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SUMMARY

Structural features of a-bungarotoxin-binding proteins from the
marine mollusc Aplysia californica have been examined as a first
step toward delineating their potential role in cholinergic neuro-
transmission. Protein blotting with 125l-a-bungarotoxin was used
to identify binding proteins in membranes prepared from Aplysia
muscle and nervous tissue. Binding proteins from both tissues
exhibited similar physical characteristics, which distinguish them
from the prototypical a-bungarotoxin-binding protein, the nico-
tinic acetylcholine receptor obtained from Torpedo californica
electric organ membranes. Aplysia binding activities migrate with
an apparent molecular weight of 250 kDa on sodium dodecyl
sulfate (SDS) gels in the presence of reducing agents. Binding
of a-bungarotoxin to blots of Aplysia membranes is abolished by
exposure of samples to heat or to low pH but is unaffected by
reduction-alkylation treatment. In contrast, the a-bungarotoxin-
binding subunit of the acetylcholine receptor from Torpedo mem-
branes migrates on SDS gels at 40 kDa. It retains binding activity
following exposure to heat or to low pH, but binding is substan-
tially diminished by reduction-alkylation treatments. Another dis-
tinguishing characteristic of the Aplysia binding activities is re-
vealed by examining recovery of membrane a-bungarotoxin-
binding on protein blots; the high recovery of Aplysia binding
contrasts sharply with the low recovery of Torpedo binding
activity. The high apparent molecular weight of the Aplysia a-
bungarotoxin-binding activities, their most distinguishing feature,

is similar to an a-bungarotoxin-binding activity recently identified
in lower vertebrate brain. Covalent cross-linking with 125l-a-
bungarotoxin demonstrates, however, that the mobility of both
Aplysia binding activities is due to a multimeric protein that is
unusually resistant to dissociation in SDS. The covalently radio-
labeled Aplysia a-bungarotoxin-binding activity migrates at ap-
proximately 260 kDa on SDS gels when solubilized at room
temperature. When it was boiled before electrophoresis, the
mobility of the radiolabeled protein shifts to approximately 70
kDa. Resistance to dissociation in the absence of boiling may
explain both the high recovery of activity on blots and the
insensitivity to reductive alkylation. Conversely, dissociation of
the multimeric complex upon boiling may explain the observed
loss of binding activity. Our results demonstrate structural simi-
larities and differences between Aplysia a-bungarotoxin-binding
proteins and the Torpedo acetylcholine receptor. They also are
consistent with the inclusion of a-bungarotoxin-binding proteins
such as those ofAplysia in the proposed ligand-gated ion channel
“gene family.” This group of structurally and functionally related
proteins includes acetylcholine-gated cation channels as well as
anion selective -y-aminobutyric acidA and �Iycine receptors. Be-
cause there is evidence for an acetylcholine-gated chloride chan-
nel that is blocked by �a-bungarotoxin in Aplysia, the binding
proteins characterized in this report may be members of a distinct
lineage within this receptor family.

a-BTX, a polypeptide component of ebapid snake venom, is

a high affinity competitive antagonist of nAChR found in

vertebrate muscle and ebasmobranch electric organ. This neu-

rotoxin has been a valuable tool in the characterization and

purification of the nAChR from various sources, including

Torpedo electric organ (1, 2). The nAChR is a pentameric

protein composed of four subunits (stoichiometry a213”y#{244}) that

functions as an ACh-gated, cation-selective ion channel. Bind-
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ing sites for ACh and a-BTX are located on an extracellular

region of each of the two a-subunits (3, 4). High affinity a-

BTX binding sites are also present in peripheral and central

nervous system tissue from both vertebrates and invertebrates

(5), but their designation as nAChRs is controversial.

