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SUMMARY

BARTELS-BERNAL, EvA, RoOSENBERRY, TERRONE L. & CHANG, HAa1 WoN (1976) A
membrane activation cycle induced by sulfhydryl reagents after affinity labeling of
the acetylcholine receptor of electroplax. Mol. Pharmacol., 12, 813-819.

Acetylcholine receptors in the innervated membrane of an electroplax cell from the
electric eel Electrophorus electricus may be affinity-labeled, after disulfide reduction, by
a variety of sulthydryl alkylating and acylating agents. The conductance state of a cell
after this receptor modification remains under receptor control but is extremely sensi-
tive both to the structure of the affinity reagent and, frequently, to the concentration
of the reagent during modification. When the affinity reagents 3-(a-bromomethyl)-3'-
[a-(trimethylammonium)methyl]azobenzene bromide or 4-(4’-nitrophenoxycarbonyl)-
phenyltrimethylammonium iodide are used in low concentration to label the receptor in
situ, subsequent sequential applications of disulfides and dithiothreitol give rise to
cycles of repolarization and depolarization of the innervated membrane. Since other
mild oxidizing agents cannot substitute for disulfides in this activation cycle, it is
concluded that the activation cycle arises from the reversible formation of a mixed
disulfide on the receptor. This mixed disulfide probably involves the remaining sulfhy-
dryl group near the acetylcholine binding site, which is formed by the initial disulfide
reduction but not labeled by the affinity reagents. The membrane responses to these
chemical manipulations of the receptor in situ suggest useful criteria for evaluating the
similarity of an isolated receptor after reconstitution into black lipid membranes to the
receptor in its native state.

INTRODUCTION

The importance of a disulfide bond in
determining the response of the acetylcho-
line receptor in situ to applied agonists has
been well established (1, 2). Investigations
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with the monocellular electroplax prepara-
tion from electric eel (Electrophorus elec-
tricus) have shown that disulfide reduction
by dithiothreitol shifts the dose-response
curve for depolarization by exogenous car-
bamylcholine to the right (1). This appar-
ent reduction in carbamylcholine affinity
is reversed by mild oxidizing agents,
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which presumably restore the original di-
sulfide bonding. Application of sulfhydryl
alkylating or acylating agents after disul-
fide reduction leads to an irreversible mod-
ification of the receptor response, and the

813

Copyright © 1976 by Academic Press, Inc.
All rights of reproduction in any form reserved.



814

use of quaternary ammonium alkylating
agents to “affinity label” both the receptor
in the cell membrane  and the detergent-
solubilized receptor has been introduced
by Karlin and his colleagues (3, 4). Affin-
ity alkylation with 4-(N-maleimido)-
benzyltrimethylammonium iodide occurs
on a 40,000 mol wt subunit of the receptor
with an over-all stoichiometry of about
1:200,000 mol wt; labeling can be blocked
by specific receptor inhibitors like a-neu-
rotoxins. Pharmacological effects of disul-
fide reduction and alkylation similar to
those on the eel have been observed on
neuromuscular junctions (5, 6). In frog
neuromuscular junction it was also shown
that these effects were not due to changes
in the impedance of the postsynaptic mem-
brane or in the end plate reversal potential
(5); observations by these workers are con-
sistent with a chemical modification at the
agonist-binding site of the receptor.

It is of interest that the receptor re-
sponse in situ to disulfide reduction and
affinity alkylation varies among alkylat-
ing agents, with some showing irreversi-
ble receptor activation and others giving
irreversible receptor inhibition (2). Two af-
finity alkylating agents, 4-(4'-nitrophen-
oxycarbonyl)phenyltrimethylammonium
iodide (7) and 3-(a-bromomethyl)-3'-[a-(tri-
methylammonium)methyl]azobenzene bro-
mide (8), have been reported to give ir-
reversible partial activation only after
excess free alkylating agent has been
washed away. Alkylation with these two
agents, while shifting the distribution of
active and inactive receptor species, still
permits the receptor conformational tran-
sition between the active and inactive
forms. This novel feature of these two al-
kylating agents is exploited in our study to
demonstrate reversible receptor activation
of alkylated receptor by further treatment
with sulfhydryl reagents.

