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SUMMARY

WEILAND, GREGORY, FRISMAN, DENNIS & TAYLOR, PALMER (1979) Affinity labeling
of the membrane associated cholinergic receptor. Mol. Pharmacol. 15, 213-226.

Membranes enriched in acetylcholine receptor have been purified from Torpedo califor-

nica electric organs by gradient sedimentation and affinity partitioning. The preparations
contain 40,000, 49,000, 60,000, 67,000 and 105,000 dalton peptides; the latter peptide can
be virtually removed by the partitioning step. Two-dimensional electrophoresis reveals
that the 67,000 and to a lesser extent the 49,000 dalton peptides exist as disulfide linked

dimers. p-(Trimethylammonium) benzenediazonium fluoroborate (TDF), a structural
analogue of phenyltrimethylammonium, binds covalently to the 40,000 and 105,000 dalton

peptides present in the membrane fragments but only the labeling of the 40,000 dalton
subunit is blocked by prior association of cholinergic agonists, antagonists and a-toxin.
The protectable labeling is saturable and stoichiometric with irreversibly blocked toxin

sites; one molecule of [3H]TDF binds per toxin site. TDF thus appears to label specifically
the ligand/toxin binding site of the receptor. Procedures which convert the receptor to its
high affinity state for agonists such as prolonged incubation with agonist or short term
incubation with agonist and local anesthetic enhance the extent of protection against
irreversible labeling by TDF. Hence, covalent labeling by TDF appears to distinguish the
two interconvertible receptor states identified previously in the membrane preparation
by their different affinities for agonists.

INTRODUCTION

The availability of membrane fragments

of high specific activity in a-toxin sites has

enabled investigators to characterize the
composition and properties of the Torpedo
cholinergic receptor while residing in its
native membrane environment (1-5). To
purify membranes enriched in receptor, we
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have relied on a combination procedure of

gradient sedimentation and affinity parti-
tioning (2). This results in obtaining mem-
branes having a high degree of morphologic

uniformity and specific activities which ap-
proach those of the solubiized receptor.
Using these membranes we have analyzed
further the subunit composition of the re-
ceptor and have attempted to characterize
the ligand binding site with the use of the
irreversible label, TDF3 (6).

‘The abbreviations used are: TDF, p-(trimethyl-

ammonium)benzenediazonium fluoroborate; MBTA,

4-(N-maleimido)-benzyltrimethyhammonium iodide;

SDS, sodium dodecyl sulfate; DTT, dithiothreitol.
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Prolonged application of agonists to the
cholinergic receptor results in a progressive
loss of the response achieved initially. As
originally shown by Katz and Thesleff (7),
the kinetics of this desensitization process
appear to be consistent with the following

cyclic scheme (cf. 8):

L + R -� LR

slow J’ � slow

L+R’-�LR’

The receptor, in absence of ligand, L, pre-
vails in R, a low affinity state for agonists

and certain antagonists. The conversion

from the active complex, LR, to the desen-
sitized form, LR’, is driven by the higher
affinity of the ligand for the R’ state. Re-
moval of ligand results in a slow reversion
to activatable receptor (R’ -* R). The iso-
lated membrane-associated receptor in vi-

tro can also be shown to exist in two dis-
crete states which differ in their affinity for
agonists (9-11). The kinetics of ligand-
induced conversion to the high affinity

state and its reversion following removal of

ligand indicate that the R’ state reflects the

desensitized form of the receptor in situ (9,
10).

An additional technique that could be
used to demonstrate two receptor states in
vitro is affinity labeling. The specific cova-

lent binding of an affinity label is dependent
on the ligand’s affinity in a reversible com-
plex with the binding site and on the ap-
position while in the complex of reactive
groups on the ligand and the macromole-

cule (12). An increase in the affinity of the
binding site for the ligand is likely to be

reflected in an increase in specific labeling.
The alkylating reagent, MBTA, a cholin-
ergic antagonist, has been shown to affinity
label after disulfide reduction the purified

nicotinic receptor from Torpedo and Elec-
trophorus electric organs (13, 14) and rat
diaphragm (15). Photoaffinity labeling re-

agents have been employed recently to la-
bel the membrane-associated receptor from

Torpedo (16, 17); however, the specificity

of these compounds appears to be lower.
A candidate for a rapidly reacting ligand

which can discriminate between the R and

R’ states of the receptor is the cholinergic
affinity agent TDF. This ligand with its

reactive diazonium group can form covalent

bonds with tyrosine, histidine, and lysine
side chains of proteins. Prior reduction of
the receptor is not essential for achieving
labeling. In vivo TDF irreversibly blocks
the nicotimc receptor in the Electrophorus
electroplaque cell (18, 19).

MATERIALS AND METHODS

Materials. The cholinergic ligands and
cobra a-toxin were obtained as reported
(10, 20):- All other chemicals were of the

highest purity available.

