 100 1.2 Max 1
Extract of muscle mince® 4 80 2.9 -- 2.4
Homogenisation supernatant - 2 0.05 -- --
Membrane extract 2 85 6.8 9.2 5.6
Membrane wash supernatant - 2.5 0.3 -- --
Washed membrane extract 1 85 11.3 20 9.4
Washed membranes;
second extract overnight 13 3.6 -- 3
Torpedo
Membrane extract 1 90 160 200 n.d.

Solubilized AChR was prepared by Triton X-100 extraction of particulate AChR from whole muscle mince,
homogenate membranes or washed homogenate membranes as described in the text using the full complement
of protease inhibitors. Total activity was determined by combining levels of receptor obtained in 2 se-
quential solubilisations of each sample. Values shown for muscle are taken from 15 different preparations.
“aximum receptor specific activities obtained are also shown. Values described for solubilisation of
receptor from Torpedo marmorata electroplax membranes are from 6 preparations. n.d. = not determined

4 From Dolly and Barnard (1977) using PMSF, benzethonium and EDTA only as protease inhibitors



Figure 4 Time Course of Receptor Solubilisation from Cat Denervated Leg

Muscle with Triton X-100 and Effect of Protease Inhibitors

Acetylcholine receptor (AChR) was solubilised from minced whole muscle?

(W -m ) in the presence of PMSF, EDTA and benzethonium or from homogenised
muscle membranes in the presence (8 - #) and absence (A-4A) of STI, PMSF,
EDTA, benzethonium, bacitracin, benzamidine and leupeptin as described in
methods. Muscle membranes were not washed with buffer prior to detergent
solubilisation and total AChR content was estimated by two sequential
solubilisations from an aliquot of each muscle as described in methods.
A11 operations were at 4°C. Solubilisation of AChR from membranes or minced
muscle in the absence of protease inhibitors illustrates autolysis of
receptor activity during prolonged incubations. Maximum receptor yields
were obtained from homogenised membranes in the presence of protease inhibitors

after 1 hour-incubation (4°C).

@From Dolly and Barnard (1977)
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be solubilised using Triton X-100 as described in methods. As for unlabelled
receptor 2 sequential extractions were used in order to determine total
muscle receptor content. Solubilisation of AChR from denervated rat or
rabbit leg muscle or rat diaphragm by the same methods described for cat
proceeded to a similar extent (85% of total) but the overall AChR content of
rabbit denervated leg muscle was lower (Table 3) and large amounts of dener-
vated rat diaphragm were more difficult to obtain. As described elsewhere
(Fulpius, 1976) solubilisation of receptor from fresh or fresh frozen Torpedo
marmorata electroplax yielded 1 to 1.2 nﬁo] AChR per gram of tissue (90-95%
of total), with specific activity 160 to 200 nmoles AChR/g protein (Table 2).

Iv. Muscle Denervation and Levels of AChR Activity

The lower hindlimb muscles of cats denervated by sciatic nerve sectioning
were found to release, after 2 sequential detergent solubilisations in the
presence of protease inhibitors, approximately 89 pmole [3H]a-toxin sites/g
of mixed muscle. Comparison of AChR levels to those found for similar
innervated muscles (2 pmole/g) revealed nearly a 50-fold increase in the
post-operative number of available [3H]tox1n binding sites (Table 3). The
effect of nerve stump length on muscle receptor content post-denervation was
also examined and maximum levels of AChR/g muscle, (up to 140 pmoles AChR/g)
were obtained by proximal denervation and the use of protease inhibitors,
particularly leupeptin, bacitracin, benzamidine and STI, during receptor
preparation (Table 3). Distal denervation and the use of EDTA, PMSF, benze-
thonium and in some preparations pepstatin, as protease inhibitors resulted
in lower yields of AChR (61 pmole/g). The use of the additional protease
inhibitors however could increase yields to as much as 90 pmo]é AChR/g muscle (see

Table 3). In both cases, maximum levels of receptor were obtained 21-28 days
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TABLE 3

Effects of Muscle Denervation and Protease Inhibitors on Receptor

Concentration and Molecular Weight Forms

Receptor Concentration Fraction (%) Sedimenting at
Muscle Inhibitors Added (nmo1/kg Muscle) 9S 45
Cat Innervated PMSF + EDTA + benzamidine + STI 2 1002
+ bacitracin + leupeptin (= all)
| MAX
Cat Denervated:
Distal PMSF + EDTA + benzethonium 61 2.8 85 46 3.5 53.8 5
None n.d. 41 10 59 10
Distal A1l inhibitors 80.7 9.68 90 70 5 3 5
Proximal None 87.5 17.5 105 71 10 29 10
Proximal A1l 1inhibitors . 89.3 9.4 140 78 4.5 22 5
138
Torpedo Marmorata All inhibitors 1100 70 30 0
Rabbit Leg:
Innervated PMSF + EDTA + benzethonium 2 n.d
Denervated
(Distal) 28 n.d.
Rat Diaphragm:
Innervated PMSF + EDTA + benzethonium 2 n.d.
Denervated 80 n.d.

A11 tissue samples were homogenised, and the particulate fraction extracted with 2% Triton X-100 as described in
the text. The concentrations of the protease inhibitors used were 1 mM PMSF, EDTA, and benzamidine, 0.1 mM benzethonium,
10 ug/ml ST1, 100 ug/ml bacitracin and 5-10 ug/ml leupeptin. Proximal and distal refer to the distance of nerve section
from the muscles denervated. Samples of the extracts were fractionated on sucrose density gradients and assayed to give
the proportions of the receptor sedimenting as the 9S and 4S forms (last 2 columns). The values given are the means
from 9-20 preparations except for the case of no inhibitors, where 1-2 preparations were used. n.d. = not determined.
Results of extracts prepared from Torpedo marmorata electric organs and analysed by the same method are shown for com-
parison. Figures for rat muscles are from 3 or 4 determinations.

%From Barnard et al., 1978.



after denervation although significant levels of activity (60 pmole/g muscle)
were detected 10 days after proximal nerve sectioning. Post-operative periods
greater than 28 days resulted in severe muscle atrophy and decreased levels
of AChR. A1l animals were therefore routinely sacrificed 3 to 4 weeks post
denervation. Rabbit lower leg muscles denervated for 21-28 days by distal
nerve sectioning were found to yield approximately 28 pmole AChR/g mixed
muscle. This represented a 14-fold post-operative increase in receptor levels
obtained from similar innervated tissue (2 pmole/g). Rat leg muscles,
denervated similarly, gave values of 34 bmo]e/g after 18 days post sectioning

while rat diaphragms 21 days after denervation yielded about 80 pmole/g of

muscle.

V. Purification of Acetylcholine Receptor from Mammalian Denervated Muscle

During early attempts to purify the mammalian AChR both DEAE ion exchange,
and gel chromatography were examined as initial steps in the receptor purifi-
cation scheme. As can be seen in Table 4 application of these techniques to
Triton X-100 extracts of cat denervated muscle, resulted in approximately a
3-fold purification with an overall yield of about 10%. Detergent solubilised
AChR was therefore purified by cobra toxin Sepharose affinity/ion exchange
procedures or more preferably by cobra toxin Sepharose/lentil lectin Sepharose

chromatography. Purified Naja naja siamenses toxin prepared as detailed

earlier was reacted with CNBr activated Sepharose 4B and greater than 90%

of the total added toxin became coupled to the Sepharose gel. Affinity gels
were found to be stable for several months (4°C) and were prepared at 0.3, 0.06,
0.1, 0.23 and 0.5 mg toxin/ml Sepharose. In order to remove any toxin that

may have leached however, gels were washed with 0.2% (v/v) Triton X-100 0.05 M

phosphate pH 8, 2M NaCl prior to use.
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TABLE 4

Gel Filtration and Ion Exchange Chromatography of Detergent

Extract AChR As a First Step in Receptor Purification

Activity Protein Specific Activity Purification

Sample (nmo1) (g x 10-3) (nm/g) Fold
Detergent Extract 1.9 40 4.7 1
Pooled Sepharose 6B Eluate 1.53 16 9.6 2
DEAE Sepharose Eluate 0.15 1 15 3.2

AChR was extracted with Triton X-100 from homogenate membranes prepared in the pre-
sence of PMSF; EDTA and benzethonium, from 25 g cat denervated (distal) leg
muscle. Gel filtration was on a column (5 x 95 cm) of Sepharose 6B-C1; 20 ml fractions
were collected. Ion exchange chromatography was as described in the text.



In order to optimise conditions for affinity chromatography binding of
the crude detergent extract AChR to the Sepharose immobilised cobra toxin
was first monitored as a function of time (1 to 18 hours, 4°C) and of toxin
concentration on the gel (0.03 to 0.5 mg toxin/ml Sepharose). As can be
seen in Fig. 5 maximum levels of receptor, 84% and 70.5% of the total app]ied
respectively, became adsorbed to the 0.23 and 0.1 mg toxin/ml gels after
overnight incubation at 4°C. After 4 hours incubation (4°C) 80% of the total
applied activity was adsorbed to the 0.23 mg/ml toxin gel while only 55% was
bound to the 0.1 mg/ml gel in the same time. Even after overnight incubation
gel prepared at 0.06 mg toxin/ml Sepharose did not bind more than 50% of the
applied AChR and this gel was not routinely used for receptor purification.
In all of the cases washing of the gel with 1 M NaCl did not release more thin
a few per cent of adsorbed AChR. Elution of bound receptor from the toxin gel
(0.23 mg/ml) with 1 M CCh (16 hours 4°C) and removal of excess ligand by
dialysis and ion-exchange chromatography on DEAE-Sepharose yielded, on average
from 9 preparations 34% of initially adsorbed AChR with a 316-fold purification,
from detergent extracts, to a specific activity of 2223 nmole AChR/g protein
(Table 5 and 6). Yields from the DEAE column were usually about 70-80%, or
occasionally as high as 90%, with an average 2-4 fold purification of the
toxin-Sepharose eluate. Elution of adsorbed AChR from the 0.1 mg/ml toxin
gel with 1 M CCh and removal of excess ligand by desalting on Sephadex G-50
or G-75 yielded an average from 5 preparations of 29.6% of the initial hound
activity with a 382 fold purification from detergent extracts (Table 6). As
described in methods complete removal of CCh was demonstrated by addition of
1M CCh to a known amount of receptor, desalting and [3H]neurotox1n assay of
the void volume eluate. For either gel approximately 70% of the AChR eluted

after 16 hours with 1M CCh was in fact released after 3 hours (4°C) incubation.
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Figure 5 Time Course of Detergent Solubilised AChR Binding to Sepharose

Immobilised Cobra Toxin: Effect of Toxin Concentration Immobilised on the

Gel.
Purified cobra toxin was coupled to CNBr activated Sepharose 4B (See
Methods) to a final concentration of 0.06 mg toxin/ml Sepharose (W -W), 0.1
mg toxin/ml Sepharose (& - a), and 0.23 mg toxin/ml_Sepharose (@ - 9).
Reactions by batch (10 ml extract/ml toxin Sepharose) with detergent solu-
bilised cat denervated leg muscie AChR, prepared in the presence of protease
inhibitors to similar concentrations%we}e for the indicated times (4°C)
after which an aliquot was drawn off, centrifuged to remove the toxin
Sepharose and the supernatant assayed for remaining AChR activity. Total
activity was taken as the initial level of AChR applied to the gel. As shown
increasing concentrations of immobilised toxin resulted in an increased rate
of adsorption of AChR to the gel. Immobilisation of toxin to concentrations
of 0.5 mg/ml (data not shown) resulted in decreased receptor recoveries on
elution with 1 M CCh (see Text). Toxin-Sepharose gel prepared to 0.23 mg/ml
and 0.1 mg/ml were therefore routinely used for receptor purificatiog}and
incubations (4°C) with muscle crude extracts were overnight (See Methods)
to insure maximal adsorption of receptor to the gel. Elution of adsorbed

AChR with 1 M CCh was as described in Methods.
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TABLE 5

Typical Purification of AChR from Cat Denervated Leq Muscle

by Chromatography on Cobra Toxin Sepharose and

DEAE-Sepharose

Specific
Activity Protein Activity Purification Yield

Sample (nmol)” (9 x 10-3) (nmol/q) Fold (%)
Detergent extract 2.5 380 6.6 1 100
Affinity Chromotography Toxin .
Sepharose Break-through 0.4 300 1.3 - 16
CCh eluate 0.98 1.8 543 82 40
DEAE eluate 0.7 0.34 2026 307 28

AChR was solubilised in the presence of 10-4M PMSF; 10-3M EDTA; 10-4M benze-
thonium from membranes prepared from 63.5 of muscle (distal denervation). Receptor
extract was reacted with cobra toxin Sepharose (0.23 mg toxin/ml Sepharose) 16 hours
(4°C) prior to elution with 1 M CCh (overnight, 4°C). Eluted activity was then
adsorbed to a 2 ml column of DEAE-Sepharose after passing through two 150 m1 hollow
fiber dialyser, and eluted with a gradient of KC1 (0.12-1.2 M). Toxin Sepharose
breakthrough refers to unadsorbed AChR remaining after reaction with the toxin gel.



TABLE 6

Effect of Immobilised Toxin Concentration on Affinity

Chromatography of Cat Denervated Leg Muscle AChR

Conc. of Affimity Resin % Bound igigiilﬁ Purification Recovery

a-Toxin (Mg Toxin/M1 Sepharose) (% Total) AChR Bound AChR Eluted (nmol/g protein) Fold (%)

Naja naja siamenses 0.05 62 8 163 70.8 5.3
0.23 84 33 22232 316.8 28
0.10 78 29 2701P 382 23
0.06 53 24 3518° 382 14

0.03 25 13 666° 96 3.3
Bungarus multicinctus 0.1 95 16 1104 3.4° 15

Purified « Naja siamenses and bungarotoxin were coupled at the concentrations shown, to CNBr activated Sepharose 4B as
described in the text. AChR detergent extracts were prepared in the presence of protease inhibitors from homogenate or
homogenized and waded membranes. Reactions with affinity gels were for 16 hours (4°C) with 10 ml of extract/ml toxin
sepharose. Elution of adsorbed AChR was with TMCCh overnight at 4°C. Excess ligand was removed by dialysis/DEAE chroma-
tography (a) or by desalting on Sephadex G-75 or G-25 (b). Total AChR refers to the amount of AChR activity applied to the
toxin gel. Recovery refers to that per cent of the total applied activity obtained after affinity chromatography.

Bungarus multicinctus chromatography was with solubilised Torpedo marmorata AChR prepared as described in the text and gel
filtered on Sepharose 6B-Cl1 prior to affinity purification (c).




A second overnight elution of adsorbed AChR although further releasing small
amounts of activity was not routinely used. Elution of adsorbed AChR with
flaxedil (1-20 nM), which has been used to elute receptor adsorbed to
quaternary ligand-affinity matrices (Dolly and Barnard, 1977) did not release
more than 10% of the AChR bound to the cobra toxin-Sepharose gels. a-Toxin-
Sepharose prepared at 0.03 or 0.5 mg toxin/ml gel ejther failed to bind suf-
ficient quantities of AChR (0.03 mg/ml gel) or insufficient quantities of
AChR were released (0.5 mg/ml gel) on elution with CCh. Receptor purification
folds obtained with these gels were also Tower (Table 6) and affinity
chromatography using 0.1 or 0.23 mg toxin/ml Sepharose gel is the preferred
procedure. Removal of eluting ligand by desalting on Sephadex G-25 or G-75
is also more preferable to dialysis and DEAE chromatography.