METHODS

The technique was the same as de-
scribed previously (9, 10). A single electro-
plax from the electric organ of Electropho-
rus electricus was mounted in a Lucite
chamber and impaled with conventional
micropipettes filled with 3 M KCl, and the
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resting potential across the innervated
face was recorded on a Varian paper re-
corder. Concentrations of components in
the eel Ringer’s solution were as fol-
lows: NaCl, 160 mM; KCl, 5 mMm; CaCl,,
2 mMm; MgCl,, 2 mm; NaH,PO,, 0.3 mm;
Na,HPO,, 1.2 mmMm; and glucose, 10 mm.
The pH was 7, and the temperature, 22-
25°. Additional reagents, as indicated un-
der RresuLTs, were added only to the
Ringer’s solution bathing the innervated
face. Oxidizing and reducing agents were
dissolved in modified eel Ringer’s solution
at pH 8, where the phosphate buffer was
replaced by 2 mm Tris.

QBr? was provided by Dr. B. Erlanger;
MBTA, by Dr. A. Karlin; 2,2'-dithiobis-
(ethyltrimethylammonium) dibromide, by
Dr. H. Mautner; and BAC and NPTMB,
by the Squibb Institute for Medical Re-
search. Table 1 gives the structural formu-
lae of reagents used in this study.

RESULTS

Reversible activation of QBr-alkylated
membrane receptor by sequential treat-
ment with certain oxidizing agents and
DTT. The sequence of procedures rou-
tinely used to generate affinity-alkylated
acetylcholine receptor in situ is shown in
the upper part of Fig. 1. Treatment of the
innervated face of the cell with DTT re-
duces the control carbamylcholine re-
sponse, and exposure of the DTT-treated
cell to QBr gives a small depolarization
which is enhanced after the excess un-
reacted alkylating agent has been washed
out. A similar response is observed with
the alkylating agent NPTMB (7). The
lower part of Fig. 1 shows the response of
this affinity-alkylated cell to sequential
applications of disulfides and DTT. Either
2,2’ - dithiobis(ethyltrimethylammonium)
dibromide or DTNB repolarizes the cell,
and DTT gives a rapid, somewhat tran-

2 The abbreviations used are: QBr, 3-(a-
bromomethyl)-3’-[ a- (trimethylammonium)methyl]-
azobenzene bromide; MBTA, 4-(N-maleimido)-
benzyltrimethylammonium iodide; BAC, bromo-
acetylcholine bromide; NPTMB, 4-(4'-nitrophenoxy-
carbonyl)phenyltrimethylammonium iodide; DTT,
dithiothreitol; DTNB, 5,5'-dithiobis(2-nitrobenzoic
acid).
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TABLE 1
Structural formulae of reagents used in this study

Bromoacetylcholine bromide

3-(a-Bromomethyl)-3'-[ a-(trimethylammo-
nium)methyl}azobenzene bromide

2,2'-Dithiobis(ethyltrimethylammonium)dibromide

5,5'-Dithiobis(2-nitrobenzoic acid)

o-lodosobenzoate

4-(N-Maleimido)benzyltrimethylammonium iodide

4-(4'-Nitrophenoxycarbonyl)phenyltrimethylammonium

iodide
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sient depolarization. Another disulfide
compound, cystine at 10 mm, acts simi-
larly to 2,2'-dithiobis(ethyltrimethylam-
monium) dibromide in repolarizing the cell
after the initial affinity alkylation or the
subsequent sequential application of DTT;
however, depolarizations with DTT after
repolarizations with these two disulfides
are somewhat smaller than those after re-
polarizations with DTNB. After the last
application of DTNB to the affinity-alkyl-
ated cell in Fig. 1, a reduced depolariza-
tion with carbamylcholine can still be ob-
tained; this suggests that the affinity label
remains covalently attached but does not
completely block access of carbamylcholine
to the receptor active site. An alternative
explanation for this carbamylcholine re-
sponse is that not all receptor sites have
been affinity-alkylated; in this case the
reduced depolarization would indicate the
residual response of the unmodified recep-

tors. If an experiment similar to that in
Fig. 1 is carried out with NPTMB (10 um)
in place of QBr, disulfide and DTT again
give cycles of repolarization and depolari-
zation similar to that in Fig. 1. These ex-
periments with QBr and NPTMB have
been repeated many times with different
cells and show high qualitative reproduci-
bility.

