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Identification of Exposed and Buried Determinants of the Membrane-Bound
Acetylcholine Receptor from Torpedo californica’

Stanley C. Froehner

ABSTRACT: The ability of five rabbit anti-acetylcholine receptor
antisera to recognize the membrane-bound receptor from
Torpedo californica has been investigated. Two antisera,
raised against affinity-purified native receptor, react extensively
with purified receptor-rich membrane vesicles. Since the
membrane vesicles are impermeable to macromolecules and
are oriented right side out, these two antisera recognize pre-
dominantly extracellular determinants. Two antisera against
sodium dodecy! sulfate denatured receptor and one against
purified § subunit react poorly with the membrane-bound
receptor. Only 10-20% of the determinants recognized by
these antisera are accessible to antibodies when the receptor
is membrane bound. Many of the latent sites can be exposed
by permeabilizing the vesicles with saponin, by alkaline ex-
traction of the membranes to remove peripheral proteins, or

’Ee nicotinic acetylcholine (ACh)! receptor binds cholinergic
ligands and mediates a transient increase in the permeability
of the membrane to Na* and K*. In recent years, the ACh
receptor has been studied extensively in both its membrane-
bound and solubilized, purified forms [for a recent review, see
Karlin (1980)]. The purified receptor from Torpedo electric
tissue is a large integral membrane protein complex with a
molecular weight of approximately 250000 (Reynolds &
Karlin, 1978), and a Stokes radius of ~72 A (Raftery et al.,
1972; Reynolds & Karlin, 1978). This complex appears to
possess the components necessary for both the transmitter
binding event and the membrane permeability changes as
demonstrated by agonist-induced Na* flux assays on highly
purified membrane preparations (Neubig et al., 1979; Elliot
et al., 1980) and on receptors reconstituted into lipid vesicles
(Epstein & Racker, 1978; Lindstrom et al., 1980a). Gel
electrophoresis in sodium dodecyl sulfate (NaDodSO,) of the
purified receptors reveals that the complex is composed of
polypeptides of apparent molecular weights of 40000 (a),
50000 (B8), 60000 (+), and 65000 (8) (Weill et al., 1974;
Hucho et al., 1976; Chang & Bock, 1977; Froehner & Rafto,
1979; Lindstrom et al., 1979a; Vandlen et al., 1979) that are
present in a molar ratio of 2:1:1:1, respectively (Reynolds &
Karlin, 1978; Lindstrom et al., 1979a). The absence of one
or more of the larger polypeptides from some preparations
(Sobel et al., 1977) is likely due to proteolysis. Inhibition of
proteolysis during isolation of the receptor is important in order
to achieve reproducible subunit patterns (Froehner & Rafto,
1979; Lindstrom et al., 1980b). -
Subunit function has been a major focus of several research
groups. There is universal agreement that the « subunit
possesses the cholinergic binding site. It can be affinity labeled
with both 4-N-maleimidobenzyl[*H]trimethylammonium
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by a combination of these two treatments. These treatments
neither solubilize the receptors nor interfere with their ability
to undergo agonist-induced affinity changes. Subunit analysis
of the sites on the membrane-bound receptor that are accessible
to antibodies indicates that the «, 8, and é chains possess
extracellular determinants. Buried sites are present on all four
of the subunits. Saponin permeabilization makes latent sites
accessible on « and & while alkaline extraction uncovers de-
terminants on «, v, and 8. Treatment of membranes by both
procedures reveals sites on 8, 4, and 6 that are not uncovered
by either treatment alone. This study, in conjunction with
results from other laboratories demonstrating that the 4 chain
is extracellularly exposed, suggests that all four subunits are
transmembrane proteins.

iodide (Weill et al., 1974) and [*H]bromoacetylcholine (Damle
et al,, 1978; Moore & Raftery, 1979) after reduction and also
with [*H]-p-(trimethylammonium)benzenediazonium fluoro-
borate (Weiland et al., 1979). The functions of the other
polypeptides remain to be determined. Since the ACh receptor
modulates ion permeability by a channel mechanism (Karlin,
1973), one or more of the subunits must span the membrane.
Recent studies of the proteolytic sensitivity of the subunits of
the receptor in its membrane-bound form have addressed this
point (Wennogle & Changeux, 1980; Strader & Raftery,
1980).

In this report, we present the results of investigations of the
reactivity of anti-ACh receptor (anti-AChR) antisera with the
receptor in its membrane-bound form. These studies were
conducted for two reasons. First, it seemed feasible to study
receptor topology in the membrane by identifying and char-
acterizing two general types of antigenic determinants: those
that are accessible to antibodies when the receptor is mem-
brane bound and those that are not. The basis for inacces-
sibility of buried sites could then be investigated by treating
the membranes in various ways to expose them. Determination
of the subunits which possess buried sites would provide ad-
ditional information about the topology of the receptor com-
ponents.

Second, the ability of antibodies to bind to the receptor in
situ is of importance in the human neuromuscular disease
myasthenia gravis and in its experimentally induced count-
erpart experimental autoimmune myasthenia gravis (EAMG)
[for a recent review, see Lindstrom (1979)].  Although much
is known about the reactivity of anti-AChR antibodies with
detergent-solubilized receptor, little quantitative data on the

! Abbreviations used: ACh, acetylcholine; AChR, acetylcholine re-
ceptor; NaDodSQ,, sodium dodecyl suifate; NEM, N-ethylmaleimide;
EDTA, (ethylenedinitrilo)tetraacetic acid; EGTA, ethylene glycol bis-
(B-aminoethyl ether)-N,N,N’N"-tetraacetic acid; aBuTx, a-bungaro-
toxin; anti-nAChR, antiserum against native AChR; anti-dAChR, an-
tiserum against denatured AChR; anti-é, antiserum against the § subunit;
BSA, bovine serum albumin.
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binding of these antibodies to the membrane-associated re-
ceptors are available. In view of the observation that injection
of native receptor into rabbits induces EAMG while denatured
receptor does not (Valderrama et al., 1976, Bartfeld & Fuchs,
1977), it seemed important to compare the ability of such
antisera to recognize the membrane-bound receptor.

Experimental Procedures

Preparation of Affinity-Purified AChR. AChR was pu-
rified from liquid nitrogen frozen Torpedo californica electric
organ (Pacific Biomarine) as described (Froehner & Rafto,
1979) with some modifications. Extraction of the crude
membrane fraction was done in the presence of 10 mM N-
ethylmaleimide (NEM) with 2% cholate instead of Triton.
Also, cholate was used in all buffers instead of Triton but at
the same concentrations. After elution from the column, the
purified AChR was dialyzed extensively against homogeni-
zation buffer containing 1 mM NEM and 0.01% cholate and
stored at 4 °C. AChR used for the production of antisera was
prepared without NEM exactly as described by Froehner &
Rafto (1979).