Functional antagonism of neuronal nAChRs by a-BTX var-

ies with different species and tissues. For example, in the rat

peripheral and central nervous system, a-BTX does not block

nicotinic cholinergic responses (reviewed in Ref. 6). Clarke et

at. (7) showed the anatomical distribution of ‘25I-a-BTX bind-

ing sites in the rat central nervous system is distinct from

binding sites of either [3H]ACh or [3H}nicotine. This indicates
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Covalent cross-linking. For cross-linking experiments, membrane
samples (1 mg of protein/ml) were suspended in 50 mM sodium phos-

that the neuronal a-BTX binding sites in this species are

proteins distinct from nAChRs. Similarly, differences in distri-

bution of a-BTX binding sites and neuronal nAChRs have

been demonstrated in chick sympathetic gangbia using mono-

clonal antibodies to nAChRs (8, 9). In general, neuronab

nAChRs in vertebrates are distinct from neuronal a-BTX

binding sites, the function of which remains unknown. Despite

this, neuronal a-BTX-binding proteins are assumed to be mem-

bers of the AChR “gene family” (10). This assumption is based

on the shared ability to bind a-BTX, on monocbonal antibody

cross-reactivity, and on limited sequence homology between

nAChR subunits and an a-BTX binding protein from chick

brain.
In contrast to these findings, a-BTX does block cholinergic

responses in several lower vertebrate and invertebrate species.

For example, a-BTX blocks some neuronal nAChRs in goldfish,

toad (11), and the marine mollusc Aptysia catifornica ( 12, 13).

In Aptysia neurons, ACh activates at beast three distinct mem-

brane conductances, a slow K� conductance, a fast NaF con-

ductance and a fast C1 conductance (12, 14). Only the C�-

mediated response is inhibited by a-BTX (12, 13). This last

observation is particularly interesting in light of the recent

demonstration of homology between nAChRs and the verte-

brate receptors for GABAA and glycine, both of which are C1-
sebective, bigand-gated ion channels.

Protein blotting with 125I-a-BTX has been valuable in map-

ping the a-BTX binding region of the Torpedo nAChR (15). It

has also been used to identify a-BTX binding proteins in

membranes prepared from lower vertebrate neural tissue (16).

We have now applied protein-blotting techniques to the char-

acterization of a-BTX binding proteins from the marine mol-

busc A. catifornica. Two factors make Aptysia an attractive

system for examining the relationship between a-BTX binding

and nAChR, the previously demonstrated antagonistic effect of

a-BTX on an ACh-evoked response, and a high level of binding

sites in membranes prepared from both muscle and nerve tissue.

In this report, we describe the biochemical characterization of

a-BTX-binding proteins from both of these Aplysia tissues.

Protein blotting was used to determine the molecular weight of

the binding activities, their sensitivities to heat and to low pH,

and the effect of reduction and reductive alkylation on a-BTX

binding. Competition of ‘25I-a-BTX binding by cholinergic and

noncholinergic drugs to both Aptysia tissues was used as an-

other means to compare the two binding proteins. Finally,

covalent cross-linking with 1251-a-BTX was used to determine

whether the Aplysia binding proteins are multimeric. In all of

these studies, Torpedo membranes were used as a basis for

identifying the similarities between the Aptysia a-BTX-binding

proteins and the well characterized nAChR from Torpedo.

Materials and Methods

A. californica were from Alacrity (Redondo Beach, CA); frozen Tor-
pedo californica electric organ was obtained from Pacific Bio-Marine
(Venice, CA). Materials suppliers were as follows: PVDF (Immobilon)
blotting membrane, Millipore (Bedford, MA); Tris buffer, ICN (Plain-
view, NY); molecular weight standards, Boehringer Mannheim (Inch-
anapolis, IN); Na’251, Amersham (Arlington Heights, IL); DSS, Pierce
(Rockford, IL); DTT, NEM, and protease inhibitors, Sigma Chemical

Co. (St. Louis, MO); and SDS, 2-mercaptoethanol, ammonium persul-
fate, and TEMED, Bio-Rad (Richmond, CA). Acrylamide was from

Kodak (Rochester, NY) and was decolorized before use. Purified a-

BTX was from Miami Serpentarium (Salt Lake City, UT). Mono-iodo

‘251-labeled a-bungarotoxin (specific activity, 400-800 cpm/fmol) was

prepared as described previously (4). Protein concentration was esti-

mated using the bicinchoninic acid assay system (Pierce), using BSA
as a standard.