Receptor-rich membrane fragments from

Torpedo californica were purified and con-
centrated as described previously (2, 20,
21). Specific activity of the various prepa-
rations ranged between 0.8-1.6 nmoles of

a-toxin sites/mg of protein following gra-

dient centrifugation and 2.9-4.5 nmoles/mg
following recovery from the affinity parti-
tioning step (2, 10, 20). Proteins were meas-
ured by the Lowry assay using bovine se-
rum albumin as a standard.

Two dimensional gel electrophoresis.

This procedure essentially followed the
techniques of Laemmli (22) and Cleveland

et al. (23) with the following specifications.
Receptor-rich membranes collected from
the affinity partitioning step were dissolved
in 1% SDS, placed in a boiling water bath
for one minute and subjected to SDS gel
electrophoresis on 8.0 cm tubes using 5%
acrylamide. A 3 mm thick slab gel of 5%
acrylamide was prepared on the same day
containing a 1% agarose stacking gel. The
tube gel immediately following electropho-
resis was placed in the stacking gel and

covered with an additional 0.5 cm of aga-
rose gel. After 20 mm electrophoresis was
run in the second dimension and the slab
gel subsequently stained with Coomassie

blue. To achieve reduction in the second
dimension 150 mM DTT was added to the

stacking gel.
Formation and maintenance of disulfide

bonds. To minimize disulfide bond forma-
tion or interchange following denaturation,
the membranes were reacted with 10 mr�,i
N-ethylmaleimide prior to addition of SDS.
Membranes were treated with 0.1 rni�i Cu�
(phenanthroline)2 for 30 mm at 22#{176}to max-
imize formation of disulfide bonds (24, 25).

The reaction was quenched with 2.0 m�i
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EDTA and 10 mi�i N-ethylmaleimide prior

to addition of SDS.
Preparation of non-radioactive and

[3H]TDF. TDF was synthesized from di-
methyl(p-aminophenyl)ammonium chlo-
ride as described by Pressman et al. (26)
and Traylor and Singer (27). The product
was recrystallized in a minimal volume of

25% fluoroboric acid by addition of metha-

nol, to yield fluffy white needles which de-
gassed and melted at 150#{176}.The initial prod-

uct degassed and melted at 146#{176}.The ele-
mental analysis (Galbraith Laboratories,
Knoxville, Term.) was consistent with one

mole of water of hydration. Found (re-
crystaffized product): C 29.90, H 3.55, N
11.71, F 43.17%, C:N 2.57; calculated
(C6H13N3F8B2.H20): C 30.46, H 4.27, N
11.92, F 42.83, C:N 2.55. Therefore a molec-
ular weight of 354.9 was assumed. The A�

and #{128}� at pH 6.0 for the product of the
reaction of the recrystallized TDF with a

100-fold molar excess of N-chioroacetyl-L-

tyrosine (Sigma) were 322.2 nm and 18,200,
respectively [lit. (27): Amex = 322.5 nm;

= 19,900 at pH 5.6-6.2].
Radiolabeled [3H]-TDF was synthesized

as above except that [3H]CH3I (New Eng-
land Nuclear) was used in the methylation
step and the final product was not recrys-
tallized but immediately dissolved in 0.01
M HC1 at a concentration of 1-2 x i03 M

and stored at -65#{176}.The molarity of the
solution was determined from the 0D322.2
after reaction with excess N-chloroacetyl-
L-tyrosine. The specific activity deter-
mined from the molarity of the N-chloro-
acetyl-L-tyrosine adduct was 2.22 x i0’3
cpm/mole or approximately 30 Ci/mole

(��-30% efficiency). The reagent was radi-
ochemically pure as shown spectroscopi-

cally and by thin-layer chromatography of
N-chloroacetyl-L-tyrosine coupled [�H]-

TDF on Eastman silica gel sheets using
(66)n-butanol- (17)H20- (17)glacial acetic
acid (R� �-‘0.47) and Eastman cellulose gel
sheets using (8)n-butanol-(2)ethanol-(1)
glacial acetic acid-(3)H20 (Rf -0.79) as the
solvent systems. Only a single peak of ra-

dioactivity was observed which contained
all the radioactivity applied to the plates.