Preparation of AChR-Rich Membranes. Live Torpedo
californica rays were obtained from Pacific Biomarine.
Membranes were isolated from the electric organ by the
procedure described by Sobel et al. (1977) with the following
modifications. Homogenization of the tissue was done in a
large Waring blender in the cold for four periods of 1 min each.
The homogenate was cooled to 9-10 °C between homogeni-
zation periods. Both sucrose-gradient purifications were
performed in an SW27 rotor at 23000 rpm for 68 h. The
sonication steps were omitted.

Treatment of membranes with saponin was performed as
described by St. John et al. (1979). Membranes (1.1 mg/mL
protein) in 10 mM NaPO,, pH 7.4, 0.15 M NaCl, and 0.02%
NaN; (PBS) were mixed with !/, volume of 1% saponin at
4 °C. After 10 min, the membranes were pelleted by cen-
trifugation at 25000g for 20 min. Pellets were resuspended
by gentle homogenization with a Dounce homogenizer in PBS
and collected by centrifugation. After resuspension in PBS,
the saponin-treated membranes were dialyzed against PBS and
stored at 4 °C.

Alkaline extraction of normal or saponin-treated membranes
was performed as described by Neubig et al. (1979). The
treated membranes were resuspended in PBS, dialyzed against
PBS, and stored at 4 °C. Protein concentrations were de-
termined according to the method of Lowry et al. (1951) using
bovine serum albumin (BSA) as the standard.

Production of Antisera. All antisera were raised in rabbits.
For the preparation of antibodies to native AChR, approxi-
mately 100 ug of affinity-purified AChR in 2.0 mL of 0.05
M Tris, pH 7.4, 0.05 M NaCl, and 0.25% Triton was emul-
sified with a equal volume of complete Freund’s adjuvant and
injected intradermally and subcutaneously in multiple sites
along the back. This was repeated 21 days later using in-
complete Freund’s adjuvant. The animals were bled 5-7 days
later. For the preparation of antibodies to the denatured
receptor, the protein was denatured by boiling in 1.6% Na-
DodSO, for 5 min before emulsification and injected according
to the same protocol.

AChHR subunits (~100 ug of each) were separated by
NaDodSO, gel electrophoresis (see below). The gel was
stained briefly with Coomassie Blue, and the protein bands
were excised with a razor blade. After equilibration in PBS,
the gel strips were homogenized in a Dounce homogenizer,
mixed with about 2 mL of PBS, and emulsified with an equal
volume of complete Freund’s adjuvant. Animals were injected
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as described above. Subsequent injections were carried out
with incomplete Freund’s adjuvant 23, 78, and 125 days later.
Animals were bled at various times during this period, but the
most active serum was obtained on day 135. This procedure
was successful only with the & subunit.

Anti-aBuTx was prepared according to the procedure of
Daniels & Vogel (1978). All sera were heat inactivated at
60 °C for 20 min and stored at =70 °C,

Radioiodination of Proteins. For the preparation of «-
[12*I]bungarotoxin ([>1]aBuTx), 5 mCi of carrier-free Na'%]
(Amersham), 2.5 nmol of Nal, 5 nmol of chloramine-T, and
7 nmol of H,SO, in a total volume of 72 uL were incubated
for 1 min on ice in a well-ventilated hood. aBuTx (5 nmol)
in 70 uL of 0.77 M NaPO,, pH 7.4, was added, and after 2
min at 4 °C, the reaction was stopped by the addition of 10
uL of 1 mM dithiothreitol and 50 uL of 100 mM Nal. La-
beled aBuTx was then separated from the reactants on a small
Bio-Gel P6 column equilibrated with 3 mM NaPO,, pH 7.4,
and 1 mg/mL BSA. The monoiodinated «aBuTx was then
purified according to Vogel et al. (1972).

AChHR was radioiodinated by the glucose oxidase—lacto-
peroxidase method. Affinity-purified AChR (1 mg) was mixed
with 5 mCi of carrier-free Na!2’I, 150 nmol of Nal, and 100
uL of Enzymobeads (Bio-Rad) in a total volume of 2.9 mL
of 0.10 M NaPO,, pH 7.4. The reaction was initiated by the
addition of 100 uL of 10% D-glucose and continued for 15 min
at room temperature. After the addition of cholate to 1%, the
sample was centrifuged briefly in a microfuge to remove the
Enzymobeads. For determination of the specific radioactivity
of the labeled protein, acid-precipitable radioactivity of an
aliquot of the sample was determined by a filter disk method
(Hubbard & Cohn, 1975). Recovery of protein was assumed
to be 100% at this stage. The remainder of the sample was
then purified on a 1.5 X 26 c¢cm Bio-Gel P-100 column
equilibrated with PBS containing 0.1% cholate. Radioactive
fractions in the excluded volume were pooled and stored at
4 °C. Specific radioactivities were (1.5-7) X 105 dpm/pmol.

125]-Labeled protein A was prepared by a modified chlor-
amine-T procedure (Greenwood et al., 1963). Protein A (50
ug) was mixed with 2 mCi of carrier-free Na'?*I and 13 nmol
of chloramine-T in a final volume of 90 uL of 0.10 M NaPOQ,,
pH 7.4. After 2 min at 4 °C, the reaction was terminated with
10 uL of sodium metabisulfite (1 mg/mL), and the sample
was applied toa 1 X 8 cm Bio-Gel P-10 column equilibrated
with PBS. Radioactive fractions in the excluded volume were
pooled and stored at -70 °C. Specific radioactivity was (3-6)
% 107 dpm/ug.

Assays for ["*IlaBuTx Binding to AChR. Binding of
['®1)aBuTx to detergent-solubilized AChR was measured as
previously described (Froehner & Rafto, 1979). Binding to
AChR-rich membranes was measured by incubating mem-
branes with a 5—10-fold excess of ['**I]aBuTx in a total volume
of 25 uL of PBS containing 1 mg/mL BSA for 45 min at 37
°C. Reaction mixtures were then diluted with 3 mL of
PBS-BSA and collected on filters (0.2 um EGWP Millipore).
The filters were washed 3 times with PBS-BSA and then
counted in a Beckman 4000 vy counter.

Assays for Antibody Activities. Anti-AChR activity was
determined by immunoprecipitation of [!*I]JAChR. Duplicate
samples of [2I]AChR (1.0-2.0 pmol) in 10 L of 10 mM
NaPQ,, pH 7.4, 0.15 M NaCl, 0.02% NaN,, 0.1% Triton
X-100, and 1 mg/mL hemoglobin (PBST) were mixed with
10 uL of antiserum diluted in PBST and incubated for 30 min
at 37 °C. IgGsorb (10 uL) (fixed Staphylococcus aureus
bacteria; The Enzyme Center, Boston, MA) was added, and
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the incubation was continued for 30 min. Reaction mixtures
were then diluted with 1 mL of PBST and centrifuged in an
Eppendorff 5413 microfuge for 10 min. The pellets were
washed twice by resuspension in 1 mL of PBST with vortexing
and centrifugation. Radioactive antigen—antibody complexes
bound via protein A to the fixed bacterial cells were measured
in 4 counter. Anti-aBuTx activity was determined in an
identical manner using ['2’I]aBuTx (0.25 pmol) as the antigen.