When AChR from denervated rabbit Teg muscle was purified by cobra
toxin-Sepharose/DEAE chromatography essentially similar results as described
for cat (Table 5) were obtained. Less receptor was available from this tissue -
howeveﬁ,(Table 3) and starting detergent extracts were of lower specific
activities (=2-3 nmole/g protein). Average yields from 5 preparations were
39% of initial adsorbed activity with a 848-fold purification to specific
activity 2124 nmole AChR/g protein. A typical summary of purification of
AChR from rabbit muscles is shown in Table 7. Purification of AChR from
Torpedo detergent extracts, by this method, also yielded similar results
(Table 8). Average purifications - from 4 preparations were approximately
16-fold with yields of about 18.5%. Peak fractions from the DEAE column
however, occasionally had specific activities as high as 10000 nmole AChR/g
protein.

In order to more completely purify the mammalian AChR, cat denervated leg

muscle receptor purified as described above was rechromatographed on fresh
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TABLE 7

Purification of Detergent Solubilised AChR from Rabbit

Denervated Muscle by Cobra Toxin Sepharose and

DEAE Sepharose Chromatography

Activity Protein Specific Activity Purification Yield

Sample (nmo1) (g x 10°3) (nmol/g) Fold (%)
Detergent extract 5.16 1720 3 1 100
Toxin Sepharose
Breakthrough 0.72 1680 0.43 - 14
DEAE Sepharose
ETuate 1.24 0.3 3655 1218 24

4 3

AChR was detergent solubilised in the presence of 107 'M PMSF; 107 °M EDTA;
10-41 benzethonium, from membranes prepared from 250 g of distally denervated
rabbit leg muscles. Solubilised receptor was then reacted with toxin Sepharose
(0.23mg toxin/ml gel; 12 hours 4°C) and adsorbed activity eluted (3-4 hours 4°C)
with 1 M CCh. Eluted AChR was then loaded directly onto a 1.5 ml column of DEAE
Sepharose after in-line dialysis through two 150 ml hollow fiber dialysers.
Elution of AChR from the DEAE column was then with a linear gradient of KC1 (0.12M -
1.2M) as described in methods.



TABLE 8

Purification of Detergent Solubilised AChR from Torpedo

Marmorata Electropiax by Cobra Toxin Sepharose

and DEAE Sepharose Chromatography

Activity Protein Specific Activity Purification Yield

Sample (nmo1) (g x 10-3) (nmol/g) Fold (%)
Detergent extract 137 1078 127 1 100
Toxin Sepharose .

Chromatography

Breakthrough 4.2 764 5.5 - 3

CCh eluate 14.6 8.34 1869 14.7 11.4

DEAE Sepharose

eluate 10.5 1.87 5589 44 7.6
4 3

AChR was detergent solubilised in the presence of 107 'M PMSF; 10 °M EDTA;
10-4M benzethonium from homogenate membranes prepared from 100 g of Torpedo
marmorata electroplax. After reaction with toxin Sepharose (0.23 mg toxin/ml gel,
12 hours 4°C) adsorbed AChR was eluted with 1M CCh (4 hours 4°C) and chromatographed
on DEAE-Sepharose as described in Methods.



toxin-Sepharose. Greater than 90% of the applied activity became re-adsorbed
to the fresh gel and, on average from 4 preparations,elution with 1 M CCh
resulted in a 2-3 fold purification with overall yields of about 8%. Average
specific activities obtained by this method were 4000-6000 nmo1 AChR/g protein
although preparations of 10000 nmole/g protein were also achieved. The
maximum level of AChR obtained to this specific activity was 12 ug. prepared
from 50 g of distal denervated muscle (Table 9). Use of cobra toxin-Sepharose
6B or o-BUTX-Sepharose 4B (Table 6) did not improve recoveries or purification

folds obtained with muscle AChR.

VI. Lectin Chromotagraphy of Detergent Solubilised and Partially

Purified AChR

In order to ascertain if the muscle receptor was a glycoprotein as well
as the usefulness of lectin chromatography in AChR purification the specific
binding of solubilised AChR activity to Sepharose immobilised concanavalin A
and lentil lectin was monitored. Purified concanavalin A immobilised on
CNBr activated Sepharose 4B (5 mg/ml gel) was purchased from Sigma. Purified

Lens culinaris haemagglutinin (LCH) was prepared from ordinary lentils by

NaCl extraction and affinity chromatography using Sephadex G-75 (Fig. 6A).

SDS PAGE of the purified lectin revealed a single band at 25000 Mr. (Fig. 6B).
Coupling to CNBr activated Sepharose 4B proceeded to > 90% of the applied
protein and gel was prepared at 0.2, 2 and 5 mg LCh/ml gel.

Reaction of crude detergent muscle extract AChR with the Con A Sepahrose
resulted in nearly quantitative binding of receptor to the immobilised lectin.
Specific elution with a-methylmannoside and a-methyl glucoside released 20-30%
of the bound AChR with a maximum 13-fold purification (Table TO). Addition

€ s
of EDTA, to chelate divalent ions, known to be cofactors in the binding of
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TABLE g9

Purification of AChR from Cat Denervated Leg Muscle

by Repetitive Affinity Chromatography on Cobra

Toxin Sepharose

Specific
Activity Protein Activity Purification Yield

Sample (nmol) (9 x 10-3) (nmol/g) Fold (%)
Detergent extract 2.45 500 . 5.6 1 100
Toxin Sepharose-DEAE
Sepharose eluate 0.65 .15 4210 752 26
Eluate after rechromatography
on Toxin Sepharose 0.106 0.012 10000 1800 4.2

AChR was detergent solubilised, with the compiete mix of protease inhibitors
present, from membranes prepared from 50 g of denervated (distal) cat leg muscle.
The solubilised receptor was then affinity chromatographed as described in the text
(see Methods) for Cobra toxin Sepharose/DEAE Sepharose chromatography.,

Those fractions, containing AChR eluted from the ion-exchange column with the highest
specific activity were then pooled and reapplied to fresh toxin gel. As in the first
affinity chromatography elution of adsorbed AChR was with 1 M CCh. Excess CCh was
removed by exhaustive dialysis as described in Methods prior to assay.



Figure 6 Preparation of Purified Lens Culinaris Lectin

Purified Lens culinaris heamagglutinin (LCH) was prepared as described

by Howard et al. (1971). Application of NaCl extracts, prepared from
ordinary lentils, to Sephadex G-75 and elution of bound lectin with 0.1 M
o-methylmannoside (arrow) resulted in the visualisation of a single peak of
protein (A). The lectin was not purified further p§st this step however, and
probably contains both LCH A and B lectin subtypes (Howard et al., 1971).

SDS PAGE (B) of purified preparations revealed a single polypeptide of

25000 Mr on protein staining with Coomaséie G-250. A densitometer tracing
of a typical SDS PAGE pattern is shown. The origin of the gel is to the Tleft

of the figure.
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TABLE 10

Chromatography on Immobilised Lectins of Detergent

Solubilised AChR from Cat Denervated Leg Muscle

Specific
Activity Protein Activity Purification Yield
Sample (pmol) (g x 10-3) (nmol/q) Fold (%)
Con A-Sepharose
Detergent extract 24 8.5 2.82 1 100
Con A Sepharose :
Breakthrough 0.45 6.5 0.07 - 1.8
Elution with:
0.3 M mannoside
0.3 M glucoside 7.5 0.25 30 10.6 31
0.25 M mannoside 7.0 0.24 29 10.3 29.5
0.25 M glycoside
0.25 M glycoside
0.25 M mannoside 4.6 0.13 37 13 19.5
10-3M EDTA
10-3M EDTA only 0 0 - - 0
LCH-Sepharose
Detergent extract 96 25 3.84 1 100
LCh-Sepharose
Breakthrough 27 21 1.3 - 28

Elution with:

Gradient 0 to 0.4 M

mannoside; 0.4 M glyco-

side; 10-3M EDTA;

10-3M EGTA 44 0.13 338 88 46




TABLE 10 (continued)

For Con A Sepharose 3.5 g cat distal denervated leg muscle was homogenized and
then solubilised in the full presence of protease inhibitors (EDTA) with 1.5%
Triton X-100/phosphate buffer pH 810 and divided into 1.7 ml aliquots. Each aliquot
was then reacted batchwise (1 hour 4°C) with ~ 0.2 ml1 Con A Sepharose (5 mg lectin/
ml gel) in the presence of 10-3M Ca and 10-3M Mg. Adsorbed AChR was then eluted
from each of the different reaction batches by the conditions shown (1 hour, 4°C).
For LCH Sepharose chromatography 2.3 g of cat distal denervated leg muscle was
homogenized and solubilised with 2% Triton X-100 in the full presence of protease
jnhibitors (without EDTA). Solubilised AChR was then applied to a 12 ml column of
LCH Sepharose (2 mg lectin/ml gel) for 1 hour at 4°C in the presence of 5 x 10-4M Mg,
1.5 x 10-9M Ca. Elution of adsorbed AChR, after washing with several column volumes
of 0.1% Triton X-100/phosphate buffer + cations, was with a 25 ml gradient of
glycoside/mannoside/EDTA/EGTA/0.2% Triton/Phosphate buffer pH 8.0 as described in
Methods.



sugars to plant lectins (Howard et al., 1971) to the elution mixture of
glucoside and mannoside, failed to release further amounts of AChR. Similar

results were obtained with Torpedo marmorata AChR (Table 1ﬁ).

Binding of crude detergent extract muscle AChR to Sepharose immobilised
lentil Tectin was found to depend on the time of incubation, divalent ion
concentration, and the ratio of extract protein to immobilised lectin protein.
A 1:1 ratio of LCh protein to crude protein was found to be optimal and 70%
of the applied AChR was bound after slow application to a 12 m1 column (1 hour,

*M ca and 5 x 107 Mg.

4°C) of LCh Sepharose gel in the presence of 1.5 x 10”
Non-adsorbed AChR readily bound to fresh Con A or lentil lectin Sepharose gel.
Elution of the bound AChR with a gradient of glucoside, mannoside, EDTA, EGTA
released 46% of the overall applied AChR (64% of bound) as a nonsymmetrical

peak (Fig. 7) with an average 88-fold purification (Table 10). Similar results were
obtained for gel prepared at 5 mg and 2 mg LCh/ml Sepharose; the 0.2 mg LCH/nl

gel failed to bind significant levels of AChR. Elution with EDTA and EGTA

only released minimal amounts of receptor (Table 10) and repeated exposure of

the lectin gel to these chelating agents gradually inactivated glycoprotein

binding activity. Fresh gel was, therefore, routinely used for AChR purifici-

tion. When partially purified muscle AChR prepared by one cycle of cobra

toxin Sepharose chromatography was slowly (1-2 hrs 4°C) applied to

LCh Sepharose gel (0.9 ml or 12 ml column), in the presence of Ca, Mg, 70-95%

of the initial activity was adsorbed to the immobilised lectin. Batchwise

elution from the 0.9 ml column with glucoside, mannoside, EDTA, EGTA yielded

50-65% of the bound AChR after 1 hour (4°C). Occasionally yields as high as

95% were obtained. Elution from the 12 ml column with a gradient of glucoside,

mannoside, EDTA and EGTA resulted in the release of similar amounts of AChR



TABLE 11

Chromatography on Immobilised Lectins of Detergent

Solubilised AChR from Torpedo Marmorata

Specific
Activity Protein Activity Purification Yield

Sample (nmol) (9 x 10-3) (nmol/g) Fold (%)
Con A-Sepharose
Detergent Extract 10.2 51 . 200 1 100
Con A Sepharose Breakthrough 1.8 50 36 - 17.6
1 M NaCl wash 1.1 1.4 820 4.1 10.7
0.2 M glycoside eluate 1.5 0.89 1690 8.5 14.7
LCh-Sepharose
Detergent extract 4.4 22 200 1 100
LCh-Sepharose Breakthrough 0.88 20 44 - 20
0.4 M Mannoside/0.4 M
glycoside; 10-3M EDTA/
EGTA eluate 3.2 1.29 2480 12.4 73

Torpedo marmorata AChR was detergent solubilised in the presence of the full
complement of protease inhibitors (without EDTA) and reacted with ConA or LCh-
Sepharose. Reactions with Con A (5 mg lectin/ml Sepharose) was by a batchwise
procedure (3-5 ml extract/ml gel) 12 hours at 4°C. After washing with 1 M NaCl
0.1% Triton X-110/10 mM phosphate buffer pH 8.0 adsorbed receptor was eluted with
0.2 M o methyl glucoside overnight at 4°C. Reaction with LCh Sepharose (2 mg
Tectin/mi Sepharose) was by slow application (1-2 hours 4°C) after addition of Ca
and Mg ions as described for muscle and after washing with several column volumes
of 0.1% Triton X-100/0.1 M NaC1/10 mM phosphate pH 8.0 + cations. Adsgrbed AChR
was eluted with 0.4 M o methyl glucoside/0.4 M o methyl manoside 10~ 3M EDTA/10-3M
EGTA/0.1% Triton X-100 10 mM phosphate pH 8.0 as described in methods.




Figure 7 Lentil Lectin Sepharose 4B Chromatography of Denervated Cat and

Rabbit Leg Muscle AChR

2416 pmoles of cat denervated leg muscle AChR that had been purified
by cobra toxin Sepharose affinity chromatography, as described in methods,
was applied to a 12 ml column of LCH-Sepharose 4B and eluted with a gradient
of a-methylmannoside and o-methylglucoside as descrjbed in the text (6 - O).
Approximately 70% of the applied activity was eluted but non-symmetrically
from the column. Similar results were obtained when 60 pmoles of denervated
rabbit leg muscle AChR, purified by cobré toxin-Sepharose affinity chromato-
graphy, was applied to the column and eluted with sugers (a-a) as described
for cat. In order to examine that cobra toxin Sepharose chromatography
had not selected out a particular form of AChR, possibly with modified
carbolydrate, 96 pmoles of crude extract AChR prepared from cat denervated
leg muscle membranes with 2% Triton X-100 + protease inhibitors, was
chromatographed on the lectin column (0 - 0). Approximately 43% of the
applied activity was eluted ffom the gel and = 28% of the total AChR failed
to bind to the column under the conditions used. Non-adsorbed AChR however
did bind to fresh LCH-Sepharose or Con A-Sepharose gel (See text). The fact
that an elution profile was obtained nearly identical to that of purified
AChR would suggest substantial modification of receptor carbohydrate during
the purification procedures from crude, muscle detergent extracts not to
have occurred and furthermore, that the Tectin gel was not discriminating

between receptor subpopulations.
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but as a nonsymmetrical peak (Fig. 7: Table 12). Similar results were
obtained for partially purified denervated rabbit leg muscle AChR also
prepared by cobra toxin Sepharose chromatography (Table 12; Fig. 7).
Application of partially purified AChR to Con A-Sepharose resulted in quanti-
tative adsorption but less than 1% recovery of AChR on elution with glycoside
and mannoside. Purifications. . obtained by lentil lectin Sepharose
chromatography of partially purified AChR varied from 2-4 fold depending on
the specific activity of the applied samp1e. Specific receptor activities of
11,500 nmoles AChR/g protein wefe the maximum obtained (Table 13) even when
AChR of specific activity 7300 nmole/g protein was applied to the lectin gel
(Table 12).

Application of crude detergent extract Torpedo AChR to lentil lectin
Sepharose exactly as described for muscle resulted in 80% of the applied
activity bound to the lectin gel. Elution of bound AChR from a 12 ml column
of LCh Sepharose with a gradient of glycoside, mannoside, EDTA and EGTA also
yielded a 73% of the applied AChR with a 12.4 fold purification (Table 11).
Purified Torpedo AChR was also preapred by Cobra toxin Sepharose-LCh

Sepharose chromatography (Table 12) with results similar to muscle.

VII. Purification of Muscle AChR: The Preferred Method

Purified cat denervated leg muscle AChR was routinely prepared using
Cobra toxin affinity-lectin-Sepharose chromatography as described in Fig. 8.
Overall yields are shown in Table 13. This is the preferred method of
receptor purificatian using proximally denervated cat leg muscle and the full
complement of protease inhibitors (see Receptor Solubilisation).