Covalent binding of TDF to the mem-

brane fragments. Determination of cova-
lent binding of TDF to the membrane-

bound receptor was done by two methods:

indirectly by measurement of the loss of

a-toxin binding sites and directly by mea-
surement of [3H]TDF labeling of the mem-
brane proteins. Typically, to 20 �tl of a mem-
brane suspension 0.5 to 15 tiM in a-toxin
binding sites in 0.05 M NaCl, 0.03 M sodium
phosphate, pH 7.4, at 22#{176}was added 1 i1 of

buffer or buffer containing 0.01 M carba-
mylcholine, followed by 6 jil of the desired

concentration of TDF in 0.01 M HC1. Thirty

seconds after the TDF addition, 1 �d of 0.1
M tyramine hydrochloride (Sigma) was
added to quench the unreacted TDF.
Twenty minutes later an aliquot of the
reacted membranes was diluted 300- to
1000-fold into 0.1 M NaCl, 0.01 Na phos-

phate, pH 7.4, and the concentration of
receptor-bound [‘251Ja-toxin at equilibrium
determined with a-toxin in large molar ex-
cess, using the DEAE filter disc assay de-
scribed previously (10). The effect of the
products of the decomposition of TDF in

solution and of the reaction of TDF with
tyramine on toxin bound at equilibrium was
examined and after dilution no inhibition

was observed. To determine irreversibly
blocked a-toxin sites after TDF labeling,
bound toxin at equilibrium was compared
with binding to a control aliquot of mem-
branes which had not had TDF added.

For direct measurement of [3H]TDF la-

beling, 6 to 10 �d of the tyramine-quenched
reaction solution was made 1% in SDS and
$-mercaptoethanol and placed in boiling
water for two minutes. The samples were

then electrophoresed in the presence of
0.1% SDS on 5% acrylamide disc gels ac-
cording to the method of Weber et al. (28).

Gels were stained in a solution of 0.15%

Coomassie blue, 50% methanol, and 7%
acetic acid, destained in 50% methanol, 7%
acetic acid, and rehydrated in 7% acetic
acid. After rehydration, the gels were cut

into 2 mm slices and each slice placed in a
scintillation vial with 300 jil of 30% hydro-
gen peroxide. The vials were tightly capped
and heated to 120#{176}for 20 mm or until the

gel slice was dissolved. After the vials had
cooled, 200 �tl of 4 M urea, 1% SDS was
added to each vial. Five milliliters of scm-
tifiation fluid, made up of 4 gr of Omnifluor
(New England Nuclear) per liter of 33%
Triton X-100, 67% toluene, was added and
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the 3H activity counted on a Packard Tri-
carb scintifiation spectrometer. Specific
[3H]TDF labeling was defined as the differ-

ence between the 3H counts covalently
bound in the absence and in the presence
of 0.4 m� carbamylcholine. Standard au-

quots of [3H]TDF added to control gels
prior to digestion were used to correct for
variations in counting efficiency. TDF con-

centrations in the gel slices could then be
ascertained from the recovered CPM and
the previously determined specific activity
and concentration of the [3H]TDF stan-
dard.

RESULTS

Gel electrophoresis ofthepeptides in the

membrane fragments. Following solubii-
zation of the membranes purified by affinity
partitioning, electrophoresis in the pres-

ence of DTT reveals predominate peptides
of 40,000 (a), 49,000 (fi), 60,000 (-y), 67,000

(6) and 105,000 daltons (Fig. 1). The latter
peptide, an abundant entity in the crude

fractions following the centrifugation step,
is removed to a large extent by the final

affinity partitioning step. Thus, as sug-
gested previously (2), this peptide likely
reflects the extent of contamination of the
preparation.4 Integration of Coomassie blue
staining intensities from five separate prep-
arations reveals molar ratios of: a = 1.0, $
= 0.32 ± 0.02, ‘y = 0.20 ± 0.02, 6 = 0.29 ±

0.02 (means ± standard errors-12 scans

from six different preparations).
Electrophoresis in the absence of DTT

yields a different pattern and the origin of
the peptides can be best discerned by two-
dimensional gel electrophoresis. When elec-

trophoresis is conducted in the absence of
DTT and the gel is subsequently reduced
and electrophoresed at right angles, pep-

tides appearing off the diagonal should
have contained disulfide bonds susceptible

Following affinity partitioning, occasionally we

have observed only modest increases in specific activ-

ity of a-toxin sites but a substantial enhancement of

receptor purity as judged from electrophoretic proffles.

Since the affinity partitioning procedure fractionates

entire membrane patches, it is entirely possible to

recover receptor with diminished toxin binding capac-
ity but containing normal subunit profiles following

SDS denaturation.

to reduction. Two such peptides are evi-
dent. The dominant one appears at 135,000
daltons and should be a dimer of the 67,000
or 6 subunit (Fig. 2a). A second peptide,

although it is less intense, appears at
102,000 daltons in the non-reduced dimen-
sion. Its position and molecular weight
would indicate it to be a dimer of the /1

subunit. Hence two peptides of 49,000 and
67,000 molecular weight appear to exist at
least in part as dimeric species containing

interchain disuffides.
The Cu4�-(phenanthroline)2 complex is

known to catalyze the oxidation of suiThy-
dry! groups and maintain disulfide bonds in
their oxidized state (24). When applied to

the membrane fragments, it appears to in-
crease slightly the density of the dimeric
spots relative to the monomeric peptide

species (Fig. 2b). The influence of Cu��-
(phenanthroline)2 should only serve to pro-