When the mild oxidizing agents o-iodo-
sobenzoate or potassium ferricyanide are
substituted for the disulfide, the activation
cycle or repolarization and depolarization
shown in Fig. 1 does not occur. As shown
in Fig. 2, treatment of a cell affinity-alkyl-
ated by QBr with potassium ferricyanide
gives a depolarization because of the in-
creased external potassium that is re-
versed in Ringer’s solution. If DTT is
added at this point, no depolarization is
observed. However, the addition of DTNB
repolarizes the cell, after which DTT will
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Fic. 1. Treatment of QBr-alkylated cell with di-
sulfides and DTT

The membrane potential across the innervated
face was recorded as outlined under MeTHODS. CC,
carbamylcholine (40 uM); NR, Ringer’s solution; SS,
2,2'-dithiobis(ethyltrimethylammonium) dibromide
(0.1 mm); DTT, 1.0 mm; QBr, 1.0 uM; DTNB, 1.0 mM.
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F1G. 2. Treatment of QBr-alkylated cell with oxi-
dizing agents and DTT

CC, carbamylcholine (50 um); NR, Ringer’s solu-
tion; QBr, 5 uM; K;Fe(CN)g, 5 mym; DTT, 1.0 mm,
DTNB, 1.0 mm. The procedure was the same as in
Fig. 1.

depolarize. Thus exposure to potassium
ferricyanide does not prevent the activa-
tion cycle seen with DTNB and DTT in
Fig. 1. o-Iodosobenzoate (1 mm) gives simi-
lar results. The failure of potassium ferri-
cyanide and o-iodosobenzoate to substitute
for disulfides in the activation cycle con-
trasts with their action after DTT reduc-
tion of an unmodified cell. Both these oxi-
dizing agents, like disulfides, reverse the
pharmacological effects of an initial DTT
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exposure at low concentrations (potassium
ferricyanide, 5 mM; o-iodosobenzoate, 10
uM; also see refs. 1 and 11).

If disulfides and DTT are reacting with
one or more sulfhydryl groups in the QBr-
alkylated cell, further exposure to alkylat-
ing agents should prevent the cycle of re-
polarization and depolarization seen in
Fig. 1 by blocking these groups. This is in
fact the case. A high concentration of QBr
(1 mmM) during affinity alkylation does not
result in depolarization after the excess
reagent has been washed out. DTNB and
DTT do not affect the membrane potential
in this highly alkylated cell. Furthermore,
treatment of the cell with 1 mMm N-ethyl-
maleimide, after affinity alkylation with
low concentrations of QBr as in Fig. 1,
completely blocks sequential repolariza-
tion and depolarization with DTNB and
DTT.

While this observation, that high con-
centrations of alkylating agents block the
activation cycle with DTNB and DTT,
tends to confirm the involvement of a
sulfhydryl group in the cell, it suggests a
difficulty in quantifying the response to a
given concentration of affinity label. If
only “low” concentrations of affinity label
lead to an activation cycle, while “high”
concentrations block the cycle, an interme-
diate concentration range should exist in
which variable effects are observed. Such
an intermediate concentration appears to
be 5 uM for QBr. At this concentration the
activation cycle appears to be blocked in
most cells (also see Fig. 4 of ref. 8) but still
accessible in a few cells (see Figs. 2 and 5).
This variability may depend on the meta-
bolic state of the cell. Treatment of DTT-
reduced cells with 0.5-2.0 uM QBr or 10-50
uM NPTMB usually leads to an activation
cycle. At 5 um NPTMB only a small
amount of affinity labeling is indicated by
the cell response, and the subsequent acti-
vation cycle is greatly reduced.

Failure of other alkylated membrane re-
ceptors to give reversible activation with
disulfides and DTT. Acetylcholine recep-
tor affinity-alkylated in situ either with
BAC (Fig. 3) or with MBTA (Fig. 4) also
may be generated, as reported previously
(2). In Fig. 3, BAC depolarizes the reduced
innervated membrane both before and
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Fi1c. 3. Treatment of BAC-alkylated cell with
DTNB and DTT .