About an 800-fold purification can be achieved by this method from
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TABLE 12

Cobra Toxin Sepharose/LCh Sepharose Chromatography

of Detergent Solubilised AChR

Sample

Cat Denervated Leg Muscle

Detergent extract

a Toxin Sepharose
Chromatography Breakthrough

CCh Eluate

LCh Sepharose Chromatography
Breakthrough

Eluate

Rabbit Denervated Leg Muscle

Detergent Extract

Toxin Sepharose Breakthrough
Toxin Sepharose CCh Eluate
LCh Sepharose Breakthrough
LCh Sepharose Eluate

Torpedo marmorata
Electric Organ

Detergent Extract

Toxin Sepharose Breakthrough
Toxin Sepharose CCh Eluate
LCh Sepharose Breakthrough
LCh Sepharose Eluate

Special
Activity Protein Activity Purification Yield
(nmo1) (g x 10-3) (nmol/q) Fold (%)
10.25 925 11.1 1 100
2.50 900 2.8 - 24
2,42 0.33 7300 657 24
0.40 0.14 2921 - 3.9
1.24 0.127 9800 882 12.2
1.42 497 2.9 1 100
0.6 494 1.2 - 42
0.14 1.1 127 44 9.9
.032 n.d. - - 2.3
.12 n.d. - - 8.5
50.4 254 198 1 100
13.8 215 64 - 27.4
7.2 3.48 2068 10.4 14.3
3.2 1.18 2711 13.7 6.3
3.9 .62 6290 31.8 7.7




TABLE 12 (continued)

Soluble AChR from cat denervated leg muscle was prepared by detergent extraction
in the presence of full protease inhibitor protection, from homogenised proximal
denervated muscle (120.7 g) washed membranes. Affinity chromatography using 0.23 mg
toxin/ml Sepharose was as described in the text with adsorbed AChR eluted overnight
with 1 MCCh. After removal of excess ligand by desalting the partially purified
receptor was applied to a 12 ml column of LCh Sepharose in the presence of 5 x 10~
Mg, 1.5 x 10-4M Ca for 2 hours at 4°C. After washing with several column volumes of
buffer adsorbed AChR was eluted with a gradient of glycoside/mannoside as described
in the text. In the case of cat muscle estimation of protein concentration after
complete purification was by amino acid analyses. Soluble AChR was prepared from
71.4 g distal denervated rabbit leg muscle and chromatographed exactly as described
for cat. Detergent solubilised AChR was also prepared from 60 g Torpedo marmorata
electric organ and chromatographed as described above for cat muscie AChR.




TABLE 13

Complete Purification of Solubilised AChR from

Cat Denervated Leg Muscle

Specific
Activity Protein Activity Purification VYield

Sample (nmol) (g x 10-3) (nmol/q) Fold (%)
Whole muscle mince 14.6 14.4 1.01 1 - 100
Homogenate supernatant and
membrane wash 0 3.25 -- -- 0
Detergent extract 12.5 0.8 15.6 15.5 86
Cobra toxin Sepharose
pass-thru 3.6 0.8 4.5 4.5 25
CCh eluate 3.3 1.06 3113 3082 23
LCH-Sepharose pass-thru 1.1 .7 1571 1555 7.5
LCH glycoside eluate 1.04 .083 11500 11386 7.2

Soluble AChR was prepared, using Triton X-100 + all protease inhibitors, from
105 g of denervated (proximal) muscle as described in the text. Cobra toxin-
Sepharose (0.1 mr toxin/ml Sepharose) chromatography was also as described in methods and
CCh was removed by desalting on Sephadex G-25 gel. Lectin chromatography using LCH-
Sepharose (5 mg lectin/ml Sepharose) was according to procedures described for a
0.9 ml column. The recovery of AChR appiied to the Tectin gel was 32%.



Figure 8 Purification of Cat Denervated Leg Muscle AChR: The Preferred

Method
YIELD
(%)

1) Homogenise muscle mince 10% muscle weight/volume 50 mM 100%
from proximal denervated phosphate buffer pH 8.0 (Buffer
cat Teg muscle and spin I) + protease inhibitors
100000 x g 1 hour.

(Pellet = P1).

2) Resuspend P1 in fresh At least an equivalent volume of 100%
buffer I + protease buffer as in Step 1 should be used
inhibitors, centrifuge :

100000 x g 1 hour (Pel-
let = P2) discard
supernatant.

3) Resuspend P2 in Triton 2 ml, 2% Triton X-100/Buffer I + 80-90%
X-100 buffer with agita- protease inhibitors/g initial '
tion (4°C) 1-2 hours. wet muscle weight is required for
Centrifuge 100000 x g efficient solubilisation
1 hour. Supernatant (S1)
contains solubilised AChR,
pellet (P3) is then re-
solubilised to estimate
total AChR content. S2 not
used for AChR purification.

4) React ST with toxin- 10 m1 of extract/1 ml toxin gel 20-259
Sepharose affinity gel; prepared to 0.1-0.23 mg Toxin/ml
elute 1 M CCh Sepharose should be used and reacted

(4°C) overnight with S1. The gel

is then washed extensively with 1 M
NaCl. Buffer I + 1% Triton X-100

and 0.1% Triton X-100, then eluted
overnight (4°C) with 1 MCCH in

Buffer II. (0.2% Triton X-100 10 mM
phosphate pH 8). CCh after elution is
removed by desalting on a column of
Sephadex G-25.

4

5) Apply eluted AChR to LCH Add Ca_and Mg to 1.5 x 10 'M and 8-12%

Sepharose and elute ad- 5 x 10="M respectively and apply
sorbed activity with to 0.9-1.0 ml LCH Sepharose 4B (4°C).
glycoside and mannoside Wash gel with Buffer II + cations and

elute AChR overnight batchwise with
0.4 M each of glucoside, mannoside +
10-3M EDTA and EGTA in Buffer II.



initial detergent extracts, to average receptor specific activities from 6
preparations of 8000 nmole/g protein. The maximum specific activity obtained
was 11,500 nmole AChR/ protein and represents a 12000-fold purification from
muscle membranes (Table 13). Average overall yields of 10% were routinely
achieved and 80-130 ug purified AChR was prepared from 100-120 g of proximally

denervated muscle (139 pmole/g tissue).

VIII. Criteria of Purity

VIIIa. Isoelectric Focusing of Purified Acetylcholine Receptor from

Muscle and Torpedo

In order to examine the purity of receptor preparations, samples were
electrofocused on analytical polyacrylamide gels and stained with Coomassie
R-250. Analysis of 30 ug of purified cat denervated leg muscle AChR, specific
activity 11500 nmole/g protein, by this method revealed a single intense band
at pI 5.0 (Fig. 9A). In order to confirm that this protein was in fact the
AChR, partially purified receptor was subjected to electrofocusing in a
similar pH range but using preparative flatbeds of ultradex gel. Monitoring
of [3H]tox1n binding activity revealed a single band of AChR focusing with pI
5.0 (Fig. 9B). Analytical polyacrylamide gel isoelectric focusing of crude
extract or purified AChR labelled with pure mono[3H]acetleUTX in situ or in
solution respectively, with the full complement of protease inhibitors pre-
sent, also revealed a single peak of AChR associated radioactivity but at
pl 5.2 (Fig. 9c, d); the second peak seen in the figure is unreacted toxin
that focused with an apparent pI of 9.0. Simultaneous focusing of [3H]BUTX-'
AChR complex and unlabelled receptor, which was located by assay, in prepara-
tive ultradex flatbeds confirmed the 0.2 pH unit difference in isoelectric

point between the free and toxin labelled AChR (Fig. 10a). Analytical
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Figure 9 Isoelectric Focusing of Cat Denervated Leg Muscle AChR

In order to estimate the homogeneity of receptor preparations, as well
as to identify the AChR; AChR-[BH]BUTX complex and unlabelled receptor were
focused in analytical polyacrylamide gels or preparative flatbeds of ultra-
dex as described in Methods. In (A) is shown 30 ug of AChR purified to
specific activity 10000 nmole/g protein by cobra toxin-Sepharose/ LCH-
Sepharose chromatography and subjected to isoelectric focusing in analytical
polyacrylamide gels as described by Dolly and Barnard (1977). pH measurements
(@ - @) were made by the insertion of a microelectrode into the gel at 1 cm
intervals. Visualisation of the focused protein was by staining with
Coomassie R-250 as described by Rhigetti and Drysdale (1974) and revealed a
single band at pI 5.0. In (B) approximately 200 pmole of AChR, specific
activity 1500 nmole/g protein prepared by cobra toxin-Sepharose chromatography,
was focused in preparative flatbeds of ultradex containing 0.1% Triton X-100.
After focusing the flatbed was divided into 30 sections (5 mm each) and the
pH at 3 points taken for each section with a microelectrode; these were then
averaged and are shown in the figure (0 - 0). AChR activity contained in
each section (0 - ®) was determined by [3H]toxin assay after elution of the
sections and dialysis against 0.1% Triton X-100 50 mM phosphate pH 8 to
remove ampholytes. A single band of [3H]toxin binding activity was obtained
centered at pH 5.0 and this toxin binding was shown to be specific by blockage
with saturating concentrations of cholinergic 1igands. These results strongly
suggest the purified protein in (A) to contain the cholinergic ligand and
a-toxin binding site of the AChR.

When AChR-[BH]BUTX complex was focused as in (A),‘that complex prepared
from membranes labelled with mono—[3H]acety1BUTX and solubilised with Triton

X-100 + protease inhibitors, revealed a major band at pH 5.2 (C). Radio-



Figure 9 continued

activity (® - @) was determined by slicing the gel into 2 mm sections and
burning each slice in an Intertechnique tissue oxidiser. The peak to the
left of the figure is residual unreacted [3H]tox1n. pH measurements (0 - 0)
were made as in (A). Similar focusing of AChR-[BH]BUTX complex prepared (4°C)
by labelling in solution (+ protease inhibitors), with mono[3H]acetleUTX,
unlabelled detergent solubilised AChR revealed a single band of [3H]

complex (@ - @) complex at pH 5.2 (D). As in (C) unreacted [3H]toxin focused
at pH = 9. As in (A) pH measurements were made by insertinga microelectrode
into the gel prior to slicing and counting as in (C). Similar results

were also obtained for AChR-[3H]BUTX complex prepared from purified receptor
preparations. Differences in isoelectric point between unlabelled AChR and
AChR-[3H]BUTX complex are therefore probably due to the basic nature of the

toxin used.
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Figure 10 Isoelectric Focusing of Denervated Cat Muscle, Torpedo and

Innervated Rat Muscle AChR

In order to confirm a pI of 5.0 for‘the crude extract unlabelled AChR,
and that AChR-[3H]BUTX complex differs by = 0.2 pH unit in pI, crude unlabelled
AChR detergent extract and AChR-[3H]BUTX complex from the same sample were
co-focused in preparative flatbeds of ultradex (A). 1 g of cat denervated leg
muscle was solubilised with 2 ml of Triton X-100 extraction buffer + protease
inhibitors and an aliquot of solubilised AChR labelled with [3H]toxin (12 nM)
3 hours (4°C). Unreacted toxin was then'removed by gel-filtration on a
column of Sepharose 68-C1.AChR-[3HJBUTX complex and the unlabelled AChR were
then placed adjacent to each other, but on opposite sides of the ultradex
flatbed and fpcused. pH measurements (0 - 0) were made as described in
Methods. After focusing the flatbed was divided into 30 sections (5 mm) and
AChR—[3H]BUTX complex located by burning an aliquot of each section in an
Intertechnique tissue oxidiser. Unlabelled AChR was then located by [3H]toxin
assay of the eluates from each section as described in Methods. Unlabelled
AChR from crude detergent extracts was shown to focus at pI 5.0 ( ® - 8 ) and fo-
cusingof [3H]BUTX receptor complex from the same sample yielded a pI of 5.2
(a - A). These results confirm earlier observations (See Figure 9)
and when compared to Fig. 9 suggests that no change in pI of the AChR has
occurred during purification.

In (B) is shown 20 ug of purified AChR (specific activity 10000 nmole/q

protein); obtained from Torpedo marmorata by Cobra toxin-Sepharose and LCH-

Sepharose chromatography, of detergent extracts, and subjected to analytical
polyacrylamide gel isoelectric focusing as described in Methods. pH mea-
surements were made by inserting a microelectrode into the gel at 1 cm

intervals and protein staining was as described by Rhlgetti and Drysdale



Figure 10 continued

(1974). A single band at pH 5.0 is shown. When the purified Torpedo AChR
was labelled with [3H]toxin (20 nM; 4°C 3 hours) and electrofocused a pI of
5.2 was obtained for the AChR-[BH]BUTX complex (C). Radioactivity (0 - @ )
was determined as described in Methods and pH (0 - 0) as in (B). This result
is similar to muscle and has been reported elsewhere (Biesecker, 1977).
Isoelectric focusing in polyacrylamide gels of AChR—[3H]BUTX complex
prepared by labelling rat innervated leg muscles membranes (D) and solubi-
lising + protease inhibitors with Triton X-100 revealed a single band of
radioactivity (@ - @) at pH (0 - 0) 4.84. Differences in pl between
innervated and denervated toxin-AChR-complex preparations have been more

fully explored elsewhere (Brockes and Hall, 1975).
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polyacrylamide gel isoelectric focusing of purified AChR from Torpedo
marmorata and staining with Coomassie R-250 revealed a single band at pI

5.0 (Fig. 10b). A pI of 5.2 was also obtained for its toxin-receptor complex
(Fig. 10c). Similar results as described for cat were also obtained for
AChR-[3H]BUTX complex prepared from rabbit and rat denervated skeletal muscles
although focusing of AChR-[3H]BUTX complex prepared by labelling in situ of
rat innervated diaphragms, prior to solubilisation in the presence of protease

inhibitors, yielded a pI of 4.84 (Fig. 10d).

VIIIb. Estimation of Protein Concentration and Determination of Purified

Acetylcholine Receptor Specific Activity

In order to determine receptor specific activities at each step of the
purification estimation of protein concentration by the method of Lowry et al.
(1951) as adapted for 100-400 u1 sample volumes by Dolly and Barnard (1977)
was used. The presence of Triton X-100 in sample solutions resulted in the
formation of a yellow precipitate on the addition of Folin reagent that
could be sedimented by a brief centrifugation (2 min, 5000 g). Minimal
differences were then observed between standard curves constructed with BSA
dissolved in Triton X-100/buffer or buffer alone (Fig. 11A). However, the
presence of glycosides, as well EDTA and EGTA used in the elution of AChR
from immobilised LCh-Sepharose resulted in a décrease in the color produced
on addition of the Folin reagent. Estimation of protein concentration in
these samples was therefore by a modified Lowry method as described by
Markwell et al. (1978). In this technique addition of sodium tartrate and
SDS to the Lowry reagents has been shown to result in the minimal inhibition by

glycoside/EDTA/EGTA of the Folin reaction when compared to water or buffer

blank control calibrations (Fig. 11B). The formation of a Triton X-100 pre-
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Figure 11 Estimation of Protein Concentration by the Method of Lowry

In order to determine receptor specific activities at various stages of
purification, protein estimations were made according to Lowry et al. (1951)
as modified by Dolly and Barnard (1977). Using this method with BSA as
standard nearly linear calibration lines were obtained (A) and minimal
differences were found between standard curves constructed with BSA dissolved
in water (0 - 0) or 0.2% Triton phosphate buffer (@ - @). When samples
contained glucoside, mannoside EDTA and EGTA in addition to Triton X-100
however, (A - A) as during elution of'AChR from LCH-Sepharose, a marked
decrease in OD750 was observed although the shape of the calibration line
was still nearly linear. In order to correct then for potential errors
in protein determinations for samples containing glucoside, mannoside, EDTA
and EGTA the Lowry method of Markwell et al. (1978) was used (B). In this
technique the additional use of SDS and Na tartrate in the Lowry reagents
eliminated differences in calibration lines constructed with BSA dissolved
in water (0 - 0), 0.2% Triton phosphate buffer (8 - ®) or in Triton X-100,
glucoside, mannoside, EDTA and EGTA phosphate buffer (o - a). Overall
sensitivity of this technique however was low, and estimation of protein

concentration by amino acid analyses is the preferred method.
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cipitate on the addition of Folin reagent was also prevented. Overall
sensitivity of this method was somewhat lower however, than that of Dolly and
Barnard (1977) and values obtained at A750nm for BSA standards are comparatively
depressed (Fig. 11B). Confirmation of protein concentration estimations made
by either Lowry method was achieved by amino acid analyses procedures. In
this technique BSA was hydrolysed under identical conditions as described for
receptor, in order to serve as a control for protein recovery from the hydro-
lysate and the recovery of each amino acid residue. This was achieved by
comparison of experimental values to'pubﬁished compositions of BSA. Nor-
Teucine was further included as an internal standard between preparations.
Routinely 74-85% of the total protein was recovered in hydrolysates with the
usual aromatic amino acids lost by the acid treatment. Internal variations
between preparations were less than 8%.