mote dimerization while the receptor is in

the membrane since the metal is scavenged
by EDTA prior to SDS solubilization. If
EDTA was added prior to Cu��-(phenan-

throline)2, no enhancement of dimerization
was evident. Moreover, for the electropho-
retic patterns obtained in Figs. 2a and b,
the membranes are treated with N-ethyl-
maleimide prior to solubilization. This
should minimize disulfide bond formation
or interchange that might occur upon ad-
dition of detergent. These experiments do
not exclude the possibility that air oxida-
tion of free thiols occurs during preparation
of the membranes. This would also require
that the receptor subunits have adjacent

free thiols at a common interface.
Covalent binding of TDF to the a-toxin

binding site. Equilibrium binding of a-toxin

to the receptor-containing membranes is

blocked irreversibly by prior TDF reaction
with the receptor, and the extent of block-

ade is dependent on the concentrations of
TDF and of toxin binding sites (Fig. 3). The
reaction appears to be quenched endoge-

nously within a few seconds, since addition
of 4 m�i tyramme 30 sec or more after
initiation of the reaction has no effect on
the number of toxin sites blocked. Endog-
enous quenching is also apparent from the
decrease in the extent of toxin site blockade

at a single concentration of TDF as the
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FIG. 1. Polyacrylamide disc gel electrophoresis in the presence of sodium dodecyl sulfate for the membrane

associated acetylcholine receptor

Receptor-containing membranes were purified by the sedimentation and affinity partitioning methods

previously described (2) to specific activity of 3.5 �.tmol of a-toxin sites/mg of protein. DTT (5 mi�i) was added,

and the membranes were then solubihized with 1% SDS and subjected to gel electrophoresis. Proteins were

stained with Coomassie blue and scanned at 660 nm on a Gilford linear transport scanner.

membrane concentration is increased (Fig.
3). In addition to a specific reaction with
the receptor, TDF must also be reacting
rapidly with other components of the mem-

brane.
Covalent binding of [3H]TDF to the

membrane fragment proteins. Receptor-
rich membrane fragments were reacted

with [3H]TDF in the presence and absence
of carbamylcholine and the covalent label-
ing analyzed by polyacrylamide gel electro-
phoresis in SDS. Of the five polypeptides

identified in the gels (Fig. 1), only the 40,000
and 105,000 dalton species were signifi-
cantly labeled. In the absence of carbamyl-
choline the major portion of the protein
associated counts coincided with the former

even when the two bands by protein stain-
ing were of equal intensity (Fig. 4). The
67,000, 60,000, and 49,000 dalton species

were not found to be labeled above gel
background. The labeling of only the 40,000
dalton polypeptide was markedly reduced
by the presence of carbamylcholine during

covalent binding. Reaction of the mem-
branes with [3H]TDF in the presence of 1
mM gallamine, 20 /.LM a-toxin, or 30 /LM ace-

tylcholine protected only the labeling of the
40,000 dalton species and each compound
produced essentially the same extent of

protection. Therefore the specific labeling
site of [3H]TDF as defined by the covalent
binding that is protectable by cholinergic
ligands is on the 40,000 dalton subunit and

appears to be the ligand/toxin binding site
of the receptor. The amount of specific and
non-specific labeling was affected by the

concentration of receptor and the specific
activity of the receptor preparation as well
as the concentration of [3H]TDF. For the
40,000 dalton band, the ratio of specific to
non-specific radioactivity incorporated
above gel background ranged from 6.7 to

1.0.

The effect of TDF concentration on spe-
cific covalent binding of [3H]TDF for two

concentrations of receptor is shown in Fig.
5. The specific labeling measured directly is
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FIG. 2. Two dimensional slab gel electrophoresis in the presence of sodium dodecyl sulfate for the

membrane associated acetylcholine receptor

Receptor-containing membranes were purified as described in Fig. 1 and subjected to gel electrophoresis. For

electrophoresis in the second dimension the samples were reduced by the addition of 150 mM DTT to the
agarose stacking gel.

A. Samples were treated with 10 msi N-ethylmaleimide prior to solubiization in SDS.

B. Samples were treated with 0.1 msi Cu� (phenanthroline)2 for 30 mm, scavenged with 2.0 nmi EDTA and

10 mM N-ethylmaleimide prior to solubiization in SDS.
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FIG. 3. Time course of irreversible blockade of a-toxin binding sites by TDF

Membrane fragments were reacted with unlabeled TDF for the time specified on the abscissa prior to the

addition of 4 mM tyramine. a-Toxin bound at equilibrium was determined after 300- to 1000-fold dilution of the

reaction mixture as described in the METHODS. The concentration of a-toxin sites during the reaction was A, 0.1

�s; B, 1.0 �M; C, 3.0 tiM; D, 8.1 ELM. Concentration of TDF during the reaction was:#{149}, 10 /LM; L�i, 30 iM; A, 100

�M.
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FIG. 4. SDS-acrylamide gel electrophoresis profile of 3H activity for [3H1 TDF labeled membrane fragments

Receptor-rich membranes (13 ILM in toxin sites) were reacted with 250 /ZM [3H}TDF in the presence (#{149})or

absence (0) of 0.1 mM carbamylcholine. The samples were electrophoresed and the gels prepared for counting

as described in the METHODS. 3H activity per slice is plotted as a function of migration distance relative to the

dye front. The arrows designate the positions of the major polypeptide species and their apparent molecular

weights.



concentrations (Fig. Sb) or higher specific
activity of receptor. Therefore if TDF is
behaving as an affinity agent, 0.1 m� is
only a lower limit of the equilibrium disso-
ciation constant for its reversible binding.