ES, physostigmine (50 um); CC, carbamylcholine
(50 um); CUR, d-tubocurarine (0.1 mm); NR,
Ringer’s solution; BAC, 50 uM; DTT, 1.0 mym; DTNB,
1.0 mM. The procedure was the same as in Fig. 1.
Physostigmine was added to block hydrolysis of
BAC by acetylcholinesterase.
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Fi1c. 4. Treatment of MBTA-alkylated cell with
DTNB and DTT
CC, carbamylcholine (50 um); NR, Ringer’s solu-
tion; MBTA, 0.2 uM; DTT, 1.0 mM; DTNB, 1.0 mmM.
The procedure was the same as in Fig. 1.

after the excess reagent has been washed
away. Subsequent application of DTNB
does not repolarize the membrane, after
which DTT also is without effect. The ad-
dition of d-tubocurarine at the end of the
experiment restores the membrane poten-
tial to within 5 mV, as observed previously
(7), indicating that d-tubocurarine can in-
teract with the receptor to reverse the
physiological effect of the covalent affinity
label. In Fig. 4, MBTA does not depolarize
the reduced innervated membrane either
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before or after washout, and sequential
applications of DTNB and DTT have no
effect on the membrane potential.

Effect of d-tubocurarine on reversible
activation of QBr-alkylated membrane re-
ceptor by disulfides and DTT. When DTT
and d-tubocurrarine are applied simulta-
neously to the QBr-alkylated innervated
face subsequent to repolarization with
DTNB (Fig. 5), significant inhibition of
the DTT depolarization is observed. Thus
d-tubocurarine blocks activation of the
QBr-alkylated receptor as it does the acti-
vation of the BAC-alkylated receptor (Fig.
3). It is noteworthy that although d-tubo-
curarine blocks activation, it apparently
does not block DTT reversal of the DTNB
repolarization. DTNB must be applied
again before a DTT depolarization can be
obtained, even after removal of d-tubocu-
rarine. These observations can be ex-
plained by competitive displacement of the
quaternary ammonium group of the cova-
lently bound labeling agent by d-tubocu-
rarine acting at the acetylcholine binding
site. Such action would not affect the in-
tegrity of the covalent bond. Alterna-
tively, d-tubocurarine may block activa-
tion of the affinity-labeled receptors by
acting allosterically at other sites on the
receptor.

Figure 5 also demonstrates that the de-
polarizing action of DTT is seen only on
the first addition of DTT; a second depolar-

82 % 60 64 68 72 T 80 64 88 92 96 KO
minutes

Fi1c. 5. Effect of d-tubocurarine on sulfhydryl re-
agent-induced activation cycle of QBr-alkylated cell

CC, carbamylcholine (40 um); CUR, d-tubocurar-
ine (10 uM); NR, Ringer’s solution; QBr, 5 um; DTT,
1.0 mym; DTNB, 1.0 mM. The procedure was the same
as in Fig. 1.
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ization requires a “resetting” of the mem-
brane by DTNB.

DISCUSSION

Affinity alkylation following disulfide
reduction of the isolated electroplax cell
has been carried out with PHIMBTA (3).
Careful analysis of the distribution of the
label by sodium dodecyl sulfate-gel elec-
trophoresis has shown that, while not com-
pletely specific, about 10% of the label is
associated with a 40,000 mol wt subunit
which appears to correspond to a similar
40,000 mol wt subunit that can be affinity-
labeled in the isolated acetylcholine recep-
tor (4). No other discrete polypeptide spe-
cies is labeled to this extent in the intact
cell (3), and no other subunit in the iso-
lated receptor is labeled (4). Furthermore,
the over-all labeling stoichiometry of 1
MBTA/200,000 mol wt in the isolated re-
ceptor indicates no more than one labeling
site per acetylcholine binding site. No di-
rect evidence is available concerning the
number of disulfide bonds in the receptor
that are reduced by the initial DTT treat-
ment prior to affinity labeling. Because
our data provide no evidence for the reduc-
tion of more than one disulfide bond [see
point (b) below], we assume that only a
single disulfide bond in the receptor is re-
duced by the initial DTT treatment. Al-
though labeling specificity studies have
not been carried out with QBr and
NPTMB, we shall assume that a similar
specificity obtains and that our studies in
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situ reveal the effects of affinity alkylation
of a single reduced disulfide bond in the
acetylcholine receptor.