Tissue preparation. Aplysia cerebral, buccal, pedal, and pleural
ganglia were collected, frozen in liquid nitrogen, and stored at -80”.

Muscle (foot pad), hepatopancreas, and buccal muscle samples were

similarly obtained. The body wall of Aplysia (including the foot) con-
sists of thick musculature innervated with elaborate neural arboriza-

tions and plexi. No attempt was made to dissect these from the

musculature of the body wall proper. Membranes from all tissues,
including Torpedo electric organ, were prepared using an identical

procedure. All steps were carried out at 4”. Tissues were homogenized

in 10 volumes of 0.3 M sucrose, 5 mM sodium phosphate, pH 7.3, 5 mM

EDTA, 5 mM EGTA, 0.5 mM iodoacetamide, plus protease inhibitors

(1.0 mM PMSF, 1 mM 1,10-phenanthroline, 0.25 mM benzamidine, 25

�sM bestatin, 25 �tM leupeptin, 10 �sM pepstatin A, and 1 �sM aprotinin).
The homogenate was centrifuged 10 mm at 2000 x g, and the super-

natant was then collected and centrifuged at 100,000 x g. Pellets from

the high speed spin were resuspended in the same buffer at 2-3 mg of

protein/mb and were stored at -80”.

Gel electrophoresis and protein blotting. Membranes were sol-
ubilized for 1 hr at 22” in 50 mM Tris.HC1, pH 6.8, 2% SDS, 2.5% 2-

mercaptoethanol, 5% glycerol, and 0.1% bromophenol blue (SDS sam-

ple buffer). Some samples were heated 3 mm at 100” before electropho-
resis. For acid treatments, the pH of SDS-solubilized samples was

adjusted to 4.0 with 0.1 M HC1, and samples were incubated 10 mm at
room temperature. Following this, pH was adjusted to 6.8 with 0.1 M

NaOH. Samples (20-150 �g of protein/lane) were resolved on 5-15%
gradient polyacrylamide gels, then electrophoretically transferred to
PVDF membrane filters for 2 hr at constant current (0.4 A). Transfer

was performed at 4” in 16 mM Tris base, 120 mM glycine, and 10%

methanol. Transfers were quenched for 1 hr at 45” in 20 mM sodium

phosphate, pH 7.5, 1 mM EDTA, 0.02% NaN3, and 2% casein (quench

buffer) and then incubated overnight at 22” in quench buffer plus iO�

cpm/ml ‘25I-labeled a-BTX. Following three 10-mm washes in ice-cold
25 mM Tris . HC1, pH 7.5, 125 mM NaCl, the transfers were autoradi-

ographed using Kodak XAR-5 film and an intensifying screen (DuPont,
Newark, DE). Films were generally exposed for 24-72 hr at -80”.

To estimate recovery of membrane binding on blots, samples were
processed, transferred, and quenched as described and were then in-

cubated 12-14 hr in 2 nM ‘25I-labeled a-BTX. The amounts of each of

the membrane preparations used for these blots was previously shown

to be in the linear binding range. Filters were washed and autoracli-

ographed, and the radioactive bands were localized and counted di-

rectly. Percent recovery was calculated by comparing mol of a-BTX

bound to blots with values obtained from membrane binding assays.
Values obtained for Torpedo binding recovery were similar to those

reported previously (17).

For alkylation treatment, membranes were suspended in SDS sample

buffer containing 10 mM DTT (without 2-mercaptoethanol) and incu-

bated 30 mm at 22”. NEM (final concentration, 25 mM) was then added

to aliquots of each sample and incubated 60 mm at 22”. Alkylation was
terminated by addition of 2-mercaptoethanol to a final concentration

of 2.5%.