By comparing specifically bound [3H]-
TDF to the decrease in a-toxin sites, the

stoichiometry of TDF to toxin sites can be
determined. In Fig. 6 the concentration of
specific TDF sites labeled is plotted versus
the concentration of toxin sites irreversibly
blocked by TDF labeling for several recep-
tor preparations obtained over a period of
eight months. Each measurement of bind-
ing, [3H]TDF and a-toxin, was made on the
same sample. The number of a-toxin sites

irreversibly blocked is directly proportional
to the number of TDF sites labeled specif-
ically, with a proportionality constant of

0.98. Hence we identify one specific TDF
site per toxin site.

100 [3H]TDF labeling and the agonist-in-
duced receptor state transition. Measure-
ments of the specific labeling of the recep-
tor by [3H]TDF in the presence of carba-
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compared to the inhibition of a-toxin bind-
ing at equilibrium after sufficient dilution
of the membranes. The amount of specific

labeling in both cases is concentration de-
pendent and proportional to the number of
toxin sites irreversibly blocked. At the
lower concentration of receptor up to 95%

of the toxin sites are blocked and specific
labeling levels off at the higher concentra-

tions of [3H]TDF (Fig. 5b). Under these
conditions non-specific labeling becomes
substantial and measurement of the specific

component is difficult to quantitate accu-
rately. The specific covalent binding of
[3H]TDF does, however, appear to be sat-
urable. The 50% saturation concentration

for specific [3H]TDF labeling of the recep-
tor is approximately 0.1 mr� when reacted
at the higher receptor concentration (Fig.
5a), but it decreases with lower receptor

10-5 10’

[H]-TDF (Ml

8.0 �
0

�L06.0 �

�6.0

z�

0>-

�U)
8.0� �

0z

6.0� � 2.0

:: ‘I
FIG. 5. Concentration dependence of specific

[3H]TDF labeling of the receptor

Membranes 9.6 �M (A) or 1.0 �iM (B) in toxin binding

sites were reacted with the specified concentration of

[3H]TDF for 30 sec prior to the addition of 1 mM

tyramine. Specific labeling of the 40,000 dalton subunit

(0) and irreversible blockade of a-toxin bound at

equilibrium after 300- to 1000-fold dilution of the

samples (#{149})were determined in parallel as described

in the METHODS.

FIG. 6. Relationship between [3HJTDF specifi-

cally bound and a-toxin sites irreversibly blocked

Membranes were reacted with [3HJTDF and the

concentrations of specifically bound [3H]TDF and ir-

reversibly blocked toxin sites determined as described

in the METHODS. Determinations over a period of eight

months using various membrane preparations and

concentrations of [3H}TDF are plotted. The concen-

trations of membrane toxin binding sites were:

14.2 �LM; L�, 11.4 �tM; V, 9.9 zM;�, 4.6 �tM; D, 1.4 �M.

Linear regression of these data gives a slope of 0.98

with a correlation coefficient (r2) of 0.99.
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mylcholine at agonist concentrations near
its apparent dissociation constant were
made to determine if the duration of expo-

sure of the receptor to carbamylcholine
would affect its inhibition of [3H]TDF bind-
ing. Prolonged exposure (10 min) of the
membranes to 3 or 10 j.LM carbamylcholine

enhanced the inhibition of specific [3H]-
TDF labeling when compared with 10 sec

of prior carbamylcholine exposure (Table
1). This influence of duration of prior ligand
exposure is qualitatively similar to what
has been observed from the inhibition of

the initial rate of a-toxin binding in the
presence of agonists (20). As also demon-

strated by carbamylcholine competition
with the a-toxin binding kinetics (20), the

local anesthetic, prilocaine, increases the
rate of the carbamyicholine-induced tran-

sition in receptor state (Table 1). Prilocaine

alone at this concentration had no effect on
[3H]TDF labeling (Table 2). The apparent

affinity of carbamyicholine increases less as
measured by its effect on [3H]TDF labeling
than on a-toxin binding which may reflect
a concomitant but smaller increase in TDF

affinity associated with the receptor tran-
sitions. Hence an agonist-induced change
in receptor binding properties where the

affinity for agonists is enhanced preferen-
tially can be demonstrated indirectly with

[3H]TDF labeling.