Our observations of a novel activation of
the affinity-alkylated receptor by DTT and
its reversal by disulfides occur only when
QBr and NPTMB are the alkylating
agents. Prior to the initial application of
DTT, when no apparent covalent labeling
can occur, both these agents act as reversi-
ble antagonists of receptor activation.
After covalent reaction both agents act as
weak agonists. In contrast, neither BAC,
initially a reversible agonist, nor MBTA,
initially a reversible antagonist, changes
it mode of action after alkylation, and nei-
ther agent shows a reversible activation
cycle with DTT and disulfides. Thus the
activation cycle perhaps occurs only with
affinity-alkylated receptors for which the
free energy difference between the active,
ion-conducting conformation and the inac-
tive conformation is small.

A model which accounts for the activa-
tion cycle of QBr-alkylated receptors is
shown in Scheme 1. We assume that only
one of the two sulfhydryls generated by
reduction of the native receptor with DTT
can be labeled specifically with QBr
(Scheme 1, structure I; also see ref. 4). The
conformation of I corresponds to a partially
activated receptor, i.e., one which corre-
sponds to an increased conductance state.
On addition of a disulfide the second
sulfhydryl group is postulated to form a
mixed disulfide II. In II the receptor is in

CH,

|
n; Qoc
2
N
ol
CH,N-(CHy),

SCHEME 1
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an inactive conformation. Since the mixed
disulfide species is inactive when formed
either by an anionic disulfide (DTNB, II)
or by a cationic disulfide (2,2'-dithiobis-
(ethyltrimethylammonium) dibromide),
inactivation probably occurs by a steric
deformation of the active site in I rather
than by an electrostatic interaction. The
evidence for the conversion of I to II by
disulfides is as follows. (a) Disulfides in-
teract with a free sulfhydryl group; expo-
sure of I to high concentrations of the al-
kylating agents QBr or N-ethylmaleimide
blocks the conversion of I to II. (b) The
sulfhydryl group which interacts with di-
sulfides does not arise from a second disul-
fide bond that is generated by the initial
treatment with DTT but unaffected by af-
finity alkylation. If such a second disulfide
bond were involved, the mild oxidizing
agents o-iodosobenzoate and potassium
ferricyanide should act like disulfides in
restoring this disulfide bond and in partici-
pating in the activation cycle. This expec-
tation is based on the very low concentra-
tions with which these agents reverse an
initial DTT reduction in an unmodified
cell, presumably by reoxidation to give the
initial disulfide bond. Treatment of the
QBr-alkylated cell with these oxidizing
agents, however, does not result in subse-
quent activation by DTT. (c¢) The sulfhy-
dryl group which interacts with disulfide
is not present in the native receptor.
Treatment of the cell with N-ethylmaleim-
ide prior to the initial DTT reduction has
no effect on the subsequent activation cy-
cle of the QBr-labeled receptor with disul-
fides and DTT.

A precedent for the inhibitory effect of
mixed disulfide formation in biological
systems comes from studies on glycogen
synthetase D by Ernest and Kim (12).
These workers demonstrated enzyme inac-
tivation on formation of mixed disulfides
from oxidized glutathione and the sulfhy-
dryl group(s) of the enzyme. The inacti-
vated enzyme can be reactivated by re-
duced glutathione.

The manipulation of physiological activ-
ity by these chemical modifications of the
acetylcholine receptor in situ may provide
useful criteria for assessing model recon-
stitution studies involving the insertion of

819

isolated acetylcholine receptor into artifi-
cial membranes. In particular, studies
which monitor conductance changes after
the insertion of putative isolated receptor
into black lipid membranes (13-15) have
not utilized many pharmacological criteria
and may be aided by these receptor modifi-
cation properties. In addition to the effects
of agonists and antagonists on conduct-
ance changes, such studies could assess
the similarity of the reconstituted receptor
response to that in situ when the chemical
modifications described here are carried
out.
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