When receptor specific activities were determined after purification
from cat denervated leg muscles by cobra toxin Sepharose/LCH-Sepharose
chromatography, the maximum value obtained was 11500 nmole AChR/g protein.

As reviewed elsewhere, one AChR was assumed to equal one [3H]toxin binding
site (Heidmann and Changeux, 1978). Average specific activities from 3
preparations where protein was measured by amino acid analyses were 8000-
10000 nmole AChR/g protein. Composition data obtained from these 3 prepara-
tions is shown in Table 14. Discriminant function analyses (Barrantes, 1975;
1973) of the composition data reveals the muscle AChR to be similar in its
hydrophobic properties to receptor isolated from fish electric organs

(Table 15).

IX. Characterisation of Purified Acetylcholine Receptor

IXa Binding of Cholinergic Ligands and a-Toxins to Solubilised and

Purified Acetylcholine Receptor of Cat Denervated Leg Muscles

The reaction of crude detergent extract or purified AChR (specific
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TABLE 14

Amino Acid Composition of Purified Cat

Denervated Leg Muscie AChR

Residue Mol. %
Asp 14.2
Thr 5
Ser 9.35
Glu . 15.65
Pro ' (3)
Gly 10.48
Ala 6.9
Cys (2)
Val 5.05
Met (9.3)
Iu 3.5
Leu 6.25
Tyr (2.3)
Pha 3.1
His 2.5
Lys 12.8
Arg 4.25
Trp n.d.

Numbers in parenthesis are derived from a
single determination. A1l others are from 3
determinations. -n.d. = not determined. AChR
specific activities were=10000 nmol/g protein.
Hydrolysis and analyses were as described in the
text.



TABLE 15

AMINO ACID COMPOSITION AND HYDROPHOBIC PROPERTIES OF PURIFIED AChR

Source

Torpedo
marmorata
californica
41,000 MW subunit

nobiliana

Electrophorous

electricus

Skeletal muscle

denervated cat leg
denervated rat leg

n
I
P

Specific Activity

.d. = not determined

(nmol/g protein) Z
7,800 0.253

> 10,000 0.39
10,000 0.36

- 0039

—_— 0.35
10,000 0.402

11,500 0.43 £ 0.04

12,000 n.d.

Categorz

M HY

=

Reference

Eldefrawi, 1973
Heilbronn, 1974
Raftery, 1975

Moore, 1974

Klett, 1973

Shorr, 1979
Hall, 1979

integral membrane protein as determined from Z as described by Barrantes 1975.
peripheral membrane protein



activity 11500 nmole/g protein) with pure homogeneous mono[3H] propionyl BUTX
(25°C) yielded regular monophasic, second order behavior with association rate
constants (K]) of 2.8 x 10°°M's™! and 3.0 x 1075 ts™! respectively (Fig. 12).
Further incubation of the AChR-[3H]toxin complex (15 minutes, 25°C) with a
50-fold excess of unlabelled a-BUTX revealed less than a 10% loss of bound.
radioactivity; suggesting essential irreversibility of the complex under the
conditions used (Fig. 12). Similar results were ob%ained with mono[3H]acety1
BUTX. Incubation of crude or purified AChR with [3H]BUTX in the presence of
saturating concentrations of cholinergic 1igands (10'3M; CCh, deca or dTc)
abolished 95-100% of the toxin binding activity (Fig. 12). . When sub-saturating
concentrations of the ligands (10’6M) were included during AChR incubations
with [3H]BUTX greatly retarded rates of toxin binding were observed (Fig. 13i).
Calculation of apparent protection constants (Kp) as described by Meunier

and Changeux (1972), Mildvan and Leigh (1964) and Dolly and Barnard (1977)

6 M and 1077

yielded values for CCh, deca, and dTc of 10°°M, 2 x 10~ M,
respectively for both crude and purified acetylicholine receptor preparations.
These values are similar to those reported elsewhere and to the membrane

bound AChR (Lo et al., 1980; Dolly, 1980). Further analyses of AChR toxin
binding, in the presence and absence of subsaturating concentrations of 1ligand,
using second-order plots as described by Lo et al., 1980, reveal a linear re-
lationship under the conditions used (Fig. 13B). This suggests toxin binding

to occur to a homogeneous population of receptor sites.

IXb. Determination of Receptor Molecular Size: Hydrodynamic Properties of

Impure and Purified Cat Denervated Leg Muscle

Acetylcholine Receptor

When crude detergent extracts prepared from cat denervated leg muscle

were subjected to sucrose density gradient centrifugation, two toxin binding

67



Figure 12  Reaction of Purified Cat Denervated Leg Muscle AChR with [3H]BUTX

in the Presence and Absence of Nicotinic Cholinergic Ligands

In order to examine the specificity and irreversability of [3H]BUTX
binding to purified receptor preparations mono[3H] propionyl BUTX (5 nM)?
was reacted (25°) with pure AChR (0.8 nM) that had been shown to have a
sedimentation coefficient of 95 and to be comprised, virtually entirely of
43000 Mr subunits. As shown binding of the o-toxin to the AChR (0 - @)
followed regular second order behavior with a calculated association rate
constant (K]) determined from the s]ope of the plot (Lo et al., 19%6) of

5 ]S']. Similar results were obtained with crude extract from the

same preparation with a calculated K1 = 2.8 x 10'5M']S'].

3.0 x 10°°M°
When binding of

the toxin to the purified AChR was carried out in the simultaneous presence

of 10-3M CCh, dTc or Deca, 95-100% of the toxin binding activity was abolished.
Similar results were obtained for crude extract AChR and values obtained with
purified receptor and Deca are shown (A - a). When unlabelled oBUTX (250 nM)
was added to crude extract or purified AChR—[3H]BUTX complex at each time
point of the incubation shown, and the reaction continued a further 15 minutes
(25°C), less than 10% of the AChR-[3H]BUTX complex formed was found to be
reversed (0 - 0). These results suggest binding of a-toxins to crude and

purified AChR preprations to be similarly specific and essentially irreversible

under the conditions used.

aSpecific radioactivity 50 Ci/mmole and demonstrated by isoelectric focusing
to be homogeneous (Lo et al., 1980).
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Figure 13A Reaction of Cat Denervated Leg Muscle AChR with [3H]BUTX in the

Presence and Absence of Sub-Saturating Concentrations of Nicotinic Cholinergic

Ligands.
In order to estimate affinities of cholinergic ligands for AChR
preparations, both impure and purified receptor was reacted with mono[3H]

% cch, 107%M dTc

propiony1BUTX (25°C) in the presence and absence of 10~
(data not shown) and 10'6M Deca. Reaction of crude extract AChR (2 nM),
prepared in the presence of protease inhibitors, with the a-toxin (10 nM)a
yielded regular second-order behavior'as‘is also shown in Fig. 12. Simul-
taneous inclusion of CCh, dTc or Deca at sub-saturating concentrations greatly
retarded the rate of toxin binding. Estimation of ligand protection con-
stants (Kp) as described in Methods yielded values of 10—6M, 10_7M, and

7

2 x 107'M for CCh, dTc and Deca respectively. Identical results were

obtained for purified AChR from the same preparation.

pecific radioactivity 14 Ci/mmole



Figure 13B Second-Order Plot Analysis of [3H]BUTX Binding to Purified AChR

in the Presence and Absence of Sub-Saturating Concentrations of Nicotinic

Cholinergic Ligands

Analysis, of [3H]BUTX binding to purified AChR as described in the
methods and shown in Fig. 13 in the presence and absence of sub-saturating‘concen-
trations of CCh and Deca, was as described by loet al., 1980 where Ry T0 and
RT and TT are the concentrations of receptor and toxin at zero time and the
times indicated. Using conditions exactly as described in Figure 13 analysis
of data obtained with purified AChR, thaf had been shown to contain virtually
only 43000 Mr subunits and to migrate (= 90% of total activity) in sucrose
density gradients at 9S, yielded linear relationships for the binding of
the toxin, (8 - @), CCh (0 - 0) and Deca (4 - &). This strongly suggests
interactions of these Tigands and the a-toxins to occur to a homogeneous

population of binding sites.
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components with apparent sedimentation coefficients 9S and 4S were observed
(Fig. 14). Similar results were obtained with either unlabelled AChR or
pre-formed AChR-[BH]BUTX complex. In either case [3H]tox1n binding to both
components could be blocked with receptor-specific cholinergic agents. Simi-
larly gel-filtration, on columns of Sepharose 6B, of AChR solubilised from
muscle membranes, and [3H]toxin assay of eluted fractions revealed two toxin
binding components: one with an apparent molecular size of 450000-500000
daltons the other with 220000 daltons (Fig. 15). This result (Fig. 16) was also
obtained when AChR-[3H]BUTX complex was bre-formed in solution prior to gel
column chromatography. These receptor forms are also probably identical to

the receptor species observed on sucrose density gradients. As denervated
muscles are known to be rich in endogeneous protease and the comparative

levels of the different receptor forms were found to vary between preparations
or to change on storage (4°C) the effect of a number of protease inhibitors
(STI, PMSF, bacitracin, benzamidine, leupeptin EDTA and benzethomim) on the
concentration of each receptor species was explored. As can be seen in

Fig. ]ZA, inclusion of the protease inhibitors during receptor preparation
results in a dramatic decrease in the amounts of 4S AChR observed when compared
to receptor prepared from the same muscle without protection. As discussed
earlier these inhibitors did not interfere with the binding of [3H]toxin to

the muscle receptor. Similarly preparation of unlabelled AChR in the presence
of the inhibitors, labelling with [3H]toxin in solution, and gel chromatography
also revealed greatly reduced levels of the 220000 Mr. AChR component.
Furthermore labelling of membranes with [3H]toxin, in the presence of the
inhibitors, rapid solubilisation of the AChR-[3H]BUTX complex and gel filtra-
tion resulted in the observation of only the 450000-500000 Mr AChR component
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Figure 14  Sucrose Density Gradient Centrifugation of Impure and Pure Cat

Denervated Leg Muscle AChR

Aliquots (0.5 ml) of crude detergent extract and purified AChR were
analysed by fractionation on 12 ml gradients of scurose 5-20% as described in
Methods. Centrifugation was for 15 hours (4°C) using a Beckman SW 40 rotor
at 40000 RPM and 0.2 ml fractions were collected using a Buchler microfraction-
ator with a level sensing probe. Unlabelled AChR was detected by [3H]toxin
assay of every fraction while AChR—[3H]BUTX complex was located by direct
scintillation counting. In (A) is shown the effect of protease inhibitors
on levels of 9S and 4S AChR. Two aliquots of muscle were solubilised in the
presence (@ - @) and absence (0 - O)'of the protease inhibitors STI, PMSF,
EDTA benzethonium, benzamidine, bacitracin and leupeptin, labelled with [3H
toxin (3 hours, 4°C) and fractionated as described. As shown in the figure
levels of 4S5 AChR are drastically reduced when the protease inhibitors are
included in the solubilisation mixture. Differences in total receptor
activity between protected andunprotected preparations are due to the unequal
total AChR content of the fractionated samples. The top.of the gradient is
to the left of the figure and radioactivity at the flotation is due to un-
reacted [3H]BUTX. In (B) is shown the further effect of the combined use
of proximal denervated muscle and protease inhibitors during AChR preparation
on levels of 45 AChR. As shown this procedure results in AChR very largely
in the 9S form (@ - @®). Comparatively the use of distal denervated muscle
and no protease inhibitors resulted in considerable Tevels of the 4S receptor
(0 - 0). In both cases AChR activity was monitored after fractionation, by
[3H]toxin assay. Sucrose density gradient fractionation of purified AChR

(specific activity 10000 nmole/g protein) is shown in (C). Fractionation of



Figure 14 continued

the purified receptor and [3H]toxin assay revealed the preparation to be
predominately in the 95 form (0 - 0). Br[3H]ACh labelling of an aliquot
from the same preparation and fractionation revealed incorporation of

label (0 - @) very largely in the 9S region of the sucrose density gradient;
corresponding to the peak of [3H]BUTX binding activjty. Br[3H]ACh labelled
4S AChR was not clearly resolved from unreacted reagent (far left of the

figure).
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Figure 15 Gel-Filtration of Denervated Cat Muscle, Innervated Rat Muscle

and Torpedo Detergent Solubilised AChR

Denervated cat Teg muscle, innervated rat diaphragm muscle and Torpedo
detergent solubilised AChR were compared by gel-filtration on a column
(1.5 x 70 cm) of Sepharose 6B-C1 equilibrated with 0.2% Triton 10 mM phosphate
buffer pH 8. Cat denervated leg muscle AChR (@ - @) was prepared with com-
plete protease inhibitor protection and located by [BH]toxin assay. Two
peaks of toxin binding activity were revealed at = 500000 Mr and 220000 Mr.
When innervated rat diaphragms were labelled with [3H]BUTX (6 x ]0'7Mfiand
solubilised with Triton X-100, plus the complete mix of protease inhibitors,
a single peak at = 500000 Mr was observed on gel filtration (0 - 0).
Similar results were obtained with purified Torpedo AChR solubilised, +

protease inhibitors, under conditions that yield primarily the 9S formb

and labelled in solution (4°C) with [SHIBUTX (4 x 1077

M) 3 hours prior to
gel filtration (A - A). Eluted excess toxin is shown but not completely, to
the right of the figure. Molecular weight markers were thyroglobulin (T)
669000 Mr, catalase (C) 244000 Mr, lactate dehydrogenase (L) 144000 Mr

and BSA (B) 68000 Mr (arrows).

A ri[3Hacetyl BUTX specific radioactivity 7.5 Ci/mmole

bTorpedo membranes were solubilised with Triton X-100 without N-ethylmalera-
mide pretreatment and subjected to cobra toxin Sepharose-DEAE Sepharose
chromatography as described in Methods. This resulted in 80-90% of the
total purified AChR being in the 9S form.
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Figure 16  Gel-Filtration of Native and Autolysed Cat Denervated Leg

Muscle AChR

When cat denervated Teg muscle membranes were labelled (25°C; 2 hours)
[3H]BUTX (6 x 10'7M)a in the presence of the complete mix of protease inhi-
bitors, solubilised with Triton X-100 (4°C + protease inhibitors) only the
450000-500000 Mr AChR-[3H]BUTX complex was visua]isgd (0 - 0). If receptor
was first solubilised with Triton X-100, + PMSF, EDTA and benzonthium, and
then labelled with [3H]BUTX by incubating at 37°C for 1 hour considerable
levels of 220000 Mr AChR—[3H]BUTX comp]e& were visualised in addition to that
at 500000 Mr (Ao - 4). If those fractions of AChR-[3H]BUTX complex eluting
at = 500000 Mr were pooled, incubated (37°C; 1 hour) and re-gel filtered
(o -g ) the majority of the complex was found to have shifted to the lower
molecular weight. In all three cases excess eluted [3H]BUTX is shown but
not completely to the far right of the figure. Molecular weight standards
were (1) thyroglobulin 669000 Mr, (2) catalase 244000 Mr, (3) lactate dehy-
drogenase 144000 Mr. and (4) BSA 68000 Mr. Standards were located by

Lowry.