Membrane binding. For membrane binding assays, samples were

diluted into 50 mM Na sodium phosphate, pH 7.5, 1 mM EDTA, and

0.5 mg/ml BSA. The reaction was initiated by addition of ‘25I-labeled
a-BTX (final concentration, 2.0 nM), to triplicate samples, in a total

volume of 1 ml. Membrane suspensions were incubated 6-8 hr at 22”

and then collected on Whatman GF/C filters that were presoaked in
1% BSA, using a Millipore filtration manifold. Each filter was washed

six times with 3 ml of ice-cold 25 mM Tris . HC1, pH 7.5, plus 125 mM

NaCl; nonspecific binding was determined by addition of 1 �tM unla-

beled a-BTX.
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phate, pH 7.5, 1 mM EDTA, and 0.5 mg/ml BSA. Following a 6-8-hr

incubation with 2 nM ‘251-labeled a-BTX (with or without drug addi-
tions as indicated), membranes were washed by centrifugation three

times in 2 volumes of phosphate-buffered saline (10 mM sodium phos-

phate, pH 7.5, 120 mM NaCl). Samples were resuspended to 1 mg of

membrane protein/ml in phosphate-buffered saline, and DSS was

added to a final concentration of 75 MM. After 15 mm at 22”, the
reaction was terminated by addition of SDS sample buffer. Cross-
linked membrane samples were resolved on 5-15% gradient gels. The

gels were fixed, stained with 0.2% Coomassie brilliant blue, and de-

stained in 10% acetic acid/40% methanol. Destained gels were dried

and autoradiographed as previously described.

Results and Discussion

Our objective in these studies was a biochemical description

ofAplysia a-BTX-binding proteins based on comparison of the

physical characteristics of Aplysia a-BTX binding and the

nAChR from Torpedo. a-BTX binding is present in both gan-

glia and muscle tissues from Aplysia; total binding is approxi-

mately 1.0 pmol/g of tissue. This value is comparable to that

found in other tissues, such as mammalian centrab nervous

system (5), and is sufficient to allow biochemical characteriza-

tion.

We began these studies using protein blotting, a technique

uniquely suited for the examination of ligand-receptor inter-

actions (17, 18). As previously reported (15), when Torpedo

membranes are analyzed by protein blotting using ‘25I-a-BTX

as a probe, a 40-kDa band corresponding to the a-subunit of

the AChR is labeled (Fig. 1A, tane 4). In contrast, protein

blotting of Aplysia ganglia membranes reveals only a single
band at 250 kDa that binds ‘251-a-BTX (Fig. 1A, tane 2).
Protein blots of Aptysia muscle membranes reveal a similar

250-kDa a-BTX binding activity (Fig. 1A, tane 3). No a-BTX-

binding activity is detectable in membranes prepared from

Aplysia hepatopancreatic tissue (Fig. 1A, lane 1 ). This latter

result demonstrates that the a-BTX-binding proteins in Apty-

Al 2 3 4 B i 2 3 4

Fig. 1. Binding of 1251-a-BTX to Aplysia and Torpedo membrane protein
blots. A, Samples solubilized in SDS sample buffer (containing 2.5% 2-
mercaptoethanol) 1 hr at 22#{176}.B, Samples solubilized 3 mm at 100#{176}.A
and B, lane 1 , 100 �g of Aplysia hepatopancreas membranes; lane 2,
100 �g of Aplysia ganglia membranes; lane 3, 100 zg of Aplysia muscle
membranes; lane 4, 100 �Lg of Torpedo electric organ membranes.
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sia are tissue specific (consistent with a role as a neurotrans-

mitter receptor).