Assay for Antibody Binding to AChR-Rich Membranes.
Binding of antibodies to membranes was measured by incu-
bating aliquots of antiserum with membranes, removal of
bound antibodies by centrifugation, and determination of
unbound antibodies by immunoassay. Antiserum (5-20 uL)
was incubated with membranes (5-100 ug of protein) in a total
volume of 200 uL of PBS at 37 °C with occasional mixing.
After 60 min, the membranes were pelleted by centrifugation
for 30 min at 4 °C in an Eppendorff microfuge, and the
supernatants were carefully removed. Antibody activity in the
supernatants was then determined as described above. The
same amount of activity (as measured by using [**IJAChR)
was used when reacting different antisera with membranes.

Determination of Subunit Specificity of Antisera. The
method of Burridge (1976) as modified by Adair et al. (1978)
for detecting antigens in NaDodSO, gels was used. Proteins
were separated by NaDodSO, microslab gel electrophoresis
as described by Matsudaira & Burgess (1978). Protein bands
were located by reversibly staining the gel with Coomassie
Brilliant Blue G as described by Blakesley & Boezi (1977).
Lanes (5-7 mm wide) containing the protein bands were cut
out, the bottom left corner of each slice was nicked to mark
the bottom of the gel, and the strips were then destained in
methanol:H,O:acetic acid (5:5:1) for several hours. After
equilibration in buffer A (50 mM Tris, pH 7.4, 50 mM Na(l,
and 0.19% NaN,) for several hours, the strips were transferred
to polystyrene tubes (Falcon 2054) containing 3 mL of gelatin
solution (1 mg/mL buffer A). Antiserum was added (final
dilution of 1:30-1:500), and the capped tubes were incubated
in a horizontal position for 24 h at 23 °C with gentle shaking.
Care was taken to ensure that the gel strips remained sub-
merged in the buffer throughout the incubation. The strips
were then transferred to 50-mL capped tubes containing buffer
A and washed for 3 days with gentle shaking. The buffer was
changed twice daily. The washed gel strips were then incu-
bated with !%5I-labeled protein A (0.75-1.0 ug in 3 mL of
gelatin solution) and washed exactly as described above for
the antisera. Gel strips were then dried down between dialysis
tubing (Bio-Rad) and exposed to Cronex 2DC X-ray film with
an intensifying screen at -70 °C.

In some experiments, total cellular protein of the electroplax
organ was used as the source of antigen. Approximately 10
g of frozen Torpedo electroplax tissue was placed in 10 mL
of 0.125 M Tris, pH 6.8, 1 mM EDTA, | mM EGTA, Tra-
sylol (10 units/mL), 10 mM NEM, 5 ug/mL pepstatin, and
0.5 mM phenylmethanesulfonyl fluoride and homogenized on
ice with a Polytron. NaDodSO, was added to a final con-
centration of 2%, and the sample was immediately boiled for
10 min. After centrifugation for 5 min at 30000g, glycerol
and bromophenol biue were added to final concentrations of
9% and 0.001%, respectively, and the sample was applied to
the microslab gel without prior reduction.

Results

Reactivity of Antisera with Detergent-Solubilized AChR.
Four rabbits were injected with affinity-purified AChR, either
in Triton or after NaDodSO, denaturation. All four antisera
showed high titers of anti-AChR activity when assayed with
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FIGURE 1: Reactivity of antisera with solubilized, purified ['*T]JAChR.
(A) Native ['"®IJAChR or (B) denatured ['*I]JAChR (1.8 pmol) was
incubated with dilutions of anti-nAChR 1 (4), anti-nAChR 2 (¥),
anti-dAChR 1 (@), anti-dAChR 2 (m), or anti-aBuTx (O) and
processed as described under Experimental Procedures.

native [!*I]JAChR (Figure 1A). The two antisera prepared
aganist native AChR (anti-nAChR) showed somewhat higher
activity than did the antisera prepared against NaDodSQ,-
denatured AChR (anti-dAChR). Using values of ['*IJAChR
precipitated that are linear with the amount of antiserum
added, it was determined that anti-nAChR 1 and anti-nAChR
2 precipitate 54 and 23 pmol of AChR/uL of antiserum,
respectively. The activities of anti-dAChR 1 and anti-dAChR
2 were 24 and 16 pmol/uL, respectively. The activities of all
four antisera were greatly decreased (10-50-fold) when de-
natured AChR was used as the antigen (Figure 1B). Fur-
thermore, both anti-dAChR sera were more active (about
2-fold) against denatured antigen than were the anti-nAChR
sera. Neither native nor denatured AChR was precipitated
by rabbit anti-oBuTx (Figure 1). In all subsequent assays,
native [!>IJAChR and amounts of antiserum that bound
10-20% of the antigen were used.

The production of rabbit antisera of the individual subunits
of AChR was not as successful as with the complex. All four
subunits were purified and injected individually using several
protocols, but only one high-titer antiserum was obtained. The
d polypeptide elicited an activity against native ['?*I]AChR
comparable to that of the anti-dAChR sera (8.5 pmol/uL).

Both rabbits injected with native AChR displayed muscle
weakness symptoms characteristic of experimental autoim-
mune myasthenia gravis (Patrick & Lindstrom, 1973). At
the time the serum was taken, the rabbit from which anti-
nAChR 1 was obtained was extremely weak and was unable
to stand or sit. The symptoms in the second rabbit were less
dramatic. In agreement with results from other laboratories
(Valderrama et al., 1976; Bartfeld & Fuchs, 1977), neither
animal injected with denatured AChR developed symptoms
of the disease, even after subsequent injections. Similarly, the
rabbit that produced a high titer antiserum to the § subunit
exhibited no symptoms, again in agreement with previous
results (Claudio & Raftery, 1977; Lindstrom et al., 1978).
Since the effectiveness of anti-AChR antibodies in promoting
defective neuromuscular transmission must depend in part on
their ability to bind to the receptor in situ, we sought ways
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FIGURE 2: NaDodSO, gel electrophoresis of (A) affinity-purified
AChR, (B) AChR-rich membranes, (C) saponin-treated AChR-rich
membranes, and (D) alkaline-extracted AChR-rich membranes.

to measure the binding of anti-AChR antibodies to the receptor
in its membrane-bound form. Although it would be most
appropriate to use postsynaptic membranes from mammalian
muscle for these studies, the small amounts present in this
tissue preclude their isolation and use in studies of this type.
Alternatively, we purified AChR-rich membranes from Tor-
pedo californica electric organ and investigated the binding
of the antibodies to the homologous antigen. In view of the
biochemical similarities between Torpedo and mammalian
muscle receptors (Froehner et al., 1977; Nathanson & Hall,
1979), this approach seems appropriate.