310 [3H]acety1BUTX specific radioactivity 7.5 Ci/mmole
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(Fig. 16). Contrastingly, preparation of AChR—[3H]BUTX complex in the

absence of protease inhibitors and incubation at 37°C resulted in elevated
Tevels of the 220000 Mr receptor form. The 220000 Mr component of unlabelled
receptor treated similarly (1-3 hours; 37°C)could not be observed on gel-
filtration and [3H] toxin assay. This is probably due to more complete
proteolysis and denaturation of toxin binding activity after prolonged periods
at 37°C. In order to determine whether the 45/220000 Mr AChR was derived from
9S/500000 Mr AChR or, if both were distinct forms of receptor activity the
peak fractions of AChR[BH]BUTX complex eiuting from columns of Sepharose 6B

at 450000-500000 Mr were pooled, incubated (1 hour 37°C), and re-chromatographed
on the same column. As can be seen in Fig. 16 more than 70% of the complex

has shifted to the 220000 Mr range and free [3H]toxin has been released. These
results collectively suggest that the 4S/220000 Mr AChR form is derived from
the 95/450000-500000 Mr receptor species by proteolysis. In addition to the
use of protease inhibitors throughout receptor preparations, the effect of
nerve stump length post-denervation on levels of 9S and 4S AChR was also
explored. As can be seen in Fig. 14B and Table 3 proximal denervation, which
has been reported elsewhere to reduce levels of denervated muscle protease
(Mésbrey et al., 1977) and the use of the inhibitors greatly reduced, but

did not eliminate, the presence of 4S AChR. Higher Tevels of receptor per gram
muscle were also obtained by this method (Table 3). Interestingly isoelectric
focusing of 220000 Mr and 450000-500000 Mr AChR-[3H]BUTX complex that had

been prepared in the absence of protease inhibitors and gel-filtered revealed
a pl of 5.8 and 5.2 for each form respectively. Both forms were also clearly
resolved when cofocused in the same gel (Fig. 17). When equal amounts of 9
and 4S AChR-[3H]BUTX complex, prepared in the presence of protease inhibitors

prior to sucrose density gradient centrifugation, was focused the two species
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Figure 17 Isoelectric Focusing of 500000 Mr and 220000 Mr AChR-[3H]BUTX

Complex Prepared in the Absence of Protease Inhibitors by Gel Filtration

Cat denervated Teg muscle membranes were labelled (3 hours; 25°C) with
[3HIBUTX (6.25 x 107/M) and solubilised with Triton X-100 in the absence of
protease inhibitors. The solubilised AChR-[SH]BUTX complex was then gel-
filtered on a column of Sepharose 6B-C1 (1.5 x 90 cm) and the 500000 Mr
AChR-[3H]BUTX and 220000 Mr AChR-[°HIBUTX complex pooled separately, con-
centrated by ultravacuum filtration with a PSJM 2510 millipore membrane
and jsoelectric focused as described in Methods. Gels were then sliced into
2 mm sections, soaked in toluene/soluene 350 scintillant and counted for
radioactivity (@ - @). In (A) is shown the profile obtained for the 500000
Mr AChR—[3H]BUTX complex. A pI of 5.2 was estimated from a pH gradient
measured by inserting a microelectrode into the gel (gradient not shown).
In (B) is shown that profile obtained for the 220000 Mr complex. A pI of
5.8 was estimated as in (A). When approximately equal amounts of radio-
activity from each AChR form were pooled and focused in the same gel both

molecular weight species of AChR could be resolved (C).
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Figure 18 Isoelectric Focusing of 9S and 4S AChR Prepared in the Presence

of Protease Inhibitors by Sucrose Density Gradient Centrifugation

Cat denervated leg muscle AChR was Selubilised in the presence of

protease inhibitors and labelled in solution (4°C; 3 hours) with [3H]BUTX

(40 nM)a prior to sucrose density centrifugation as described in Methods.
Resolved 9S and 4S AChR-[3H]BUTX complex was then pooled separately and equal
radioactivity from each form co-focused in the same polyacrylamide gel as
described in methods. The gel was sliced into 2 mm sections and each slice
soaked in toluene/soluene 350 scintilTanf prior to counting. PH (0 - 0) was
determined by inserting a microelectrode into the gel at 1 cm intervals. A
single peak of radioactivity (@ - @) at pI 5.2 was obtained. Those counts to
the far left of the figure are unreacted [3H]BUTX not clearly resolved from

the sucrose gradient.

aMono[3H]propiony1 BUTX specific radioactivity 50 Ci/mmole
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of AChR were not resolved (Fig. 18) and a pl of 5.2 was observed. This
probably suggests differences in the degree of proteolysis and may reflect the
presence of different pathways or steps of degradation; some ' -~ may be
blocked with inhibitors more effectively than others.

When purified AChR was subjected to sucrose density gradient centrifuga-
tion, 70-95% of the total activity present was found to migrate with apparent
sedimentation coefficient 9S (Fig. 14). Reasons for the usual lack of 4S
receptor in purified preparations are unclear but analysis of non-adsorbed
AChR from Cobra toxin or LCH-Sepharose did not show preferential binding of
the 9S AChR to either gel. 1In order to estimate the molecular size of the
purified cat muscle AChR comparisons were made in addition to the usual glo-
bular standards (See Methods) to the highly characterised 9S receptor from

Torpedo marmorata. This receptor was found to co-sediment with the muscle

AChR on sucrose density gradients in the presence of detergent. Furthermore
electrophoresis of purified cat AChR-[3H]BUTX complex and Torpedo AChR-[3H]
BUTX on non-denaturing gradient polyacrylamide gels revealed virtually
jdentical mobilities (Fig. 19). Comparison of the AChR-[3H]BUTX complex pre-
pared from these two species in addition to that from innervated rat diaphragm
by gel filtration also revealed similar patterns of elution (Fig. 16). These
data would collectively suggest the 95 AChR from denervated cat muscle

to be the native oligomer and, assuming equivalent interactions with Triton
X-100 to have a detergent corrected molecular size similar to the Torpedo

marmorata monomer of 244000-270000 daltons.

IXc. Subunit Composition of Purified Cat Denervated Leg Muscle

Acetylcholine Receptor

SDS PAGE of homogeneous purified cat denervated leg muscle AChR under
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Figure 19 Comparison of Purified Cat Denervated Leq Muscle AChR to the 95

AChR from Torpedo by Non-Denaturing Gradient Pore Polyacrylamide Gel

Electrophoresis

Purified cat denervated leg muscle AChR (specific activity 10000 nmole/q
protein) was prepared in the presence of protease inhibitors by cobra toxin-
Sepharqse and LCH-Sepharose chromatography and Tabelled with [3H]BUTX
(20 nM)a 3 hours (4°C). Detergent solubilised Torpedo AChR was similarly
labelled, fractionated on a sucrose density gradient as in Methods, and the
9S peak fractions pooled separately. A 4-15% (w/v) gradient polyacrylamide
gel was then constructed as described by O'F . arrel (1975) except that instead
of SDS 0.5% Triton X-100 was included in the gel. Electrophoresis was for
2500 volt-hours and standards, (0O - 0) located by staining with Coommassie
G-250 were thyroglobulin 669000 Mr, ferritin 440000 Mr and catalase 244000
Mr. Radioactivity was located by slicing the gel into 2 mm sections and
soaking each slice in toluene-soluene 350 scintillant prior to counting. As
shown purified cat denervated leg muscle AChR-[3H]BUTX complex (0 - 0)
migrates with an apparent molecular size of 500000 - 550000 daltons. Radio-
active material to the left of the peak probably represents aggregated re-
ceptor or excess unlabelled [3H]toxin. When 9S AChR—[3H]BUTX complex from
Torpedo was run in the same gel (a - &) the two different receptor species
had identical mobilities. The shoulder seen on the Torpedo profile is an

artifact of the slicing of the gel.

aMono[3H]prop1'ony1 BUTX, specific radioactivity 50 Ci/mmole
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Figure 20 Dodecylsulphate Polyacrylamide Gel Electrophoresis of Purified

Cat Denervated Leg Muscle AChR

Cat denervated leg muscle receptor (5 ug) purified to complete homo-
geneity by cobra toxin-Sepharose and LCH-Sepharose chromatography to specific
activity 10000 nmoles/g protein was subjected to SDS PAGE under reducing
conditions on gel rods as described in methods (A). The origin of the gel
is to the left of the figure and myoglobin, shown a£ the bottom of the gel,
was added to the sample as an internal standard. Proteins staining was
with Coommassie G-250 and a single major AChR subunit at 43000 Mr was
visualised. In (B) the mobilities of molecular weight standards, BSA,
ovalbumin, aldolase and chymotrypsinogen A relative to myoglobin are plotted

(descending).



(C) Purified cat denervated leg muscle AChR (2 ug), prepared by rapid cobra
toxin Sepharose and LCH-Sepharose chromatography in the presence of protease
inhibitors to specific activity 9800 nmole/g protein, was subjected to SDS
PAGE on gel rods as described for non-reduced conditions in Methods. The
origin of the gel is to the left and a densitometer tracing of the Coomassie
G-250 stained proteins is shown. A major band at 43000 Mr is revealed in

addition to several minor bands at 580000 Mr and 680000 Mr.
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reducing conditions, using dtt or BMCE, revealed a single band of protein
migrating with apparent molecular weight 43000 + 2000 daltons (Fig. 20A). This
apparent molecular size of the receptor subunit (from 22 preparations) was
determined from its mobility relative to purified standards, using myoglobin
as an internal marker for gel rods. As the receptor subunit is of similar
size to that reported for muscle actin a potential contaminant, (Karlin et al.,
1979), purified AChR was co-electrophoresed with actin prepared from
rabbit skeletal muscle. Purified actin was found to migrate at 48000 Mr and
to be clearly resolved from the AChR Subunit, suggesting the absence of any
actin contamination in purified receptor preparations (Fig. 21). 1In an
earlier report (Shorr et al., 1978) actin was included as a molecular weight
standard (43,000 Mr) and resulted in an underestimate of receptor size 40000 Mr .
In some preparations, in addition to the 43000 Mr subunit, detectable
but variable amounts (1-12%; as estimated from densitometer tracings of
Coomassie stained gels) of a 39000 + 2000 Mr polypeptide were observed (Fig.
22). Increased levels of this protein were found when only PMSF, EDTA, and
benzethonium were used as protease inhibitors. Repeated chromatography of
partially purified receptor containing both 43000 Mr and 38000 Mr subunits on
a-toxin Sepharose and elution with 1 M CCh (which increased receptor specific
activity) or 1% SDS failed to alter the relative amounts of each polypeptide
(Fig. 23). SDS PAGE of the toxin Sepharose pass-through, which contained no
AChR activity revealed the absence of 43000 Mr or 39000 Mr subunits. Flaxedil

(1073

M), a receptor antagonist, inhibited the binding of AChR to the toxin
affinity gel but did not a]tef the ratio of these subunits in unadsorbed
samples. This suggests the 39000 Mr subunit to be associated with or to

contain binding site(s) for a-toxins and cholinergic ligands. Further
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Figure 21  Comparison of Purified Cat Denervated Leg Muscle AChR and

Purified Muscle Actin by Dodecylsulphate Polyacrylamide Gel Electrophoresis

Purified cat denervated leg muscle AChR (2 ng), prepared by cobra
toxin-Sepharose and LCH-Sepharose chromatography to specific activity 10000
mmole/g protein, was subjected to SDS polyacrylamide slab gel electrophoresis
as described in Methods, and revealed a major band at 43000 Mr in addition to
a minor band at 39000 Mr. Comparison to similar amounts of actin, a potential
contaminant, (shown to the far right of the figure) prepared from rabbit
skeletal muscles,? showed actin to migrafe at about 48000 Mr and to be
distinct from those subunits associated with the AChR. Molecular weight
standards BSA, ovalbumin, aldolase, chymotrypsiongin A and myoglobin are
shown to the left of the figure. Traces of heavier molecular weight bands

~were also found in blank tracks (two middle lanes of the figure).

aKind1y provided by F. Chiu, Kings College, London.






Figure 22 Dodecylsulphate Polyacrylamide Gel Electrophoresis of Purified

Cat Denervated Leg Muscle AChR Labelled with Br[3H]ACh

Purified cat denervated leg muscle AChR (20 ug) was prepared by cobra
toxin-Sepharose and LCH-Sepharose chromatography to specific activity 11500
nmole/g protein and subjected to SDS polyacrylamide slab gel electrophoresis
as described in methods. Despite the presence of protease inhibitors
throughout the preparation a major band at 43000 Mr and a minor band at 39000
Mr was present in addition to a minor band at 65000 Mr. A densitometer
tracing of a Coomassie G-250 stained gel is shown (solid line) and approxi-
mately 12% of the total protein is present as 39000 Mr subunits. Arbitrary
absorbance units are shown to the right of the figure. The origin of the
gel is to the left.

When an aliquot of the same sample was labelled with Br[3H]AChJafter
dtt reduction as described in Methods, and subjected to SDS PAGE both 43000
Mr and 39000 Mr subunits were shown to be labelled (8 - ®). Pretreatment
with o-BUTX (2 x 10'6M) completely abolished labelling of either subunit
(0 - 0).
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Figure 23 Behavior of Cat Denervated Leg Muscle AChR, 43000 Mr and 39000 Mr

Subunits on Repetive Toxin-Sepharose Chromatography or Lectin-Sepharose

Chromatography

Purified cat denervated leg muscle AChR (15 ug) was prepared by cobra
toxin-Sepharose and DEAE-Sepharose chromatography to specific activity 1808
nmole/g protein in the presence of PMSF, EDTA and benzethonium, and subjected
to SDS PAGE under reducing conditions on gel rods as described in Methods.
Staining with Coomassie G-250 revealed m@jor bands at 43000 Mr and 39000 Mr
in addition to other bands at heavier and lower molecular weights ( A ).
Further reaction with fresh cobra toxin-Sepharose resulted in complete adsorb-
tion of AChR activity and the 43000 Mr and 39000 Mr subunits to the toxin-
gel; as shown by [3H]toxin assay and SDS PAGE of the toxin Sepharose break-
through ( B ). Elution of adsorbed AChR activity with 1M CCH, after ex-
tensive washing of the gel with 1 M NaCl, Triton X-100 phosphate buffer
yielded 45% of the applied AChR, with specific activity 3800 nmole/g protein.
SDS PAGE of the CCh eluate however, revealed both 43000 Mr and 39000 Mr
subunits ( C ) as did elution of remaining bound AChR from the toxin gel
with 1% SDS and subsequent PAGE ( D )f When AChR was applied to the toxin-
Sepharose in the presence of flaxedil (10'3) binding of AChR activity as
well as the 43000 Mr and 39000 Mr subunits to the gel was prevented (data not shown)