Because local anesthetics increase the

TABLE 1

Effect of the duration of prior exposure of the

membranes to carbamylcholine on specific [3HJTDF

labeling

Membranes (7 ns in toxin sites) were exposed to

carbamyicholine in the presence or absence of 0.2 mM

prilocaine for 10 sec or 10 min prior to the addition of

160 �LM [3H]TDF. Specific labeling of the receptor was

determined as described in the METHODS. Labeling

relative to control is in parentheses.

[Carba- Specifically bound [3H}TDF (�zM)
mylcho-
line] (M) 10 sec prior 10 mm 10 sec prior

exposure prior expo-
sure

exposure in
the pres-

ence of pri-
locaine (2
X 10’ M)

0 3.54(100%) - -

3 X 10� 3.26 (92%) 2.36 (64%) 1.71 (48%)

1 x i0� 1.33 (38%) 0.24 (7%) 0.52 (15%)

TABLE 2

Effect of prilocaine on specific 11 H] TDF labeling

Membranes 7 �tM in toxin sites were reacted with

the specified concentration of [‘H]TDF in the pres-

ence or absence of 0.2 miii prilocaine and specific

labeling determined as described in the METHODS.

Labeling relative to control is in parentheses.

[TDF] (M) Specifically bound [3H]TDF
(�tM)

Control 2 x i0� M prilocame

5 x i05 0.25 0.24 (96%)

1 x i0� 1.41 1.36 (96%)

2 x i0� 2.72 2.39 (88%)

(93 ± 3%)�

a Mean ± SEM.

rate of receptor conversion induced by ag-
onists (20), the effect of a local anesthetic

on [3H]TDF labeling was examined. In the
presence of a local anesthetic, TDF, which

could be regarded as an analogue of the
agonist phenyltrimethylammonium, may

induce a sufficiently rapid transition in re-

ceptor state to be detected by an increase
in specific labeling. For three concentra-
tions of [3H]TDF, prior incubation of the
membranes with 0.2 mM prilocaine had no

effect on the amount of specific labeling
(Table 2). It would appear either that TDF
does not have a higher affinity for R’ or

that the reaction of TDF with the mem-
branes is complete before any receptor con-
version can take place, even under condi-

tions where the rate of conversion is greatly
increased.

DISCUSSION

Subunit structure of the membrane as-

sociated receptor. The combined proce-
dures of gradient sedimentation and affinity
partitioning enable one to obtain mem-
brane fractions of sufficient purity to char-
acterize the polypeptide subunits by elec-
trophoretic profiles and affinity labeling.
Based on staining intensity, ratios of 1:0.32:

0.20:0.29 were found for a, $, ‘y and 6 sub-
units, respectively. Other workers using sot-

ubilized (4, 13, 29) or membrane-associated
receptor (1, 3) have found the stoichiome-
tries of the fi, y and 6 subunits to be nearly
equivalent with the a subunit being present
in a 2- or 4-fold molar excess. It is notewor-

thy that affinity partitioning which employs
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a different methodology for membrane frac-
tionation yields such similar subunit stoi-
chiometries. However, using a purification
procedure that employs sonication, Sobel

et al. (5) have virtually eliminated the
higher molecular weight subunits from

their preparations. Sufficiently harsh pro-
cedures could result in detachment of func-
tional subunits from the receptor. Further-
more, Coomassie blue staining intensities
will vary with the amino acid composition

of the subunits. Thus, at present it becomes
difficult to attach much significance to the
subunit stoichiometries obtained. More-
over, a simple summation of subunit molec-
ular weights in their apparent stoichiomet-
ric ratios to achieve a receptor molecular
weight of 330,000 (29, 30) or 250,000 (31)

daltons may prove difficult to reconcile
with the constraints of symmetry necessary
to achieve cooperativity in receptor acti-
vation.

The presence of the 6 subunit as a di-

meric species has been observed previously
in the membrane-associated receptor (3, 32,
33) and is retained following solubiization

(33). The 8S and 13S receptor species ob-
tained following Triton solubiization con-
tain 67,000 and 135,000 dalton chains and
the 6 subunit is responsible for the mono-
meric and dimeric forms of soluble receptor

(33, 34).

Electrophoresis in two dimensions allows
for a clearer definition of the origin of di-
menc species, and as has been observed
with the soluble receptor (33), the domi-
nant dimer migrates as a 67,000 molecular
weight entity. We also observe partial di-
merization in the region of the 49,000 dalton
peptide which may well be obscured in one
dimensional electrophoresis. For the latter
peptide dimerization is not complete, and it
is increased by Cu��-(phenanthroline)2
treatment. These findings suggest alterna-
tive subunits could be responsible for di-
merization of the receptor.