Characterization of Receptor-Rich Membranes. Recep-
tor-rich membranes prepared by the method of Sobel et al.
(1977) are in vesicular form with almost all vesicles oriented
in right-side-out conformation. Since about 90% of these
vesicles are impermeable to macromolecules, the predominant
antigenic determinants available for antibody binding are those
normally exposed to the exterior of the cell. Treatment with
saponin at low concentrations permeabilizes the vesicles
without solubilizing the receptor, thus promoting antibody
access to intracellular determinants (St. John et al., 1979).
These are essential properties for the study of subunit topology,
and it was for these reasons that we used membranes prepared
in this manner.

Gel electrophoresis in NaDodSO, of the AChR-rich mem-
branes is shown in Figure 2. In contrast to some reports
(Sobel et al., 1977) but in reasonable agreement with others
(Neubig et al., 1979; Wennogle & Changeux, 1980; Froehner
et al., 1981), our preparations contain all four subunits of the
receptor, although the amount of the + chain is considerably
less than that found in affinity-purified AChR (compare
Figure 2A,B). This polypeptide is highly sensitive to pro-
teolysis during isolation, especially if NEM is not present
(Froehner & Rafto, 1979). In one preparation, we included
NEM in the homogenization buffers but found that the pu-
rified membranes possessed substantial amounts of contami-
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nating proteins. The « chain of affinity-purified AChR mi-
grates more slowly than its counterpart in membranes because
of its reactivity with NEM (Froehner & Rafto, 1979). In
addition to the four receptor polypeptides, the membranes
contain two polypeptides which migrate between o and 8. The
larger of these is probably a degradation product of one of the
receptor subunits since it is reactive with anti-AChR (Froehner
et al., 1981). Even though some proteolysis of these mem-
branes occurs during isolation, this is unlikely to affect their
ability to bind antibodies. Lindstrom et al. (1980b) have shown
that membrane-bound receptors that have been almost com-
pletely proteolyzed with papain still retain their normal
structural and functional properties.

In agreement with other reports (Neubig et al., 1979; Elliot
et al., 1980), the polypeptide of approximately 43 000 mo-
lecular weight can be removed by extraction of the membranes
at pH 11 (Figure 2D) or with lithium diiodosalicylate (Elliot
et al.,, 1980; S. C. Froehner, unpublished experiments). Al-
kaline extraction also removes two polypeptides of 50000-
55000 daltons, and greatly diminishes one of about 90 000.
Other polypeptides are also present in small amounts, some
of which are removed by alkaline extraction. Saponin
treatment has little effect on the polypeptide composition of
the membranes (Figure 2C). In some preparations, the
amount of the 43 000-dalton polypeptide was somewhat re-
duced by saponin treatment. In most, it was fully retained.
The reason for this variability is unknown. Membranes sub-
jected to both alkaline extraction and saponin treatment possess
the same composition of polypeptides as those receiving only
alkaline extraction (not shown).

Several lines of evidence indicate that these treatments do
not grossly alter the functional aspects of the receptor. The
functional characteristics of alkaline-extracted AChR-rich
membranes are very similar to those of untreated membranes
(Neubig et al., 1979; Moore et al., 1979; Elliot et al., 1980).
They exhibit agonist-induced Na* flux, «BuTx binding, local
anesthetic binding, and desensitization properties comparable
to those of normal membranes. The saponin treatment used
to permeabilize the vesicles precludes investigations of agon-
ist-induced cation flux. However, the slower transition from
low- to high-affinity agonist binding, generally thought to
represent desensitization (Weiland et al., 1977; Quast et al.,
1978), can be studied in permeabilized membranes. As shown
in Figure 3, normal membranes as well as those subjected to
all three treatments exhibit an increase in affinity for agonists
when incubated with carbamoylcholine. If carbamoylcholine
(1 #M) and ['*I]aBuTx are added simultaneously, the rate
of toxin binding is reduced only slightly. Membranes prein-
cubated for 15 min with 1 uM carbamoylcholine bind
['*I]aBuTx at a substantially slower rate, indicating a con-
version from the low-affinity state for the agonist to the
high-affinity one (Weiland et al., 1977; Quast et al., 1978).
In the experiment shown here, the conversion to high affinity
is less complete with membranes receiving the dual treatment.
In other experiments with the same membranes, the conversion
was indistinguishable from that of normal membranes. The
high-affinity form of the membrane-bound receptor is stabi-
lized by local anesthetics (Cohen et al., 1980) and Triton
X-100 (Brisson et al., 1975) and by treatment with phos-
pholipase A (Andreasen & McNamee, 1977). Volatile an-
esthetics facilitate conversion to the desensitized form (Young
et al., 1978) while solubilization of the receptor drastically
alters the transition (Weiland et al., 1976). Thus, the ability
of the receptors to undergo this conformational change is a
sensitive test of perturbation. These results argue against any
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FIGURE 3: Binding of ['2*I]aBuTx to (A) normal membranes, (B)
saponin-treated membranes, (C) alkaline-extracted membranes, and
(D) saponin-treated, alkaline-extracted membranes in the absence
of carbamoylcholine (®), in the presence of 1 M carbamoylcholine
added simultaneously with the toxin (), or after preincubation of
the membranes with 1 uM carbamoylcholine for 15 min before the
addition of toxin (). All reactions were performed at 25 °C.,
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substantial alteration in receptor structure as a result of the
treatments. It should also be noted that concentrations of
saponin at least 30-fold higher than those used to permeabilize
the vesicles are completely ineffective in solubilizing the re-
ceptor (data not shown).

Binding of Antibodies to the Membrane-Bound Receptor.
Attempts to measure the binding of antibodies to receptor-rich
membranes directly using [12I]IgG were unsuccessful because
of high levels of nonspecific binding of radioiodinated anti-
bodies (C. McKay and S. C. Froehner, unpublished experi-
ments). Therefore, we developed a procedure in which antisera
were incubated with membrane vesicles, the immune com-
plexes were removed by centrifugation, and the amount of
anti-AChR activity remaining in the supernatant was deter-
mined quantitatively as described above. This procedure
detects antibodies directed against sites on detergent-solubilized
ACHR that are inaccessible in the membrane-bound receptor.