When purified AChR (specific activity 1808 nmole/g protein) was applied
to Con-A Sepharose both AChR activity and the 43000 Mr and 39000 Mr subunits
became adsorbed to the gel. This was monitored by [3H]toxin assay and SDS
PAGE of the Con-A Sepharose breakthrough ( E ). Elution of the adsorbed
AChR from the Con-A gel with 1% SDS and subsequent SDS PAGE revealed both
43000 Mr and 39000 Mr subunits to have been released from the lectin Sepharose. (F)
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evidence for this is provided by specific affinity alkylation, after reduction
with dtt, of both 43000 Mr and 39000 Mr subunits with Br[BH]ACh (Fig. 22).
Pretreatment of preparations, containing both 43000 and 39000 subunits with
a-toxins, completely inhibits incorporation of radiolabel into either subunit.
Moreover no additional subunits were labelled even in impure preparations or
membranes (Lyddiatt et al., 1980). Binding of partially purified AChR con-
taining these subunits to Sepharose immobilised concanavalin-A and elution
with SDS/BMCE prior to SDS PAGE showed that both subunits had become adsorbed
to the immobilised lectin (Fig. 23). PAS staining of SDS PAGE gels of similar
AChR also suggested both 39000 Mr and 43000 Mr subunits to be glycosylated
(Fig. 24). In comparing subunit profiles obtained from early preparations in
the absence of protease inhibitors (Fig. 23) to those from fully protected
procedures (Fig. 22) it becomes apparent that the 39000 dalton subunit is
present in greatest amounts under unprotected conditions and may be entirely
absent from protected preparations (Fig. 22C). These results would therefore
suggest that the 39000 Mr subunit is indeed a receptor subunit but is probably
derived from the 43000 Mr polypeptide by limited proteolysis. No correlation
however, could be observed between levels of 9S and 4S AChR and this subunit,
further suggesting degradation of receptor to follow several pathways and

to be non-specific. In order to examine the possibility of covalent linkages
between receptor subunits SDS PAGE of purified AChR under non-reducing condi-
tions, was performed after protein alkylation with iodoacetamide. No change
in the molecular size of the receptor subunit was revealed. Also to insure
that no additional bands of heavier mo1ecu1ar size had washed out during
staining and destaining of SDS gels purified AChR was reacted with dansyl-
chloride and visualised after electrophoresis by direct flourescence; only a

single subunit of 43000 Mr was observed (Fig. 26).
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Figure 24  Dodecylsulphate Polyacrylamide Gel Electrophoresis of Purified

Cat Denervated Leg Muscle AChR and Detection of Glyocosylated Subunits

In order to examine whether or not the AChR from cat denervated muscle
was a glycoprotein purified receptor (15.3 ug) prepared by cobra toxin-Sepharose
and DEAE Sepharose chromatography to specific activity 5000 nmole/g protein
was subjected to SDS PAGE under reducing conditions.as described in Methods
for gel rods. Staining with Fast Green as described by Gorovsky et al., 1970
revealed a major band at 43000 Mr plus additional subunits at 39000 Mr and
heavier molecular weights (A). Myog]bbiﬁ (Mb) was included as an internal
standard and the origin of the gel is to the right of the figure. When a
duplicate gel was stained by the PAS method of Fairbanks et al., 1971 a
broad positive band encompassing both 43000 Mr and 39000 Mr subunits was

obtained (B) in addition to minor bands near the top of the gel.
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Figure 26 Dodecylsulphate Polyacrylamide Gel Electrophoresis of Purified

Cat Denervated Leg Muscle AChR Labelled with Dansyl Chloride

Purified AChR (2 nug) prepared by cobra toxin-Sepharose and LCH-
Sepharose chromatography to specific activity 9800 was labelled with dansyl
chloride as described by Talbot and Yphantes 1975 and subjected to SDS PAGE
as described in Methods for gel rods. Visualisation of protein was by
direct flouresence and essentially a single band at 43000 Mr was observed.
The origin of the gel is to the left and visible material toward the bottom

is excess residual dansyl.




Receptor purified from cat or rabbit denervated leg muscles to lower specific
activities (= 5000 nmole/g protein) however, revealed on SDS PAGE, in
addition to a common 43000 Mr subunit, variable amounts of heavier molecular

weight polypeptides (Fig. 27). SDS PAGE of Torpedo marmorata AChR, purified

to homogeneity by the same methods as described for muscle, showed four
subunits of 43000, 51000, 56000 and 62000 mo]ecu1ar‘weight (Fig. 28).

Treatment of the Torpedo AChR with iodoacetamide and SDS PAGE under non-
reducing conditions revealed as reported elsewhere (see Introduction) the
62000 Mr subunits to be Tlinked cova]ent]& by disulfide bond(s). No difference
in SDS patterns were obtained for Torpedo AChR purified by cobra toxin
Sepharose-DEAE or cobra toxin Sepharose LCh-Sepharose chromatography (Fig. 29).
Initial comparison of the 43000 Mr subunit from muscle and Torpedo by
coelectrophoresis on rod gels suggested the two subunits to be similar but
further comparison on gel slabs have shown them to be different in molecular

size (Lyddiatt et al., 1980).
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Figure 27° Dodecylsulphate Polyacrylamide Gel Electrophoresis of Purified

Denervated Rabbit Leg Muscle AChR

Purified denervated rabbit-Teg muscle AChR (15 ug) prepared by cobra
toxin Sepharose and DEAE Sepharose chromatography in the presence of PMSF,
EDTA and benzethonium, to specific activity 50000 nmole/g protein was sub-
jected to SDS PAGE, under reducing conditions on ge] rods as described 1in
Methods. The origin of the gel is to the right and a major band at 43000 Mr
in addition to heavier molecular weight polypeptides is shown. Molecular

size calibrations were exactly as described for cat muscle.



Figure 28 Dodecylsulphate Polyacrylamide Gel Electrophoresis of Purified

Torpedo marmorata AChR

Purified AChR from Torpedo marmorata was prepared by both Cobra toxin-

Sepharose/LCH-Sepharose and Cobra toxin-Sepharose/DEAE Sepharose chromatography
to specific activity 10000 nmole/g protein. 20 ug of each preparation was

then subjected to SDS slab PAGE under reducing condjtions, as described in
Methods. In both cases subunits of 43000 Mr, 51000 Mr, 56000 Mr and 62000 Mr
are shown. Standards, to the rightof the figure are (descending) BSA, oval-
bumin, aldolase, chymotrypsinogon A and hyog]obin. The toxin-Sepharose and

DEAE Sepharose purified AChR is shown to the left.






CHAPTER 3 DISCUSSION

I. Muscle Denervation and Apparent Molecular Size of the Acetylcholine

Receptor from Cat Denervated Leg Muscle

As described earlier, the AChR of Torpedo and E]ectrophorous electric

organ membranes has been shown to interact with apparent competitive and
non-competitive cholinergic ligands in a fashion similar to the AChR found
at vertebrate skeletal muscle endplates (Review Heidmann and Changeux, 1978;
See Introduction; Pharmacological Identification of Nicotinic Acetylcholine
Receptors). Studies however, with radiolabelled o-toxins have shown the
muscle AChR to be present at concentrations 1000 times lower than that found
for Torpedo (Dolly and Barnard, 1977; Dolly, 1980; Review Fulpius, 1976).
"This in part explains the comparative Tack of data concerning the structure
of the muscle AChR. Denervation of skeletal muscles, by nerve sectioning or
crush, has long been known to result in physiological changes of the affected
tissue. One such change is the rapid development of increased sensitivity
to inotophoretically applied ACh. This sensitivity, previously confined to
the musc]e endplate, is soon found to be spread over virtually the entire
muscle surfage (Axelsson and Thesleff, 1959; Miledi, 1960; Katz, 1966; Review
KufflerandN%cho]]s, 1976). Many workers have reported increases in ACh
sensitivity to also be paralleled by increases in the number of radiolabelled
a~-BUTX binding sites per denervated muscle (Hartzell and Fambrough, 1972;
Miledi and Potter, 1971; Chang et al., 1973).
These binding sites also previously restricted to the muscle endplate

prior to denervation (Miledi and Potter, 1971; Barnard et al., 1975;
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Anderson and Cohen, 1974) are now additionally found as laterally mobile
discrete clusters (Axelrod et al., 1976) in the extrajunctional areas of
denervated muscles (Ko et al., 1977). The rate and level of increase in

ACh sensitivity/a-BUTX binding sites however, has been found to vary depending
on muscle type, species, and nerve stump length, post-denervation (Emmelin’
and Malm, 1965; Miledi and Potter, 1971; Berg g;,glf, 1972; Chiu et al., 1973;
Dolly and Barnard, 1977). Estimations of muscle receptor content pre- and
post-denervation have further shown an increase in the number of «-BUTX
binding sites of as much as 50-fo]d,21—28 days after surgery (Dolly and
Barnard, 1977; See Results, Table 3). Moreover, comparison of rabbit, rat
and cat denervated leg muscles (Results, Table 3) in fact, shows the highest
content of AChR to be obtained for cat leg muscle denervated proximal to the
muscle so that only a small section of nerve remains attached. This is in
agreement with electrophysiological data demonstrating that proximal nerve
sectioning results in a more rapid and larger increase in ACh sensitivity
than a more distal sectioning of the motor nerve (Emmelin and Malm, 1965).
Treatment of denervated muscles with inhibitors of protein synthesis has

been reported to prevent the development of ACh supersensitivity, on denerva-
tion, without affecting pre-existing AChR levels at the endplate (Fambrough,
1970; Grampp et al., 1972). Examination of the turnover rate of the junctional
AChR (Loring and Salpeter, 1980) however, does reveal an increase in turnover
rate without affecting overall endplate receptor density (Frank et al., 1975).
Studies with [355] methionine and denervated rat diaphragm muscles have
further demonstrated incorporation of radiolabel post-denervation, into
protein solubilised with Triton X-100 and identified as the AChR by apparent

sedimentation coefficient, isoelectric point and partial purification (Brockes
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and Hall, 1975). This result confirms that denervation, by as yet an unknown
mechanism, induces the de-novo synthesis of AChR. Electrical stimulation of the
rat diaphragm muscles post-denervation was shown however, to reduce incorporation
of radiolabel into that protein characterised as the AChR (Hall and Reiness,
1977). This is also in agreement with earlier studies where direct electrical
stimulation of denervated muscles or cultured myotubes has been shown to prevent
or reduce the development of ACh supersensitivity post-denervation (Shainberg

et al., 1976; Lgmo and Rosenthal, 1972; Drachmann and Witzke, 1972). In addition
to nerve-sectioning, chronic paralysis of muscles with cholinergic antagonists

or blockage of spontaneous contractions with the sodium channel blocker tetrodo-
toxin has been found to elevate levels of extrasynaptic AChR synthesis (Cohen
and Fischbach, 1973; Shainberg and Burstein, 1976; Shainberg et al., 1976; Berg
and Hall, 1975; Burden, 1977; Bourgeois et al., 1978). Mechanical contraction

of muscle however has been suggested not to play a role in AChR synthesis or
regulation (Powell and Friedman, 1977). When denervated extrasynaptic AChR

is compared to endplate AChR the denervated receptor appears to be turned over

at a faster rate (T]/2 = 17 and 150 hours respectively; Berg and Hall, 1975;
Chang and Huang, 1975; Merlie et al., 1979); and to have a longer mean channel

open time (Katz and Miledi, 1972; Dreyer et al., 1976) and a higher affinity

for curare (Beranck and Vyskocil, 1967). Isoelectric focusing of AChR-

[]Zsl]a-BUTX complex solubilised with Triton X-100 from []25

I]BUTX labelled
innervated and denervated muscle membranes has also suggested the extra-
synaptic AChR to differ in isoelectric point by 0.15 pH unit from the end-
plate receptor (Brockes and Hall, 1975). Characterisation of these two
receptors by immunological criteria has further suggested differences between

synaptic and extrasynaptic AChR (Almmon and Appel, 1975; Weinberg and Hall,
1979; Dolly and Nockles, 1979). Recently, the extrasynaptic AChR
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has been suggested to be a precursor of that at the mature adult endplate
(Brockes and Hall, 1975; Changeux and Danchin, 1976). This however has not
been demonstrated. More recently, (Betz and Changeux, 1980; Changeux and
Danchin, 1976) cyclic nucleotides have been suggested to serve as regulators
of AChR synthesis and degradation. Cyclic GMP analogues have been reported
to repress AChR synthesis and to abolish the increase in receptor levels
(detected by a-toxin binding) induced by tetrodotoxin blockade of neuro-
muscular transmission (Betz and Changeux, 1980). Moreover, cyclic GMP levels
have been reported to be increased in muscles aftef stimulation of motor
neurons (Beam et al., 1978). Contrastingly, Blosser and Appel (1980) have
reported phosphodiesterase inhibitors to elevate AChR levels of 11 day
embryonic primary chick muscle tissue cultures. A 2-fold increase was ob-
served over a 48 hour period and this effect was mimided by 8-Br—CAMP and
cholera toxin. Cholera toxin, by ADP-ribosylation of arginine residues
associated with an adenylate cyclase effector protein, stimulates adenylate
cyclase and the production of CAMP (Houslay and Elliot, 1979){] 8-Br-CGMP
and disutyryl CGMP had no effect on the AChR levels of the chick muscle
cultures. On the basis of these observations it is difficult to clearly
understand the role of cyclic nucleotides in AChR regulation.

In addition to elevated levels of receptor, denervation has been re-
ported to drastically increase levels of muscle proteolytic enzymes (Weinstock
and Iodice, 1969, Wallace and Lewis, 1975). The extent of this increase
has also been found to vary proportionally with nerve stump length, post-
denervation (Maskrey et al., 1977; Harris and Thes]eff,,]9721. These proteése
have been shown to be capable of autolysing AChR from cat denervated leg

muscles and reducing receptor yields during purification (Dolly and Barnard,

]See also Enomoto and Gill, 1979.
77



1977; Results Fig. 4). The use of a mixture of protease inhibitors (see
Receptor Solubilisation) however, largely protects against loss of AChR
activity during receptor solubilisation (Fig. 4, Table 3). When the deter-
gent solubilised receptor however, was analysed by sucrose density gradient
centrifugation and gel-filtration two components of specific [3H]t0xin binding
were observed (see Results Table 3, Fig. 5, Fig. 16). Apparent sedimentation
coefficients, relative to catalase, on sucrose gradfents were 9S and 4S.

These species are probably identical to the 500600 Mr, 220000 Mr AChR com-
ponents seen on gel-filtration. In addition to non-specific autolysis one
possible explanation for the observation of two receptor forms is that the
muscle AChR exists in the membrane as a mottwer of . 4S units and that
detergent solubilisation or loss of inter-oligomer disulfide bridges would
result in the formation of 4S monomers. Such a situation would be analogous
to Torpedo AChR which exists as a 9S monomer and 13S dimer linked by disulfide
bridge(s) between 65000 dalton subunits (Chang and Bock, 1977). In order to
examine if in fact this was the case (Barnard et al., 1978) denervated cat

leg muscle membranes were treated with N-ethyl maleimude . solubilised and
fractionated by sucrose density gradient centrifugation. This treatment
which maintains the Torpedo AChR as a 13S dimer (Chang and Bock, 1977) did
not affect the levels of 9S and 4S AChR in denervated cat muscle preparations.
Moreover, solubilisation of AChR from innervated muscle membranes and sucrose
density gradient analysis has been reported to reveal essentially only 9S AChR.
Additionally treatment of 9S muscle AChR with disulfide bridge reducing agents,
such as dtt, did not result in the conversion to 4S receptor. Similar treat-
ment of Torpedo 13S dimers results in nearly complete conversion to the 9S
AChR monomer form (Chang and Bock, 1977) further suggesting the muscle AChR
to probably be structurally different from Torpedo.
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Another possibility for the explanation of two receptor forms observed
in denervated muscle is that the 4S AChR is an immature or discrete population
of receptor whose levels are regulated by nerve muscle trophic factors
(Devreotes and Fambrough, 1975). Nerve sectioning may then induce synthesis
of this receptor form. In order to examine this possibi1ity3equivalent
samples of denervated muscle were solubilised # protease inhibitors, the
AChR labelled with [3H]BUTX (4°C) and fractionated on sucrose density
gradients (see Results Fig. 6). This experiment showed that the use of protease
inhibitors markedly reduced levels of'thé 4S AChR. In another experiment
(see Results Fig. 16) AChR-[sHJBUTX complex eluting from a Sepharose 6B
column at 500000 Mr was incubated and re-gel-filtered. Greater than 70% of
the re-chromatographed AChR-[3H]BUTX complex was now eluting at 220000 Mr
strongly suggesting that the Tower molecular weight form of the muscle AChR
could be derived from its heavier molecular weight counter part. This data
is not consistent with 4S receptor being a discrete population although a
physiological role for it cannot be ruled out. Routinely, proximal denerva-
tion of muscles and the extensive use of protease inhibitors was used so that

the majority of detergent solubilised AChR would be in its 9S form

II. 1Isolation of Acetylcholine Recepfor from Vertebrate Skeletal Muscle

In earlier reports (Barnard et al., 1977; Review Dolly, 1980) sarco-
lemmal membrane fragments were prepared from denervated muscles and shown to
interact with a-toxins and cholinergic competitive or non-competitive ligands
in a fashion similar to that observed pharmacologically. Solubilisation of
these membranes, or even extraction of AChR from minced whole muscles, with