Affinity-labeling of the a-subunit by

TDF. The carbamylcholine-protectable
covalent binding of [3H]TDF satisfies the
basic requirements for specific affinity la-
beling of the binding site of the receptor.
This labeling is concentration dependent,
saturable, stoichiometric with a-toxin sites,

and blocked by agonists and antagonists, as
well as a-toxin. The reversible component

of the binding appears to have a relatively

high dissociation constant (-0.1 mM); how-
ever, with high concentrations of receptor
and the apparent efficiency of endogenous

quenching, non-specific labeling can be
minimized. The apparent binding constant

for the reversible component is within a
factor of 3 of the apparent KD for phenyl-
trimethylammonium (21).

The kinetics of the labeling could not be
determined because the reaction appeared
to be complete in less than thirty seconds.
Since the protectable binding in many cases
amounts to less than 10% of the total [3H]-
TDF added, TDF must be reacting non-
specifically with other components of the

membrane, causing rapid endogenous
quenching of the reagent. This is not un-

expected since the diazonium ion is a highly
reactive electrophile. However, these non-
specific reactions are not reflected in the
labeling of membrane proteins, but proba-
bly membrane lipids, and the major portion
of the [3H]TDF present during the reaction

does not appear on the gel. This endoge-
nous quenching is actually fortuitous since
it probably raises the ratio of specific to
non-specific polypeptide labeling signifi-

cantly. Moreover, endogenous quenching
decreases the duration of exposure of ligand

to the preparation.
Specific labeling by [3H]TDF occurs only

on the 40,000 dalton polypeptide. This
binding has been shown to be blocked by
both agonists and antagonists and to irre-
versibly inhibit a-toxin binding stoichio-
metrically. From these results it appears

that the 40,000 dalton subunit of the recep-
tor contains the ligand and toxin binding
site(s) and that there are an equal number
of TDF sites to a-toxin sites. The non-pro-
tectable labeling by TDF which becomes
more dominant at high TDF concentra-
tions appears only on the a-subunit. This
may in part be a consequence of accessibil-
ity of the a relative to other subunits on the

membrane surface (cf. 35). Although there
is some labeling of the 105,000 dalton poly-
peptide, it is not protected by agonists or
antagonists. This polypeptide does not ap-
pear to be associated with the receptor but
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is likely a contaminant of the membrane

fragment preparation. Further purification
of the membranes (2, 3, 5) or solubilization
and purification of the receptor (13, 29, 33)
leads to the loss of this component.

The 40,000 dalton polypeptide has been
implicated as the binding site subunit of
the mcotinic receptor in many studies.
Crosslinking of [‘25I]a-toxin to the Torpedo

receptor with suberimidate produces only
one radioactive subunit of molecular weight
approximately 40,000 (36).

The quaternary ammonium alkylating

agent, MBTA, has been utilized with a
number of nicotiic receptor preparations
to affinity label the binding site of the re-
ceptor. After reduction of the receptor with

dithiothreitol, MBTA alkylates specifically
only the 40,000 dalton subunit of the recep-

tor from Electrophorus (14) and Torpedo

(5, 13). This labeling is blocked by cholin-

ergic agonists and antagonists and MBTA
reacts with one-half of the number of toxin
sites (37). Recently MBTA has been shown
to affinity label the nicotinic receptor pu-
rified from denervated rat skeletal muscle
(15) where two subunits with molecular
weights of 45,000 and 49,000 were labeled.

Recent results of photoaffinity labeling

of the receptor from Torpedo californica
have been less clear and unfortunately no

information on stoichiometry is available.

All four components of the receptor react
covalently with [3H}4-azido-2-nitrobenzyl-
trimethylammonium fluoroborate and cho-
linergic ligands appear to protect all the
subunits against labeling (16). Only the
40,000 dalton subunit, however, was par-
tially protected by toxin from covalent re-
action. It would appear that small quater-
nary ligands can bind non-specifically to
many sites on the receptor while only the
40,000 dalton subunit contains the specific

a-toxin site that is related to the functional
properties of the receptor. Photoaffinity la-
beling of more than one subunit of the

Torpedo receptor has also been reported
for the covalent binding of [3H]bis(3-ami-
nopyridinium)-1,10-decane azide (DAPA)
(17). Although specific labeling appeared to
occur on two of the four subunits, the au-
thors argued that only the covalent binding
to the 40,000 dalton subunit reflected reac-

tion with the functional binding site. The
labeling of the other subunit was thought
to be non-specific and due, perhaps, to its

proximity to the ligand binding site. The
covalent binding of DAPA only decreased

the initial rate of toxin binding and had no
effect on toxin bound at equilibrium, which
clearly differs from the finding for TDF.
Ternary complexes of receptor, a-toxin, and
photolyzed DAPA may have formed and

the DAPA sites and toxin sites may only
partially overlap.

Since toxin binding, being reversible,
must be measured prior to dissociation of

the subunits and TDF binding is deter-
mined in the dissociated a peptide following
electrophoresis, the estimate of one TDF to
one a-toxin site assumes that all of the a-

subunit migrates into the gel. This assump-

tion appears valid since under reducing con-
ditions we do not find appreciable counts
remaining at the origin of the SDS gels.