Both anti-nAChR 1 and anti-nAChR 2 bind well to normal
membranes. As shown in Figure 4, untreated membranes,
when present in excess, are capable of binding at least 80%
of the antibodies in anti-nAChR 1 and about 70% of anti-
nAChR 2. Two lines of evidence indicate that this binding
is specific. First, a control antiserum, rabbit anti-aBuTx, does
not bind to the membranes (Figure 4). Second, the anti-AChR
antibodies do not bind to human erythrocyte membranes or
to partially purified from Electrophorus electic tissue when
used at similar membrane protein concentrations (data not
shown). Electrophorus contains much lower levels of AChR
than does Torpedo, and they show only partial cross-reactivity
with anti-Torpedo AChR antisera (Lindstrom et al., 1979b).
In contrast to the antisera to native AChR, both anti-dAChR
sera bind poorly to normal membranes (Figure 5). In this
experiment, only 10-20% of both anti-dAChR 1 and anti-
dAChHR 2 could be bound to the membranes. Thus, these
antisera recognize predominantly antigenic determinants that
are inaccessible to antibodies when the receptor is membrane
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FIGURE 4: Binding of (A) anti-nAChR 1 (—) and anti-aBuTx (---)
and (B) anti-nAChR 2 to normal membranes (O), saponin-treated
membranes (8), or alkaline-extracted membranes (). Binding was
measured by absorption of 5 uL of anti-nAChR 1, 10 uL of anti-
nAChHR 2, or 10 uL of anti-aBuTx in a total volume of 200 xL with
the indicated amounts of membranes, followed by determination of
the antibody activity remaining in the supernatant as described under
Experimental Procedures.
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FIGURE 5: Binding of (A) anti-dAChR 1 and (B) anti-dAChR 2 to
normal membranes (O), saponin-treated membranes (3), or alka-
line-extracted membranes (A). Absorption were carried out with 10
gL of anti-dAChR 1 and 20 uL of anti-dAChR 2 as described under

Experimental Procedures.

bound. Preincubation of the membranes with excess aBuTx
or with carbamoylcholine did not detectably affect the binding
of anti-dAChR 1 or anti-nAChR 2.

Some of the inaccessible sites can be exposed by either
saponin permeabilization or alkaline extraction of the mem-
brane vesicles. Saponin treatment increases the binding of
anti-dAChR 1 and anti-dAChR 2 2- and 4-fold, respectively.
Alkaline extraction increases anti-dAChR 1 binding 3—4-fold
and anti-d AChR 2 binding 5-6-fold (Figure 5). The effects
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Table I: Absorption of Antisera with AChR-Rich Membranes®

antibody activity remaining (% + SD)

saponin alkaline saponin treated +
antiserum normal treated extracted alkaline extracted
anti-nAChR 1 16 + 5(12) 13+ 6 (6) 4+2(8) 2+3(3)
anti-nAChR 2 28+ 8(12) 14 + 6 (7) 7+4(6) 3+4(3)
anti-d AChR 1 79+12(18) 52+ 10(10) 38+ 12(11) 19+9(4)
anti-d AChR 2 82+9(18) 48+ 10(10) 40+ 8(10) 19+ 11 (4)
anti chain 78 + 16 (8) 40+ 7(3) 32+ 8(7) 10+ 5(3)
anti-eBuTx 107 £+ 5(4) 98 + 4 (4) 110+ 7(4) 112 + 10 (4)

@ Values in parentheses are the number of determinations. Binding was performed with concentrations of membranes shown to be in

excess (300-400 pmol of ['*[JaBuTx sites).

of alkaline extraction and saponin treatment on binding are
much smaller when the antisera to native AChR are used,
mainly because they recognize predominantly sites that are
accessible in the membrane-bound receptor. Nevertheless,
small but reproducible increases in binding are seen for both
antisera (Figure 4). Neither alkaline extraction nor saponin
treatment promotes nonspecific binding of anti-aBuTx (Figure
4).

In alkaline-extracted membranes, the anti-dAChR sera
appear to recognize two classes of sites, one present in relatively
high concentration (or with high affinity for the antibodies)
and one present in relatively low concentration (or with low
affinity). As a result, saturation of antibody binding is not
obtained, even at 400 pmol of ['**I]aBuTx sites. Since al-
kaline-extracted membrane preparations contain both sealed
and unsealed vesicles, it is possible that the two populations
of sites represent newly exposed extracellular as well as in-
tracelllar determinants. The concentration of accessible in-
tracellular sites could be low, depending on the proportion of
vesicles that remain sealed. Treatment of alkaline-extracted
membranes with saponin should permeabilize all of the vesicles
and permit binding of antibodies to intravesicular sites that
are normally masked by peripheral proteins. As shown in
Table I, membranes subjected to the combined treatment are
very effective in binding antibodies.

The results in Table I represent a summary of binding
experiments performed with membranes prepared from three
fish. A total of eight preparations of alkaline-extracted
membranes, six preparations of saponin-treated membranes,
and three preparations of membranes receiving both treatments
were studied. Alkaline extraction was carried out at either
4 or 25 °C. The binding to membranes extracted at 25 °C
was in general slightly higher. The results are in general
agreement with those shown in Figures 4 and 5. In addition,
it is clear that the alkaline-extracted membranes treated with
saponin are the most effective in binding antibodies. Normal
membranes bind only 10-20% of the antibodies to the dena-
tured receptor or its & subunit while dual-treated membranes
binding 80-90%. Thus, virtually all determinants recognized
by five different antisera, many of which are inaccessible in
the membrane-bound receptor, can be exposed by removal of
peripheral proteins from and permeabilization of the mem-
brane vesicles.

One possible explanation for the differential binding of the
anti-dAChR and anti-nAChR sera to membrane-bound re-
ceptors is that they recognize different subunits of the receptor.
We examined this possibility by separating the receptor sub-
units by NaDodSO, microslab gel electrophoresis and then
reacting the antisera with the proteins in the gel. After re-
moval of unbound proteins, the bound antibodies were localized
by reaction with '*I-labeled protein A and autoradiography
after extensive washing. For demonstration of the specificity

8"’ - -
2" & b

I- % g 3
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FIGURE 6: Reaction of antisera with electroplax proteins after Na-
DodSOj gel electrophoresis. Gels of (A) total electroplax cellular
protein and (B) purified AChR stained for protein with Coomassie
Blue. (C-G) Autoradiograms of gels of total cellular protein [same
sample as (A)] after incubation with (C) anti-dAChR 1, (D) anti-
dAChHR 2, (E) anti-nAChR 1, (F) anti-nAChR 2, and (G) anti-aBuTx
followed by reaction with '*I-labeled protein A. Greek letters to the
left show positions of AChR subunits in (B). Since samples were not
reduced prior to electrophoresis, the & chain migrates as a dimer (8,).
4, migrates more slowly than the component of ~90000 molecular
weight which is a minor contaminant of some AChR preparations.

of the technique, total cellular electroplax protein, of which
the ACh receptor comprises less than 0.5%, was solubilized
in NaDodSO in the presence of protease inhibitors and then
subjected to gel electrophoresis. As shown in Figure 6, all of
the anti-AChR sera contain antibodies which bind to all four
receptor subunits. In addition, a small amount of binding of
anti-nAChR 2 to high molecular weight polypeptides is seen.
Anti-aBuTx fails to bind any of the polypeptides.