990
Triton X-100 yielded AChR capable of interacting with both a-toxins and the

competitive cholinergic 1igandsa(Chiu et al., 1973; Miledi and Potter, 1971)
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but specific binding of [3H]HTX and the effects of non-competitive 1igands
were lost on detergent dissolution of the membrane (Barnard et al., 1975).
Using similar conditions of solubilisation (1 to 2% Triton X-100; Tris or
phosphate buffer pH 7.4 to 8.0; 1-16 hours (4°C), followed by centrifugation
at 100000 x g for 1 hour) ACh receptors have been solubilised from innervated
adult skeletal muscle, embryonic myotubes in culture, a muscle cell culture
line (BC3H1) and chronically denervated mammalian muscle (Brockes et al.,
1976; Froehner et al., 1977; Nathanson and Hall, 1979; Merlie and Changeux,
1978; Boulter and Patrick, 1978). Purification of receptor from these
sources has generally been carried out along lines similar to those described
for Torpedo electroplax (Review Heidmann and Changeux, 1978). Affinity
chromatography using immobilised cholinergic ligands or a-toxins and excess
agonist or antagonist to elute adsorbed AChR is usually used (Review Fulpius,
1976) in conjunction with a second purification procedure. These include
lectin-Sepharose or ion exchange chromatography and sucrose density gradient
centrifugation (Dolly and Barnard, 1977; Dolly et al., 1977; Shorr et al.,
1978; Froehner and Hall, 1978; Boulter and Patrick, 1978; Merlie and
Changeux, 1978). Purification of receptor from the muscle BC3H1 cell culture
line, has been reported to yield receptor that on SDS PAGE reveals a major
subunit of 44000 daltons as well as minor bands at 53000, 65000 and 72000 Mr
(Boulter and Patrick, 1978). On first examination, these values are reminis-
cent of the o 40-00, g 50000, y 60000, § 65000 Mr subunits reported for

Torpedo (Raftery et al., 1980) but the stochiometry of the muscle-culture

receptor subunits are very dissimilar to the 2a:g:y:8 described for electroplax.

Furthermore, the specific activity obtained for this receptor preparation

(2600 pmole/mg protein) is much lower than that described elsewhere (8000-
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12000 pmole/mg protein) for both muscle and electric fish AChR (Review

Heidman and Changeux). The purified receptor from this source however was
additionally reported to migrate in sucrose density gradients with apparent
sedimentation coefficient 9.5S and to contain glucose and mannose as part of
its structure (Boulter and Patrick, 1978). Purification of innervated synéptic
and denervated extrasynaptic AChR from rat leg muscle by concanavalin-A-
Sepharose and cobra toxin-Sepharose chromatography with a final sucrose
density gradient centrifugation procedurg, has yielded on SDS PAGE a more
complex pattern of subunits (FroehnerAgg_gl,, 1977; Nathanson and Hall, 1979).

Protein bands at o, 45000, oy 49000, g 51000, y 56000 and § 62000 daltons

1

were reported. Two of these subunits (a] and a,) were found to be labelled

5)
with MBTA, after dtt reduction, under conditions similar to those described
for Torpedo (Froehner et al., 1977; Karlin et al., 1975). An apparent
sedimentation coefficient of 9S was also reported and receptor specific
activities estimated to be = 10000 pmoles/mg protein. When the purified
receptor subunits were subjected to peptide mapping (Nathanson and Hall,
1979) the o and oy subunits were found to show extensive homology. The
additional putative receptor subunits of 51000, 56000 and 62000 Mr were found
to be distinct and unrelated by this technique although extensive homology
was observed between synaptic and extrasynaptic preparations. A second
approach used in the examination of the rat muscle AChR subunits has been

125

the development of photolabile [ ““I]aBUTX derivatives (Nathanson and Hall,

1980). This azido-derivative []25

I1]aBUTX on photolysis forms a highly re-
active molecule capable of labelling protein subunits in its immediate
vicinity. Specificity of the label is believed to be due to the highly

selective binding of o-toxins to the AChR. Reaction of denervated rat
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hemidiaphragms with this toxin, photolysis, and subsequent SDS PAGE has
shown all of the putative extrasynaptic rat muscle AChR subunits to be
labelled (Nathanson and Hall, 1980). Pretreatment with unlabelled oBUTX

prevented incorporation of []25

I] into any of these subunits. Furthermore
similar labelling of AChR poor regions of innervated membranes failed to
show incorporation of label. Reaction of the derivatised toxin with purified
Torpedo AChR also 1abelied all of its subunits a]th&ugh this is 1in contrast
to similar approaches from other laboratories where predominately only the
40000 and 65000 dalton subunits were labelled by photoaffinity toxin
derivatives (see Introduction). In further contrast to the multisubunit
structure reported for rat muscle AChR, calf foetal muscle receptor (Merlie
and Changuex, 1978) as well as cat denervated leg muscie AChR (Shorr et al.,
1978) have been found to be composed of a single subunit type of 40000 -
43000 Mr. Both of these receptors have been shown to migrate in sucrose
density gradients with apparent sedimentation coefficient 9S and the cat
muscle receptor has been reported to have a specific activity of 8000-11500
pmole/mg protein (see Results and Shorr et al., 1980). Aspects of this con-
troversy will be discussed further in a later secéion (Differing Views on

Acetylcholine Receptor Subunit Structure).
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ITI. Purification of Cat Denervated Leg Muscle

Acetylcholine Receptor

The use of immobilised Naja naja siamenses toxin for the purification

of nicotinic acetylcholine receptors is now well documented (Karlsson et al.,
1972; Fulpius, 1976). It is still uncertain, however, as to the mechanism
of carbachol (or other cholinergic ligand) elution. Maelicke et al. (1977)
has proposed that dilute a-toxin-AChR complex in the presence of high con-
centrations of cholinergic ligands forms a ternary complex that is unstable
and can release AChR. Free receptor is £hen prevented from re-reacting

with the toxin gel by the saturating concentration of ligand used. o-BUTX,
however, coupled to CNBr activated Sepharose-4B at a similar concentration
to cobra-toxin-Sepharose failed to yield significant recoveries of adsorbed
AChR even when eluted with 1M carbachol. This suggests that the usefulness

of the cobra-toxin-Sepharose relies on the endogenous structure of the o

Naja naja siamenses toxin and its lower affinity for the AChR (Maelicke

et al., 1977). Interestingly the use of the antagonist Flaxedil failed to

release significant amounts of receptor. Variable yields (17-50%) of receptor were
obtained from the cobra toxin gel however, on elution with CCh between preparations
but with an overall average recovery of about 30%. Similar results were

also obtained for rabbit and Torpedo AChR. One possible explanation for

this is that eluted receptor is not representative of the total AChR popu-

lation and possibly degraded or receptor of Tower affinity is released from

the toxin gel. Sucrose density gradient analysis of detergent solubilised

cat muscle receptor does in fact reveal two [3H]tox1n binding components,
sedimenting at 95 and 4S. Moreover the 4S AChR is probably derived from the

9S by proteolysis (see Results; Lo et al., 1980). Closer examination of

specific cholinergic ligand binding affinities of these two AChR forms,
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purified by preparative sucrose density gradient centrifugation, however,
reveals essentially similar affinities toward a-toxins and cholinergic
1igands;except that KI values determined for the antagonists curare and
flaxedil were greater for the 4S receptor. Values obtained for the agonist
CCh, were essentially similar (Lo et al., 1980). Moreover, sucrose density
gradient analysis of non-adsorbed AChR from toxin-Sepharose or LCH-Sepharose
chromatography procedures shows no selectivity in the binding of either

AChR form to the Sepharose gels. a-Toxin binding rates as well as ligand
affinities for crude extract or puriffed AChR are also found to be essentially
the same. This then would present the need to explain why purified prepara-
tions are composed virtually entirely (70-95%) of 9S AChR when 4S receptor
is also found in crude detergent extracts. This observation may in fact

be due to a continual proteolytic digestion of receptor beginning with 95
AChR conversion to 4S and further alteration of 4S to inactive AChR. This
would also in part explain variable receptor yields depending on protease
levels present in different muscle preparations. Further evidence that a
particular sub-population of receptor is not selected for by toxin-Sepharose
chromatography is provided by re-application of eluted AChR to fresh toxin
gel. If a particular AChR species of low toxin affinity had been selected
out then repetitive toxin-Sepharsoe chromatography should result in quanti-
tative yields of applied activity. This in fact is not the case (Table 9 )
and repetitive chromatography on toxin-Sepharose results in variable receptor
yields similar to the initial affinity chromatography (See Results). A
further consideration of variable AChR yields from the toxin-gel is the
possibility that AChR-toxin complex is released from the gel thereby pre-
venting the detection of eluted or unadsorbed AChR on assay with [3H]BUTX.
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This may be the case as the N-substituted carbamate bond produced by protein
coupling to CNBr activated Sepharose is slowly reversible. Altering the
concentration of toxin immobilised on the Sepharose gel however, had a much
greater effect on the time course of receptor adsorption (Fig. 5) rather
than on quantities of activity released with 1 M CCh (Table 6). In order to
examine further the possibility of toxin leakage from the CNBr activated
Sepharose and variable AChR yields on affinity chromatography cobra toxin
Sepharose was preapred using eposy activated Sepharose 6B, which forms a
much more stable N-substituted ether bond. Identical results were obtained
however as described for CNBr activated toxin Sepharose suggesting toxin
leakage not to be primarily responsible for low or variable receptor yields.
Lentil lectin (LCH)-Sepharose chromatography as a second step in the
purification scheme offered two advantages; firstly, a purification of AChR
to the maximum specific activity obtained (11500 nmol/g of protein) and
secondly, when used in a small column (0.9 ml1) it allowed concentration
of the purified preparation to a volume of 1 to 3 ml of AChR at 30-35 ug
protein/ml). Use of the LCH-gel as a column (12 ml) with gradient elution
of AChR with sugers offered no advantage, in terms of purification
fold, over smaller amounts of gel and elution of AChR by batch. When pur-
ified receptor was eluted from a 12 ml LCh column however, a major peak
with a training shoulder was observed for both, rabbit and cat denervated
leg muscle receptor. This may be due to heterogeneity of the lectin
but may also result from heterogeneity of AChR carbohydrate residues
or sequence. Both Torpedo (Review Raftery, 1980) and muscle (Review
Heidmann and Changeux, 1978; Dolly, 1980) AChR have been shown to be
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composed of glycosylated subunits by PAS staining of SDS polyacrylamide gels

(Lindstrom et al., 1979; See Results) or carbohydrate analyses (Vandlen

et al., 1979). Two advantages of the use of LCh Sepharose rather than Con A-
Sepharose, were higher overall recoveries and purification folds (Tablet\ ).

This 1is probably due to the fact that LCh has a similar suger specificity

to Con A but a 50-fold Tower affinity probably leading to a more selective

but weaker binding of glycoproteins.

IV.  Subunit Composition of Purified Cat Denervated Leg Muscle

Acetylcholine Receptor Preparations

As described in Results (See Hydrodynamic Properties of Impure and
Purified Cat Denervated Leg Muscle Acetylcholine Receptor) purified 9S
muscle AChR was found to co-migrate with the 9S AChR from Torpedo on sucrose
density gradients, gel columns, and polyacrylamide gradient pore electropho-
resis gels. Moreover, 9S AChR is believed to be the native receptor form in
mammalian muscle (Lo et al., 1980; Barnard et al., 1978). If one assumes
that the muscle AChR is similar in its interactions with Triton X-100 as
Torpedo (Reynolds and Karlin, 1979) then a detergent corrected molecular size
for cat denervated 9S-muscle AChR would be approximately 240000-270000 daltons
(Martinez-Carrion et al., 1975; Hucho et al., 1978). Although SDS PAGE of
purified cat muscle AChR preparations reveals two subunits that can be
labelled with Br[3H]ACh (43000 and 39000 Mr), the 39000 dalton polypeptide
is probably a proteolytic degradation product of the 43000 Mr subunit; and
is not present in many preparations where visualisation of receptor subunits
was by Coomassie staining of SDS gels (Fig.2uC). PAS staining of similar
SDS gels reveal the 43000 dalton subunit to be glycosylated (Fig. 24).
These fesu]ts collectively suggest the 9S-AChR oligomer to be composed of

5 or 6 glycopeptides of 43000 daltons molecular weight. Should each of these
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subunits however, contain a binding site for [3H]BUTX then maximum receptor
specific activities would be expected to be of the order 25000 nmole [3H]
toxin sites/g protein. The highest specific activity measured here however,
was 11500 nmole/g protein. Several explanations are possible including;

1) inactivation of a-toxin binding sites during receptor preparation by
protease or manipulation; 2) incorrect estimates of, protein concentration
due to effects of AChR carbohydrate on recoveries of amino acids from
hydrolysites or 3) functional non-equivajence of receptor subunits where a)
more than one subunit is required per [3H]BUTX binding site or b) toxin
binding sites are restricted to 2 or 3 subunits and additional polypeptides
serve another function, perhaps opening of ion-channels. Certainly further
characterisation of purified AChR is required before the complete structure
of the denervated muscle AChR can be known. Further aspects of AChR subunit
structure however, in relation to receptors from other sources are discussed
in the following section.

V. Differing Views on Acetylcholine Receptor Subunit Structure

During the last several years an important controversy has arisen con-
cerning the subunit structure of the AChR and whether all pharmacologically
related nicotinic receptors will have the same structure as Torpedo (Raftery
et al., 1980; Lindstrom et al., 1980). Within this controversy, however,
are differences in the reported subunit structure of AChR prepared from
various Torpedo species. Sobel and Changeux (1977); Sobel et al. (1978)
and Heidmann and Changeux (1978) have prepared, by a-toxin affinity chroma-
tography, purified Torpedo AChR composed of a single subunit type of 41000
Mr. The specific activity of these preparations was also shown to be 8000-

1000- nmole AChR/g protein and on sucrose density gradients the purified

87



AChR migrated with SZOw 9S. No 13S AChR was reported, presumably due to the
presence of BMCE during early stages of membrane preparation (See Intro-
duction; Bock and Chang, 1977). More recently, (Changeux et al., 1979)
purified AChR has been prepared by treatment of Torpedo membranes at pH 11.0
(Neubig et al., 1979) and detergent solubilisation of receptor activity. No
a-toxin affinity chromatography procedures were used. SDS PAGE of these pre-

parations revealed only 41000 Mr subunits and a S for the AChR oligomer

20w
of 9S. As in earlier reports however, (Sobel et al., 1978; Sobel and
Changeux, 1977), AChR was selected from burified Torpedo membranes prepared
in the presence of gMCE and sedimenting on 35-41% (w/w) sucrose density
gradients at 37-39% (w/w) sucrose. In contrast, Raftery et al. (1980),
Lindstrom et al. (1979; 1980) and others (Review Heidmann and Changeux, 1978)
have suggested a more complex subunit structure for Torpedo AChR. These

workers have purified Torpedo californica or marmorata AChR by a-toxin

affinity chromatography (Raftery et al., 1976; Hucho et al., 1978; Lindstrom
et al., 1978) to specific activity 8000-10000 nmole AChR/g protein. These
preparations were obtained from crude unfractionated membranes or enriched
receptor membrane fragments (Raftery et al., 1974). SDS PAGE of purified
preparations revealed 4 glycopolypeptides (Karlin et al., 1976; Raftery et al.,
1976; Lindstrom et al., 1979) of molecular size and stochiometry 2a-40000 M:
18-50000 Mr:1 y- 60000 Mr and 18-65000 Mr (Weill et al., 1974; Chang and
Bock, 1977; Hucho et al., 1978; Lindstrom et al., 1979). Sucrose density
gradient centrifugation revealed both 9S and 13S AChR forms and SDS PAGE
showed identical subunit patterns for both molecular weight species of AChR.
A disulfide bridge(s) between 2 § subunits was also shown to maintain the

AChR in its 13S dimer form (Chang and Bock, 1977). A detergent corrected

molecular size of 240000-270000 daltons was also obtained for the 9S monomer
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(Martinez-Carrion et al., 1975; Reynolds and Karlin, 1979; Hucho et al., 1978).
Pretreatment of Torpedo membranes with N-ethylmalemde  prior to solubilisa-
tion and purification maintained the AChR in its 13S form while treatment
with reducing agents, gMCE or dtt, resulted in nearly complete conversion to
9S monomers (Chang and Bock, 1977). In addition to these reports treatment
at pH 11.0 of similar Torpedo membranes results in the complete removal of
all proteins except those believed to be part of the AChR (Neubig et al., 1979;
Elliott et al., 1979). Thus, major differences are reported in AChR sub-
unit composition between identical or related species (Review Heidmann and
Changeux, 1978). It is difficult, however, to ascertain how the specffic
activities of single or multisubunit preparations from similar tissue can be
the same. Several possibilities include differences in protein determina-
tions, proteolysis, or manipulations of SDS gels (Chang et al., 1977).