Reports on the ratios of a-toxin to ligand
sites divide into two groups: those which
demonstrate 1:1 stoichiometry and those
which demonstrate 2:1 stoichiometry. An

equal number of a-toxin sites and ligand
sites has been found for detergent-solubi-

lized (3) and membrane-associated Tor-

pedo receptor (39-41) determined by equi-
librium dialysis of radiolabeled ligands. A
ratio of toxin sites to ligand sites of 1:1 has
also been determined for Torpedo mem-
brane-bound receptor by electron spin res-

onance measurements of the binding of dec-
amethonium mononitroxide (10). A ratio of
2:1, however, has been reported by some
investigators for purified Torpedo receptor
using equilibrium dialysis of [3H]acetylcho-

line (42-44). MBTA (see above) appears to
bind to only half the toxin sites (13, 37);
however, the receptor has been perturbed

by reductive cleavage of a disulfide bridge
within the binding site prior to labeling.
The reason for the discrepancy in stoichi-
ometry is still unclear. It has been suggested

that during some purification procedures,
ligand binding can be reduced without an
effect on a-toxin binding which would lead
to high ratios of toxin to ligand sites (40).

Protection of specific [3H]TDF labeling
by carbamylcholine is increased by pro-

longed exposure of the receptor to the ag-
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onist or by the presence of a local anesthetic
during a short agonist exposure. The effect
of the local anesthetic is expressed only in

the presence of agonist and there is no
change in the extent of labeling in its ab-

sence. These results may be reflecting a
carbamyicholine-induced increase in ago-

nist affinity or decrease in TDF affinity
and/or reactivity. The former interpreta-
tion agrees with the results of the a-toxin
binding competition experiments and in-
deed local anesthetics appear to enhance
the rate of the conversion to the high affin-
ity state (20). The magnitudes of the ap-
parent increases in carbamyicholine affin-
ity determined by the two methods, how-

ever, differ slightly; the increase is less as

measured by TDF binding. In the case of
the a-toxin binding experiments it could be

shown that the intrinsic rate of toxin bind-
ing is unchanged with receptor conversion.
The effect of conversion on TDF affinity

and reactivity and thus on the extent of
labeling one would observe in the absence

of agonist has not been determined. A con-
comitant, but smaller, increase in TDF af-
finity with carbamylcholine conversion of

the receptor would decrease the apparent
change in carbamylcholine protection.
Therefore, although the results from stud-
ies on agonist protection of a-toxin and
TDF association cannot be compared quan-
titatively, there is good qualitative agree-
ment in showing a slow transition to a state
where the affinity for agonists is enhanced.

Based on structural analogy, it is to be

expected that the difference in affinity of
TDF for R and R’ states of the receptor
would be far smaller than the 300-fold dif-

ference found for carbamylcholine (20). For
example, in the bisquaternary methonium
series, agents with intramolecular cationic
site distances similar to TDF showed affin-
ity differences of 1/10 to 1/20 of carbamyl-
choline (21). Hence, it might be anticipated

that based on affinity considerations alone,
TDF could discriminate between the R and
R’ receptor states but not with the large

differences seen for full agonists. However,
such considerations cannot discern whether
different intrinsic rates of reactivity with
TDF of the two receptor states prevail fol-
lowing formation of a reversible TDF-re-
ceptor complex.

TDF appears to have sufficient selectiv-
ity to be employed as an affinity label to
identify the active site sequence of the a-

subunit. Irreversible labeling can be pro-

tected by competing agonist or antagonist.
It is saturable and occurs with a precise

stoichiometry. Differences in selectivity of
TDF and the photoaffinity label, 4 azido-2-
nitrobenzyltrimethylammonium which is a
fairly close congener, are striking (16) and
it appears that the selectivity of TDF for
the a-subunit approaches that of MBTA
(13). TDF and a monocatonic congener, p-
nitrobenzene diazonium, irreversibly antag-
onize the depolarization induced by ago-
nists in the intact electroplaque (19). How-
ever, following reduction with DTT, TDF

becomes a reversible activator (18, 19).
TDF may also prove useful in the differ-

ential labeling of the R and R’ states of the
receptor. The ligand carries the inherent
advantage that prior covalent modification

of the receptor is unnecessary and the in-

trinsic scavenging behavior allows the time
of TDF reactivity to be shorter than the
lifetime of the R’ state. Acetylcholine could
be used to convert the receptor to the high

affinity, R’-Ach complex. Rapid removal of
acetyicholine by exogenous acetylcholines-
terase would leave the receptor in the un-
complexed R’ state. Since the reversion of
R’ back to its original state R has a half
time of 190 sec (20), labeling of R’ could be
affected within this time frame and com-
pared with that of the receptor in the R
state.
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