The same procedure, utilizing affinity-purified AChR as the
antigen, was used to determine on which subunit(s) the buried
antigenic determinants are located. Absorption of anti-d AChR
1 with normal membranes removes antibodies specific for the
« subunit (Figure 7C), as indicated by a significant reduction
in the intensity of the labeling of & compared to that of un-
absorbed antiserum (Figure 7B). Saponin-treated membranes
can bind additional antibodies specific for the a- as well as
the 8-chain (Figure 7D). Alkaline extraction exposes sites on
a and 6 as well (Figure 7E). Finally, the combination of
saponin treatment and alkaline extraction uncovers determi-
nants on all four subunits not accessible in normal membranes
(Figure 7F). The intensity of the bands on the autoradiogram
correlated well with the amount of radioactivity (as measured
directly by v counting) associated with them in the gel.
Virtually indentical results are found with anti-dAChR 2.
Reaction with normal membranes removes anti-a-chain an-
tibodies (Figure 7I) while either saponin-treated (Figure 7J)
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FIGURE 7: Reactivity of absorbed anti-dAChR sera with AChR
subunits after NaDodSO, gel electrophoresis. (A and G) Gels of
purified AChR stained for protein with Coomassie Blue. Autora-
diograms of gels reacted with (B-F) anti-d AChR 1 or (H-L) anti-
dAChR 2 after absorption with (B and H) no membranes, (C and
I) normal membranes, (D and J) saponin-treated membranes, (E and
K) alkaline-extracted membranes, or (F and L) saponin-treated,
alkaline-extracted membranes, followed by reaction with 'I-labeled
protein A.

or alkaline-extracted membranes (Figure 7K) bind antibodies
specific for & and 4. Combined treatment exposes latent sites
on all four subunits (Figure 7L), resulting in the removal of
all activity detectable by this method.

The antibody prepared to purified & chain reacts with both
the v and the 6 chain (Figure 8B). Similar results have been
reported with antisera prepared in rats against individual re-
ceptor chains (Lindstrom et al., 1979b) as well as with several
monoclonal antibodies (Tzartos & Lindstrom, 1980). In view
of the extensive amino acid sequence homology of the first 56
amino-terminal residues of the v and & subunits (Raftery et
al., 1980), immunological cross-reactivity of these two poly-
peptides is not unexpected. Although the quantitative pre-
cipitation assay demonstrated that normal and saponin-treated
membranes bind some of the antibodies in this serum (Table
I), little difference is seen in the extent of subunit binding in
NaDodSO, gels by anti-6 absorbed with these membranes
compared to unabsorbed serum (Figure 8C,D). Alkaline-
extracted membranes bind antibodies specific for both vy and
& (Figure 8E), as do permeabilized, stripped membranes
(Figure 8F).

Since normal membranes bind most of the antibodies present
in anti-nAChR 1 and anti-nAChR 2, absorbed sera show little
reactivity with subunits. Absorption of anti-nAChR 1 with
normal membranes removes all antibodies except some specific
for the + chain (Figure 9C). These do not bind to saponin-
treated membranes (Figure 9D) but do to alkaline-extracted
vesicles (Figure 9E). Similarly, anti-nAChR 2 reacts with a,
B, and 4 in normal membranes (Figure 91). The binding to
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FIGURE 8: Reactivity of absorbed anti-6-chain serum with AChR
subunits after NaDodSOy gel electrophoresis. Coomassie Blue stained
gel (A) of purified AChR and autoradiograms (B-F) of gels of purified
AChR reacted with (B) unabsorbed anti-§ serum or with anti-6
absorbed with (C) normal membranes, (D) saponin-treated mem-
branes, (E) alkaline-extracted membranes, or (F) saponin-treated,
alkaline-extracted membranes, followed by reaction with 'ZI-labeled
protein A.
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FIGURE 9: Ractivity of absorbed anti-nAChR sera with AChR subunits
after NaDodSOjy gel electrophoresis. Coomassie Blue stained gels
(A and G) of purified AChR and autoradiograms of gels purified
ACHhR after reaction with (B-F) anti-nAChR 1 or (H-L) anti-nAChR
2 followed by '¥I-labeled protein A. Antisera were absorbed with
(B and H) no membranes, (C and I) normal membranes, (D and J)
saponin-treated membranes, (E and K) alkaline-extracted membranes,
or (F and L) saponin-treated, alkaline-extracted membranes.

« and 6 is increased in saponin-treated membranes (Figure
9J) and to «, v, and § in alkaline-extracted vesicles (Figure
9K).

A summary of the subunit location of exposed and buried
antigenic determinants recognized by the five antisera is given
in Table II. With the possible exception of the exposure of
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Table II: Subunit Location of Antigenic Determinants Exposed by Membrane Treatments
treatment and subunits
none saponin? alkaline extraction® dual treatment®

antisera a B ¥ 6 « B vy 5 « B ¥ 5 o B b 6
anti-nAChR 1 + + - + - - - - - - + - - - - -
anti-nAChR 2 + + - + + - - + + - + + - - - -
anti-d AChR 1 + - - - + - - + + - - + - + + (+)
anti-d AChR 2 + - - - + - - + + - - + - (+) + +
anti- - - - - - - - - - - (He + - - ) +

% Compared to untreated membranes,
treated membranes, and result is therefore uncertain,

b Compared to membranes receiving either treatment. ¢ Displayed a small differential binding to

sites on B by the combined treatment, each result is verified
by more than one antiserum. Subunits «, 8, and § possess
determinants exposed in untreated vesicles. Buried deter-
minants are detected on each of the subunits. Some of those
located on « and & can be exposed by saponin permeabilization,
while alkaline extraction uncovers new determinants on «, v,
and 6. A combination of the two treatments uncovers sites
on 8, v, and & that neither treatment alone exposes.

Discussion

The structure of the membrane-bound ACh receptor from
Torpedo has been investigated by X-ray diffraction (Ross et
al., 1977) and by electron microscopy in negatively stained
preparations (Klymkowsky & Stroud, 1979) and after reaction
with antireceptor antibodies coupled to ferritin (Karlin et al.,
1978). These studies indicate that the receptor complex ex-
tends out from the lipid bilayer 50-55 A on the extracellular
side and much less (~15 A) on the intracellular face.
Therefore, it is not unexpected that antibodies prepared to
solubilized, affinity-purified receptor recognize the mem-
brane-bound receptor in right-side-out, sealed vesicles. Several
morphological studies have demonstrated the binding of
anti-AChR antibodies to receptor-rich membrane vesicles
(Tarrab-Hazdai et al.,, 1978; Karlin et al., 1978; Strader et
al., 1979; Klymkowsky & Stroud, 1979; St. John et al., 1979).
The methods that we have employed are more quantitative
than the morphological techniques and indicate that 80-90%
of the antigenic sites recognized by anti-nAChR sera are
extracellularly disposed. The anti-dAChR sera also recognize
extracellular determinants but to a much smaller extent.
Visualization of the binding of antibodies prepared against
denatured AChR or denatured subunits using ferritin or he-
mocyanin-conjugated antibodies failed to detect binding to
membrane-bound receptors (Karlin et al., 1978; Strader et al.,
1979). Thus, the absorption technique used here may be much
more sensitive than the morphological ones.