Another distinguishing feature of the Aptysia binding activ-

ities is thermal sensitivity. Aptysia a-BTX binding is abolished

if samples are boiled before electrophoresis, whereas Torpedo

binding is unchanged by boiling (Fig. 1B, lane 4). Similar boss

of binding activity occurs when Aplysia membranes are exposed

to acidic conditions (10 mm at pH < 5) before electrophoresis

(data not shown). Low pH treatment has no effect on Torpedo

membrane a-BTX binding. The observed disparity in apparent

molecular weights and the differential sensitivity to tempera-

ture and pH suggest underlying structurab differences between

Aplysia a-BTX-binding proteins and the Torpedo AChR.

In membrane binding assays, Torpedo membranes typically

contain 1-10 pmob of a-BTX binding/mg of protein, whereas

Aptysia membranes contain 100-200 fmob/mg. On protein blots,

however, we found approximately the same specific binding

activity in membranes from Torpedo electric organ, Aplysia

muscle, and Aplysia ganglia. Recovery of membrane binding
activity is presented in Table 1. The high recovery of Aplysia

binding relative to Torpedo binding is another indication of a

structural difference between the Aptysia and Torpedo a-BTX

binding proteins. In particular, it suggests that the Aplysia a-

BTX-binding proteins are unusually resistant to denaturation

by SDS or, abternatively, they are more readily renatured on

protein blots.

A common feature of vertebrate nAChRs is a readily redu-

cible disulfide near the ACh binding site (1, 3); reduction or

alkybation of this disubfide alters the functional properties of

the receptor. We have previously shown that binding of a-BTX

to the Torpedo a-subunit on protein blots is sensitive to reduc-

tion-alkylation (17), presumably due to the disulfide bond near

the agonist (and a-BTX) binding site. Similarly, the suscepti-

bibity of Aplysia a-BTX-binding proteins to disulfide reduction

and abkybation with NEM was examined by protein bbotting.

Fig. 2 shows that, after reduction-alkylation treatment, the

binding of a-BTX to Torpedo a-subunit is significantly de-

creased (Fig. 2, lanes 5 and 6), but a-BTX binding to Aptysia
muscle or ganglia membranes is unchanged (Fig. 2, lanes 1-4).

This result indicates that either an analogous disubfide is absent

in Aplysia binding proteins or, if it is present, the disulfide may

be inaccessible to alkylation under the conditions used. It is

also possible that alkybation of the analogous disubfide in Apty-
ski occurs without affecting a-BTX binding. In contrast to the

large decrease in binding seen when the isolated Torpedo a-

subunit is alkylated with NEM, similar treatment of the native

AChR does not significantly affect the bevel of a-BTX binding

(19). Therefore, with respect to NEM sensitivity, the Aplysia

a-BTX-binding proteins are more similar to native Torpedo
AChR than to isolated a-subunit on protein blots.

The characteristics of both Aplysia a-BTX-binding activities
on protein blots are similar to those of high molecular weight

a-BTX-binding proteins recently identified in bower vertebrate

TABLE 1
Recovery of 125l-a-BTX-binding activity on protein blots

Ap!ysia muscle Aplysia ganglia Torpedo

Membrane binding, fmol/mg 152 ± 8 1 10 ± 1 7932 ± 142
Protein blot binding 99 ± 1 4 31 ± 4 37 ± 4

(fmol/mg)
Recovery (%) 65 28 0.5
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Fig. 2. Effect of NEM on binding of 1251-a-bungarotoxin to Aplysia and
Torpedo membrane protein blots. Membrane samples (1 50 �zg of protein/
lane) were exposed to DTT or DTT followed by NEM before electropho-
resis and blotting, as described in Materials and Methods. Lane 1, Aplysia
ganglia, DTT treated; lane 2, Aplysia ganglia, DTT/NEM treated; lane 3,
Aplysia muscle, DTT treated; lane 4, Aplysia muscle, DTT/NEM treated;
lane 5, Torpedo, DTT treated; lane 6, Torpedo, DIT/NEM treated.