In attempts to further clarify the subunit structure of Torpedo AChR
a number of photolabile radiolabelled a-toxin derivatives have been prepared
and reacted with both particulate and purified AChR (Witzemann and Raftery,
19775 1978; Witzemann et al., 1979). On photolysis these derivatised toxins
were found to label the «-40000 Mr and 665000 Mr subunits. Contrastingly,
labelling of particulate or purified Torpedo AChR with ACh binding site
directed-alkylating compounds, MBTA (Karlin and Winnick, 1968; Karlin et al.,
1976) or BrACh (Oamle et al., 1978; Moore and Raftery, 1979) have shown, on
reduction of receptor with dtt, labelling of only the o-40000 Mr subunit.
This is true even when all specific BrACh sites are labelled and found to
equal the number of [3H]BUTX binding sites of the Torpedo membrane (Wolosin
et al., 1980). Labelling of particulate AChR with [3H]bis(azidoethidium

bromide) reveals, on SDS PAGE of treated membranes, radiolabelling of the
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a-40000 Mr subunit (Witzemann and Raftery, 1978). If labelling is carried
out after membrane pretreatment with CCh, then additional incorporation of
radioactivity is found in the g-50000 and §-65000 Mr subunits. These re-
sults have been interpreted as indicating CCh induced confirmational changes
generated in the «-40000 Mr subunit being communicated to the two other
polypeptides (witzemann_gg.gl., 1979). This may thgn suggest those subunits
found in some preparations in addition to the «-40000 Mr polypeptide to be
part of the channel forming mechanism of the AChR. In fact, preparation of
[3H] local anaesthetics, modified so as fo be alkylating (Waksman et al.,
1980), and labelling of particulate Torpedo AChR shows incorporation of [3H]
into 8-50000 and §-66000 Mr subunits. This labelling was enchanced by CCh
and, enhancement blocked by o-BUTX, as well as being blocked by HTX (Oswald
et al., 1980). More recently however, labelled 50000 Mr subunits have been
shown to be derived by proteolysis from labelled 66000 dalton subunits
(Saitoh et al., 1980) and Changeux et al., 1979; Sobel et al., 1980) have
prepared pure Torpedo AChR comprised of only a-40000 Mr polypeptides that
can be reconstituted under defined conditions and shown to interact charac-
teristically with competitive and non-competitive cholinergic ligands, as well
as a-toxins.

In addition to AChR purified from Torpedo electric organs, purified

receptor has also been prepared from Electrophorous electricus electroplax.

This receptor migrates in sucrose density gradients only, with sedimentation
coefficient 9S (Biesecker, 1977) and SDS PAGE of purified preparations shows
only two bands of 41000 Mr and 52000 Mr (Lindstrom and Patrick, 1974).
Occasionally a diffuse band at 60000 Mr is also reported (Karlin and Cowburn,
1973). As with Torpedo particulate or purified AChR, only the 41000 Mr
polypeptide is labelled with [3H]MBTA (Karlin and Cowburn, 1973; Weill et al.,
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1974). Recently, Lindstrom et al. (1979) using []25

I]J1abelled purified
Electrophorous AChR and antibodies raised against the o, 8, § and 6 subunits

of Torpedo californica, suggested immunochemical similarities between these

different receptors and postulated similarities in subunit structure. Later

(Lindstrom et al., 1980) inclusion of iodoacetamide in Electrophorous

receptor preparations was found to result in the appearance of a fourth
subunit of 62000 Mr. Moreover, antibodies raised to the §-66000 Mr poly-

peptide of Torpedo californica cross-reacted with this additional subunit.

SDS PAGE of receptor prepared in the absénce of iodoacetamide revealed only
41000, 50000 and 55000 Mr subunits. Inclusion of iodoacetamide however, did
not result in the observation on sucrose density gradients of 13S dimers as
seen for Torpedo, nor was the purified eel receptor demonstrated to be
homogeneous by isoelectric focusing or to have specific activities similar
to Torpedo. Nonetheless, these results prompted Lindstrom et al. (1980)

to propose the concept that receptors from the electric organs of several
species and probably also from muscle share a similarly complex subunit
structure. Indirect evidence for the subunit structure of the muscle AChR
from innervated and denervated rat muscle and calf foetal muscle has been
provided by the use, as structural probes, of monoclonal antibodies, pre-
pared to antigenic determinants of the different Torpedo AChR subunits
(Lindstrom et al., 1979; Tzartos and Lindstrom, 1980). Although only slight
or negligible cross reactivities between muscle and electric organ AChR

have been reported (Miller and Hall, 1979), Lindstrom et al. (1980) have
suggested that the absence of interspecies cross-section does not indicate
fundamentally disimilar structures. Slight but detectable cross-reactivity
of monoclonal antibodies to a, B, vy, & Torpedo subunits with similar size

subunits from purified calf foetal muscle AChR has in fact been reported
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(Lindstrom et al., 1979) and the authors therefore suggested the muscle
AChR to probably have the same subunit structure as their Torpedo preparations.
The purified muscle receptor preparations however were of comparatively low
specific activity, 1500 to 2500 nmole AChR/g protein versus 8000-10000 nmole
AChR/g protein for Torpedo, and undoubtedly highly contaminated. Moreover,
of the different monoclonal antibodies tested, those directed toward deter-
minants on the «-41000 Mr subunit were found to have the greatest cross
reactivity with the calf foetal muscle AChR. Antibodies directed to Torpedo
B, y or & subunit determinants reacted oﬁly weakly with the muscle AChR
(Lindstrom et al., 1979; Tzartos and Lindstrom, 1980) and autoantibodies from
myasthenic patients which readily react with mammalian muscle AChR did not
cross react with any purified Torpedo AChR subunit chains (Lindstrom et al.,
1980). Since the § subunit of Torpedo AChR has been shown to bind a-toxins
(Witzemann and Raftery, 1979) and extensive sequence homology exists
between Torpedo receptor subunits (Raftery et al., 1980) it is surprising
that only those antibodies directed to the a-41000 Mr subunit (which binds
[3H]MBTA in both fish and muscle) cross react (Tzartos and Lindstrom, 1979).
Furthermore, [345]-1abe11ed AChR has been prepared from calf foetal muscle
cell cultures grown in the presence of [345]—methionine and purified to
homogeneity by a-toxin affinity chromatography (Merlie et al., 1977). SDS
PAGE of the purified preparations reveals a single band of protein at 41000
Mr. This subunit was also shown to be Tlabelled with [3H]MBTA (Merlie et al.,
1977; Tzartos and Lindstrom, 1979) and the AChR oligomer to migrate on
sucrose density gradients with SZOw = 9§,

Further direct evidence concerning the structure of the muscle AChR has

been provided by Hall and co-workers (Weinberg and Hall, 1979). In these
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studies detergent solubilised AChR prepared, in the presence of PMSF and

Trasylol, from innervated and denervated rat leg muscles was chromatographed
on Con-A-Sepharose and cobra toxin-Sepharose gel. A final purification pro-
cedure was sucrose density gradient centrifugation and collection of 9S AChR
fractions. Location of the 9S receptor peak was by simultaneous centrifuga-

tion in a separate tube of AChR—[]25

1]BUTX comp]ex:‘ any 4S AChR would not be
resolved on the gradients used from unreacted toxin (Froehner et al., 1977a;
1977b; 1979; Nathanson and Hall, 1979). When purified denervated AChR
preparations were subjected to SDS PAGE énd Coomassie staining, subunits of
a1-45000 Mr, a2-49000 Mr, B-51000 Mr, y-56000 Mr and §-62000 Mr were obtained
(Froehner et al., 1977). Some variation in the stochiometries of these
polypeptides was observed however, between preparations (Froehner et al.,
1977; Nathanson and Hall, 1979) and Ferguson plots (Nathanson and Hall, 1979)
have suggested true subunit sizes to be a]—57000 daltons, a2-64000 daitons,
B-67000 daltons, y-60000 daltons and 6-69000 daltons. When the different
subunits from denervated preparations were compared by peptide mapping
extensive homology was observed between o and oy polypeptides suggesting
that these may be related by proteolysis. The other subunits were found to
be distinct from each other, the oy and %y subunits, and all of these were
distinct from the purified subunits from Torpedo (Nathanson and Hall, 1979).
Although a 0.15 pH unit difference has been reported between innervated

AChR[]zs [125

I]BUTX complex and denervated AChR I]BUTX complex (Brockes and
Hall, 1975), comparison of purified preparations by SDS PAGE and peptide
maps suggested the two receptors to be substantially similar (Nathanson and
Hall, 1979). Interestingly, however, monoclonal antibodies prepared to
Torpedo «-41000 subunits or antisera from myasthenic patients has been

reported to discriminate between innervated and denervated rat muscle AChR
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(Lindstrom et al., 1980; Weinberg and Hall, 1979). The specific activity

of purified denervated muscle preparations was also reported to be 10000-
11000 nmole AChR/g protein and purity was estimated by the amount of protein
(presumably receptor) passing through a small cobra toxin-Sepharose column
equilibrated in the presence of a competing cholinergic ligand. More than
90% of the protein from purified preparations was fpund to pass through the
column (Froehner et al., 1977). Protein determinations however, were made
(Froehner et al., 1977) using [3H]dansy] chloride according to Schultz and
Wassarman (1977) with BSA as standard. This may in fact, result in gross
underestimates of protein concentration and overestimation of specific
activity due to large differences between the reactivities of integral
membrane proteins and BSA to [3H]dansy] (Shultz and Wassarman, 1977).
Furthermore, cobra toxin has an isoelectric point of 9.2 and may impart an
ion exchange character to the affinity gel, some proteins may then become
non-specifically adsorbed to it. The presence of charged quaternary amine
cholinergic antagonists or agonists may weaken this binding allowing non-
receptor protein to pass through the toxin gel column. Also preparations
have been described from brain tissue where oBUTX is found to bind to proteins
and be blocked by selective nicotinic cholinergic ligands at physiological
concentrations. These proteins however, are believed not to be equivalent
to functional receptors as the binding of «BUTX does not inhibit physiolo-
gical function (See Introduction). If similar proteins exist in muscle or
associated tissues chromatography of cobra toxin Sepharose would make them
appear as true acetylcholine receptors. In the work described here purified
cat denervated muscle AChR was also found to predominately migrate in

sucrose density gradients with Szow 9S but to be comprised chiefly or entirely

of 43000 Mr subunits (See Results). Several possibilities have been proposed
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to explain these differences between muscle receptors, including proteolysis
of cat preparations(Lindstrom et al., 1979). Recently the question of pro-
tease 1in cat muscle preparations autolysing B y and Torpedo-like subunits so
that only 43000 Mr polypeptides would be visualised was examined using
highly purified Torpedo AChR (Shorr et al., 1980). In this experiment

the purified Torpedo AChR was diluted with crude detercent muscle ex-

tracts + protease inhibitors and re-purified.When samples were subjected to
SDS PAGE no change occurred in the pattern of Torpedo subunits when compared
to controls. This result as well as the fact that purified cat muscle AChR
sediments at 9S and has a pl identical to crude receptor suggest that proteo-
lysis of 3 additional subunits to the point of invisibility on SDS gels has
not occurred. During AChR preparations however, the appearance of a 4S
receptor on sucrose density gradient centrifugation was observed and levels
of this receptor form could be minimised by the use proximal denervated
muscle and protease inhibitors (See Results). Recently (Lo et al., 1980)
this receptor form has been purified to homogeneity, shown to interact

with cholinergic ligands, and to be composed entirely of 43000 Mr subunits.
Furthermore this AChR as well as purified 9S AChR was shown to desensitise
(See Introduction) in the presence of agonist as measured by [3H]toxin
binding (Lo et al., 1980). This is a property also observed electrophysio-

Togically for the in situ AChR (See Introduction). Also 9S AChR has been

proposed to have a detergent corrected molecular weight of 240000270000
daltons (See Results). This then implies, assuming equal interactions with
detergent, a molecular size of 106000-120000 daltons for the 4S AChR. Such

a complex would be composed of 2 or 3,43000 Mr subunits. When examining the
subunit sizes reported for rat muscle AChR (cﬁ-45000 Mr,<x2-49000 Mr,

g-51000 Mr, y-56000 Mr. §-62000 Mr) it becomes apparent that too many subunits

are present to account for the 4S detergent corrected molecular weight. Yet
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the 4S AChR has been shown to possess all those properties characteristic

of detergent solubilised receptor including desensitisation to agonists

(Lo et al., 1980). A further anomaly is that reaction of rat muscle AChR
with [3H]MBTA labels two subunits (a] and az) and that the degree of incorpora-
tion of label into each subunit is the reverse of their stochrometries as
estimated from densitometer tracings (Nathanson and Hall, 1979). The rela-
tionship of these [3H]MBTA binding sites to a-toxin binding sites is also
suggested to be 1:1. This implies a non-symiebical distribution of ACh
binding sites on 45000 and 49000 subunits or that a portion of the labeling,
perhaps the smaller peak, is really not ACh site specific. In contrast
labelling of calf foetal muscle AChR with [3H]MBTA (Tzartos and Lindstrom,
1979; Merlie and Changeux, 1977) or cat denervated and innervated AChR with
Br[3HIACh (Lyddiat et al., 1980; Wolosin et al., 1980) labels only a subunit
of 41000 Mr or 43000 Mr respectively. This is true even when Br[3H]ACh
binding has taken place to complete saturation of a-toxin binding sites.
Furthermore a ratio of one toxin site per Br[sH]ACh site is reported
(Wolosin et al., 1980). Thus even though AChR can be prepared from a variety
of tissues, in each case a subunit of 40000 Mr to 45000 Mr is observed that
can be labelled with specific ACh-site directed alkylating compounds (Review
Heidmann and Changeux, 1978). Moreover, a preparation of Torpedo AChR
composed only of 41000 Mr subunits has been successfully reconstituted
(Changeux et al., 1979; Sobel et al., 1980). It remains to be seen if
similar reconstitution of purified muscle AChR can be achieved. Nonetheless
a protein has been purified to homogeneity from cat denervated Teg muscles
and shown to satisfy those criteria that can be measured pharmacologically
in detergent solution and would identify it as containing the ACh/ligand

and a-toxin binding sites of the functional denervated muscle acetylcholine

receptor. It is _essentially comprised entirely of glycosylated 43000 My sdbuntts.
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