Three of the four polypeptide chains of the AChR possess
extracellular antigenic sites that are recognized by the five
antisera that we have studied. Absorption of the antisera with
untreated membranes removed antibodies reactive with the
a, B, and & polypeptides. These results are consistent with other
results which indicate that all four chains are extracellularly
disposed. All are glycosylated (Vandlen et al., 1979; Lindstrom
et al., 1979a), and three («, 8 and §) can be labeled by lac-
toperoxidase-catalyzed radioiodination under conditions in
which the interior of vesicles is inaccessible (P. St. John, J.
B. Cohen, and D. A. Goodenough, unpublished experiments).
Photoactivable derivatives of «BuTx react with all four chains
of the receptor in Torpedo membranes (Witzemann &
Raftery, 1978; Nathanson & Hall, 1980), presumably on the
extracellular surface. In addition, all four subunits are sensitive
to proteolysis from the exterior (Strader & Raftery, 1980).
Failure to detect extracellular determinants on the v chain

suggests that this polypeptide may be exposed to only a limited
extent on the outside of the vesicles or that the extracellular
portion of this chain is not very antigenic in rabbits, or both.

In addition to the extracellular sites, all five antisera rec-
ognize determinants that are inaccessible when the receptor
is membrane bound. The majority of the sites recognized by
the anti-dAChR sera are hidden. Furthermore, it is clear that
each of the subunits has buried determinants. Buried sites are
detected on a, v, and § by at least three different antisera and
on 8 by two antisera.

Some of the buried determinants can be exposed to anti-
bodies by permeabilization of the vesicles with saponin. Re-
sults with three different antisera demonstrate that saponin
treatment exposes new sites on the « and 6 subunits. Although
we cannot entirely exclude the possibility that saponin exposes
extracellular sites by altering the conformation of the receptor,
this seems unlikely. Saponin, which is known to interact with
cholesterol (Lucy & Glaubert, 1964), is ineffective in solu-
bilizing the receptor, even at concentrations 30 times that used
to permeabilize the vesicles. Furthermore, after saponin
treatment, the receptors still undergo agonist-induced affinity
changes indistinguishable from that of untreated membranes.
The major effect of 0.1% saponin treatment is to convert the
receptor-containing vesicles from a state of approximately 90%
impermeable to macromolecules to one of 100% permeable
(St. John et al., 1979). After treatment, the vesicles remain
in a right-side-out orientation (St. John et al.,, 1979).
Therefore, it seems reasonable to conclude that saponin
treatment exposes receptor determinants that are cytoplasm-
ically disposed and/or located within the lipid bilayer. By this
criterion, then, o and § are transmembrane polypeptides.

Alkaline extraction of the receptor-rich membranes also
exposes a large number of buried determinants. This treatment
removes a major polypeptide of 43 000 daltons as well as others
of 50000-55000 and ~90000 daltons without affecting
several aspects of receptor function. After alkaline extraction,
however, the membrane-bound receptor is more sensitive to
trypsin digestion (Klymkowsky et al., 1980) and heat inac-
tivation (Saitoh et al., 1979). Furthermore, the vesicles have
a smaller internal volume (Neubig et al., 1979) and a lower
density (Klymkowsky et al., 1980). In untreated membranes,
the rotational mobility of the receptor is highly restricted
(Rousselet & Devaux, 1977; Lo et al., 1980). Alkaline ex-
traction greatly increases the rotational mobility (Rousselet
et al., 1979; Lo et al,, 1980). Also, the receptor rosettes seen
in negatively stained preparations are more widely spaced in
alkaline-treated membranes (Barrantes et al., 1980). Finally,
alkaline extraction allows macromolecular access to the interior
of at least some vesicles. The extent of permeabilization is
variable but generally much less than that caused by saponin
(St. John, 1980).

The basis for exposure of antigenic sites by alkaline ex-
traction, therefore, may be 2-fold. Extracellular determinants
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normally inaccessible because of interactions between receptor
complexes or between the complexes and peripheral proteins,
for example, may be uncovered by this treatment. A variable
number of cytoplasmically disposed determinants, including
ones that interact with peripheral membrane proteins, may
also become exposed, depending on the extent of permeabi-
lization. Binding of anti-dAChR to alkaline-extracted mem-
branes provides evidence for two general classes of sites, one
present in relatively high concentrations and one much less
prevalent. Although the topology of these sites is unclear, they
are present on the «, v, and & chains.

The augmentation by saponin of antibody binding to alka-
line-extracted membranes is most likely due to permeabili-
zation of a population of sealed, alkaline-treated vesicles. Since
this category of sites (found on the 3, +, and & subunits) is
not exposed by either saponin treatment or alkaline extraction
alone, they probably represent intracellular sites that are
normally masked by receptor—peripheral protein interactions.
These results provide evidence that all four subunits possess
cytoplasmically disposed determinants. Thus, all appear to
be transmembrane.

Although the receptor is thought to be transmembrane
protein, this has been difficult to demonstrate by immuno-
histochemical techniques. Immunoferritin techniques have
detected intravesicular labeling of the ACh receptor only rarely
when vesicles were not permeabilized (Tarrab-Hazdai et al.,
1978; Karlin et al., 1978). In one case, it was suggested that
these rare observations were not readily distinguished from
nonspecific trapping of antibodies or ferritin (Karlin et al.,
1978). Even in saponin-permeabilized vesicles, intravesicular
determinants have not been detected by using ferritin-conju-
gated antibodies in a sandwich technique (St. John, 1980).
Strader et al. (1979) exposed the cytoplasmic face of vesicles
by attaching them to cover slips and then shearing off the
unattached portion by sonication. With protein A-hemocyanin
as the marker, one out of six antisera investigated labeled
cytoplasmically disposed sites. All of the antisera used for
these studies were prepared against native AChR and,
therefore, may be directed primarily against extracellular sites.
However, attempts to detect intravesicular sites in saponin-
permeabilized vesicles with anti-d AChR 1 and anti-dAChR
2 using immunoferritin techniques have not been successful
(St. John, 1980). In fact, no ferritin labeling was observed
on either side of the membrane with these two antisera, even
after alkaline extraction of permeabilized vesicles. This
technique may lack the sensitivity required to detect intra-
cellular sites. Alternatively, binding of the large ferritin—
second antibody to antireceptor antibodies bound to the
membrane may be sterically hindered.