I 2 3 4 I 2 3 4 I 2 3 4

340 -
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55 -
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20 -

Fig. 3. Covalent cross-linking of 125l-a-BTX to a-BTX-binding proteins of
Aplysia and Torpedo. Membrane samples were labeled with 1251-a-BTX
by covalent cross-linking with DSS as described in Materials and Meth-
ods. A, Aplysia ganglia; B, Aplysia muscle; C, Torpedo. A-C, lane 1,
samples solubilized in SOS 1 hr at 22#{176};lane 2, samples solubilized in
SOS 3 mm at 100#{176};lane 3, samples incubated 1 0 mm at pH 5 before
solubilization in SOS 1 hr at 22#{176};lane 4, samples cross-linked in the
presence of 1 MM unlabeled a-BTX, solubilized in SDS at 22#{176}.
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2 3 4 5 6 hands, carbamylchobine was an ineffective competitor in gan-

glia, especially considering its effectiveness on both Aplysia

muscle and Torpedo membranes. In any case, the unique phar-

macobogy of Aptysia a-BTX binding activities provides further

evidence that the Aptysia binding proteins differ structurally

from the Torpedo AChR. Notably, both Aptysia binding sites

exhibit a pharmacologic profile similar to that seen for the

ACh-evoked C� conductance [i.e., inhibition by atropine and
strychnine but not by hexamethonium (12, 14)], an observation

that is consistent with involvement of the a-BTX binding

protein in the ACh-gated chloride conductance. These studies

are also important because they show that, despite physical

similarities of muscle and ganglia binding in protein blot anal-

yses (Figs. 1 and 2), the two activities are pharmacologically

distinct.

As a first step towards examination of the subunit structure

of the Aptysia a-BTX-binding proteins, we used the bifunc-

tional cross-linking reagent DSS to covalently attach radiola-

beled toxin to the Aplysia and Torpedo a-BTX-binding poly-

peptides. This approach has been used in the past to examine

the subunit structure of Torpedo AChR (19, 20), rat muscle
AChR (21), and neuronal AchRs (22, 23). Cross-linking studies

with other neurotoxins such as bungarotoxin 3.1 have been

similarly used to identify neuronal nAChRs in invertebrate

tissue (24). We incubated membrane samples in 1251-a-BTX

and then washed the samples to remove unbound 1251-a-BTX.

After exposure to DSS, the cross-linked membranes were sob-

ubibized in SDS, resolved on polyacrylamide gels, and autora-

_________________________________________________ diographed to identify a-BTX-binding polypeptides. In both

Aptysia preparations and in Torpedo, cross-linking with ‘251-a-

BTX labels proteins with mobilities similar to those of proteins

identified with the protein blotting technique, a 250- to 260-

kDa band in the Aptysia membranes (Fig. 3, tones Al and Bi)

and a 48-kDa band in the Torpedo membranes (Fig. 3, tane

Cl ). Additional labeling of Torpedo membranes seen in the

region from 55 to 70 kDa represents cross-linking to the f3-,

“y-, and #{244}-subunits. The pattern of labeling seen with Torpedo

membranes is similar to that previously reported for DSS cross-

linking of [4Hjacobratoxin (19). Specificity of cross-linking

to Aptysia membranes is demonstrated by the ability of unla-

beled a-BTX (1 �M) to prevent labeling (Fig. 3, A-C, tane 4)

and the selective ability of cholinergic drugs to prevent labeling.

For example, 100 �sM suberyldicholine effectively prevents

TABLE 2
Equilibrium membrane binding of 1251-a-BTX: compet
with cholinergic and noncholinergic drugs

ition studies

IC50

Aplysi#{225}musde Aplysia ganglia Torpedo

MM

Carbamylcholine 60 >1 000 95
Suberyldicholine 5.8 3.5 6.7
Hexamethonium 590 >1 000 >1000
Decamethonium 87 540 90
Tubocurarine 7.6 3.3 5.7
Strychnine 0.94 0.44 >1000
Atropine 69 70 >1000

central nervous system (16), which also display sensitivity to

boiling and resistance to reduction-alkylation treatments.

These properties are, thus, not unique to the Aptysia binding

proteins. The similar characteristics of the Aptysia and lower

vertebrate a-BTX-binding activities suggest that this class of

binding proteins may be phylogeneticalby widespread.

To determine whether the Aplysia ganglia and Aptysia muscle

binding activities were distinct, we examined the pharmacology

of a-BTX binding to membranes using competition assays with

cholinergic and noncholinergic drugs. A comparison of these

results with those seen for Torpedo AChR is presented in Table

2. Suberybdicholine and tubocurarine are effective competitors

of a-BTX binding in all three tissues and provide evidence for

the nicotinic character of the Aptysia a-BTX binding activities.

Carbamylcholine and decamethonium are effective competitors

with Aptysia muscle and with Torpedo AChR, but not with

Aplysia gangbia. Conversely, atropine and strychnine compete

effectively in Aplysia, both muscle and ganglia, but are ineffec-

tive with Torpedo membranes. Ono and Salvaterra (13) con-

ducted similar studies on a-BTX binding to Aptysia ganglia

membranes and found similar IC50 values for the drugs tested,

with the exception of carbamylcholine. It is unclear why, in our

A B C
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cross-linking, whereas the same concentration of hexametho-

nium does not (data not shown).

Covalently labeled polypeptides were used to determine

whether treatments previously shown to abolish a-BTX bind-
ing on protein blots did so by causing subunit dissociation.

When Aptysia samples are solubilized at room temperature the

major cross-linked toxin-receptor complex migrates at approx-

imately 245-255 kDa (Fig. 3, lanes Al and Bl ). Less prominent

labeled species at 60-70 kDa and 130-160 kDa are also seen in
some preparations. The high molecular weight of the major

Aptysia binding proteins labeled by cross-linking is approxi-

mately the same as that of the undenatured AChR and is also

similar to that reported for the locust neuronab AChR (23).

After the sample is heated, however, the major band cross-

linked to ‘251-a-BTX migrates at 60-70 kDa (Fig 3, kines A2

and B2), similar to the minor band observed in samples solu-

bibized at room temperature. Exposure of cross-linked Aptysia

samples to bow pH results in the same pattern of labeling as

that produced by boiling (Fig. 3, lanes A3 and B3). Similar heat

and pH treatments have no major effect on the pattern of

labeling seen with cross-linked Torpedo membranes (Fig. 3C).

No evidence of cross-linking between subunits, yielding labeled

polypeptides larger than 70 kDa, is seen in Torpedo samples

under any conditions. This suggests that the high molecular
weight a-BTX-binding polypeptide observed in Aptysia is not

due to cross-linked subunits. Thus, the high molecular weight

a-BTX-binding proteins ofAptysia appear to have a multimeric

structure.

Data from the protein blot experiments were consistent with

either of two possibilities. The Aptysia a-BTX-binding protein

could be a monomer that maintains its tertiary structure and

ability to bind a-BTX in the presence of SDS but is denatured
in SDS when heated or exposed to low pH. Similar sensitivity

to thermal denaturation of binding activity has been reported

for the EGF receptor, a 170-kDa monomeric protein (18).

Binding of ‘25I-labeled EGF to EGF receptor on protein blots

is abolished if receptor samples are boiled before electrophore-

sis. Alternatively, the a-BTX-binding protein could be a mul-

timer that is resistant to SDS-induced subunit dissociation.
Similar resistance to SDS-induced dissociation has been re-

ported for other proteins, including matrix porin from Esche-

richia coti (25) and a neuronal AChR (23). Porin is a trimeric

protein that is resistant to dissociation in chaotropic agents

and in SDS but can be dissociated if the protein is heated or
exposed to acidic pH in the presence of SDS. Breer et at. (23)

reported that the locust nAChR migrated on SDS gels at 250-

300 kDa when samples were sobubibized at room temperature

without reducing agents. Addition of DTT shifted the receptor

polypeptide mobility to 130 kDa; boiled, reduced receptor mi-
grated at 65 kDa.

Although we have not seen similar effects of reducing agents

on Aptysia a-BTX-binding proteins, the cross-linking experi-

ment reveals faint but reproducible labeled proteins between
130 and 160 kDa following boiling or low pH treatment (Fig. 3,

A and B), in addition to the more prominent a-BTX-binding

protein at 70 kDa. These results also provide strong evidence

that the loss of binding activity on protein blots following heat

or low pH treatments is due to subunit dissociation. Resistance

to SDS-induced dissociation by the Aptysia a-BTX-binding

proteins and the locust neuronal AChR may reflect a general

property of invertebrate AChR-like proteins. A similar resist-

ance to SDS-induced dissociation could also explain the prop-

erties of lower vertebrate a-BTX binding proteins discussed

above.

The molecular weights of the Aptysia a-BTX-binding sub-

units (approximately 64 kDa) fall within the range reported for

other neuronal toxin-binding subunits [chick retina, 57 kDa

(22); locust, 65 kDa (23)]. The vertebrate a-BTX-binding pro-

teins appear to be structurally similar to the Torpedo AChR in

that they are heterooligomers (22, 26). In contrast to this, the

locust a-BTX-binding protein has been reported to be a hom-

ooligomer, a structure predicted for ancestral AChRs based on

the high degree of homology between the AChR subunits (27,

28). Although we cannot at this time distinguish between a

homo- and heterooligomeric structure for the Aptysia a-BTX-

binding proteins, it is clear that they are structurally more

similar to the locust receptor than they are to muscle-type

receptors from vertebrates.

One interesting aspect of our results is the similarity between

muscle and neural binding proteins in Aptysia. The question

arises, if the ganglia a-BTX-binding protein is a gated chloride

channel, what is the functional robe of the muscle a-BTX-

binding protein? One possible answer is that the a-BTX bind-

ing detected in the muscle membrane preparations is derived

from “contaminating” neural tissue. The specific transmitter

or transmitters responsible for control of the foot muscle of

Aptysia have not been clearly defined, but it is known that ACh
provides excitatory input to at least some muscle groups in

Aplysia (29). We were unable to detect any a-BTX binding on

protein bbots of membranes prepared from one of these, the

buccal mass (data not shown). In other invertebrates, move-

ment is controlled by the interplay of both excitatory and

inhibitory inputs to the musculature (30), and so involvement

of multiple transmitters in Aptysia is likely. It is possible that

a subset of motor neurons provide inhibitory input to the foot

pad musculature via ACh-gated chloride channels similar to

those seen in ganglia. Alternatively, the muscle a-BTX-binding

protein either may be presynaptic or could be a receptor for a

different transmitter. Ono and Salvaterra (13) reported that,

in ganglia, a-BTX could block some chloride-dependent re-

sponses to histamine and gbutamate. Preliminary purification

experiments indicate, however, that in addition to binding to

a-BTX affinity columns, the muscle a-BTX binding activity

also binds to ACh affinity columns.’ This result supports the

hypothesis that the a-BTX-binding protein is involved in me-

diating a response to ACh.

Recently published reports have demonstrated sequence ho-

mobogy among nAChRs, the GABAA receptor (31), and the

strychnine-binding subunit of the gbycine receptor (32). These

findings have provided evidence for a family of structurally

related ligand-gated ion channels (33). Both the GABAA and
glycine receptors are ligand-gated channels but, unlike most

nAChRs, they are selective for anions. The structural similarity

between other AChRs and the Aptysia a-BTX-binding proteins

demonstrated in this report, together with earlier electrophys-

iobogicab studies, are consistent with the hypothesis that the

Aptysia a-BTX binding proteins function as ACh-gated chlo-

ride channels. The combination of ACh gating and chloride

selectivity suggest, in turn, that the Aptysia a-BTX-binding

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


598 McLaughlin and Hawrot

proteins may represent an evolutionary link between the cation

and anion sebective branches of this proposed receptor family.
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