Recent biochemical evidence suggests that all four chains
of the receptor are transmembrane. Wennogle & Changeux
(1980) found that receptor-rich membrane proteins of 40 000,
50000, and 66 000 daltons were highly resistant to trypsin
digestion unless the vesicles were pretreated at pH 4 or at 62
°C. A polypeptide of 43 000 molecular weight was unaffected,
even after pretreatment. Sonication of the vesicles in the
presence of trypsin, thought to allow proteolytic attack from
the interior, resulted in.degradation of all four of the poly-
peptides. Since their preparations lack the v polypeptide, no
information about its proteolytic sensitivity was obtained. They
concluded that three of the receptor chains (presumably «,
B8, and ) are transmembrane and that the 43 000-dalton pe-
ripheral protein is located on the cytoplasmic face. Strader
& Raftery (1980) used a freeze-thaw method to introduce
trypsin to the interior of alkaline-extracted vesicles (presumably
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that portion of the vesicle population that remains sealed after
extraction) and found that all four receptor chains can be
proteolyzed from either the inside or the outside of the vesicles.
The lipophilic photolabel [*H]pyrenesulfonyl azide reacts with
the 8 and v chains of the membrane-bound receptor (Sator
et al,, 1979) while 5-['*IJiodonaphthyl 1-azide labels only the
a chain (Tarrab-Hazdai et al., 1980), indicating that all three
of these chains are associated with the hydrophobic portion
of the lipid bilayer. Our findings, suggesting that all four of
the reeptor subunits are transmembrane, are consistent with
these results.

The inability of anti-dAChR to bind to AChR in mem-
branes may account for the failure of rabbits immunized with
denatured AChR to develop EAMG (Bartfeld & Fuchs,
1977). Antisera that bind the membrane-associated receptor
poorly may be unable to promote antigenic modulation
(Heinemann et al., 1978; Reiness et al., 1978; Stanley &
Drachman, 1978), initiate complement fixation (Lennon et
al., 1978), or affect AChR function directly (Patrick et al.,
1973; Lindstrom et al., 1976; Karlin et al., 1978). However,
additional factors may also be important. In a thorough study
of different strains of mice, Berman & Patrick (1980) found
a poor correlation between antibody titers against solubilized
ACHhR and induction of the experimental disease. Some an-
tisera from mice with no clinical symptoms were capable of
increasing the degradation rate of AChR in BC;H-1 cells. At
least in mice, the ability of an antibody population to promote
a defect in neuromuscular transmission is not necessarily a
direct result of its ability to recognize the membrane-bound
receptor.

It would be of interest to examine human myasthenic serum
by the methods developed here for the presence of antibodies
that recognize buried determinants of the receptor. Little is
known about the immunogen that triggers the autoimmune
response. The presence of antibodies against buried deter-
minants would suggest that the immunogen is shed from the
membrane at some stage in the induction. Because techniques
for isolating the membrane-bound mammalian receptor have
not been developed, such studies would necessarily be restricted
to human antibodies that cross-react with the Torpedo re-
ceptor.
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Penetration of Phospholipid Monolayers by Cardiotoxins'

Pierre Bougis,* Hervé Rochat, Gérard Piéroni, and Robert Verger

ABSTRACT: The monomolecular film technique was used to
compare the specific interactions of four cardiotoxins from
Naja mossambica mossambica with different phospholipids.
We were able to demonstrate the interaction of cardiotoxins
(1077 M) with both neutral and negatively charged phospho-
lipids up to very high surface pressures (45 dyn/cm). In the
presence of a phospholipid monolayer, the surface activity of
cardiotoxins became much greater than that observed at the
air—water interface. Neurotoxins of the same venom do not

Certain snake venoms, principally those of cobras (Elapi-
dae), contain toxic proteins lacking enzymatic activity. Among
these toxins, polycationic molecules called cardiotoxins (Sarkar,
1947), cytotoxins (Braganca et al., 1967; Patel et al., 1969),
cobramines (Larsen & Wolff, 1968), or direct lytic factors
(Condrea et al., 1964; Aloof-Hirsch et al., 1968) constitute
a family of homologous proteins, generally composed of 60
amino acid residues (about 7000 daltons) and reticulated by
four disulfide bridges.

Although interactions other than protein-lipid have been
suggested (Vogt et al., 1970; Lin et al., 1975-1977), pro-
tein-lipid interactions are apparently involved in the fixation
of cardiotoxins to the cell membrane since purified phospho-
lipids inhibit their action with intact cells and reverse the
inactivation of Na*/K* dependent ATPase (Patel et al., 1969;
Zaheer et al., 1975). Furthermore, studies on the fixation of
tritiated cardiotoxin derivatives on axon membranes suggest
a direct association of the toxin with lipid-type receptor
structure since the number of fixation sites was found to be
higher than the total number of membrane proteins (Vincent
et al., 1976).

The direct study of cardiotoxin-lipid interactions thus seems
to be a useful experimental approach toward the understanding
of the biological effects of these molecules at the membrane
level, especially concerning cellular lysis (Yang, 1974; Condrea,
1974). Studies of the variation of the intrinsic fluorescence
of Trp,, of certain of these toxins led to the demonstration of
their reversible fixation to bilamellar phospholipid vesicles
(liposomes), which was inhibited by an ionic strength or pH
effect (Dufourcq & Faucon, 1978; Vincent et al., 1978). The
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penetrate a phospholipid film, even at low surface pressure (15
dyn/cm). The apparent molecular area of cardiotoxin III
during its insertion into a negatively charged phospholipid film
was quantitatively defined. As a function of surface pressure
of the membrane around 25 dyn/cm, cardiotoxins may exist
in two different configurations, “flat” (1400 A2) or “edgewise”
(420 A2). This result could account for the lytic activity of
this type of toxin.

lipid—toxin complex with a stoichiometry of 7:1 lipid mole-
cules/toxin molecule can apparently be formed only with
phopholipids which are negatively charged at neutral pH (Ky
<1078 M).

The present report describes the use of the monomolecular
film technique for the analysis of the specificity of interactions
between the cardiotoxins of Naja mossambica mossambica
and phospholipids. The apparent molecular area of these
toxins during their insertion into a lipid film was quantitatively
defined. A comparative study was performed simultaneously
with neurotoxins from the same snake.

Materials and Methods

Toxins. The four cardiotoxins contained in the venom of
Naja mossambica mossambica were purified in our laboratory.
The fraction containing cardiotoxin activity obtained by fil-
tration of the venom through Sephadex G-50 in 0.1 M am-
monium acetate, pH 8.50, was further purified on Amberlite
CG-50 in 0.45 M ammonium acetate, pH 7.30. The four
cardiotoxins were progressively eluted with increasing con-
centrations of the salt, CTX I at 0.45M, CTX Il and CTX
IIT at 0.6 M, and CTX IV at 0.8 M. On the basis of amino
acid analyses, these proteins are identical with cardiotoxins
v, V7, V", and V”; obtained from the same venom by
Louw (1974a), but with a different method. The sequence
of these cardiotoxins is known (Louw, 1974b,c).

The cardiotoxins thus purified were generally contaminated
(0.05-0.45% w/w) by a phospholipase A, type activity, present
in large quantities in the venom and acting synergistically with
the cardiotoxins (Condrea, 1974; Louw & Visser, 1978). A
contamination level lower than 0.0003% has been obtained by
chromatography of cardiotoxin samples on antiphospholipase
A, v-globulins—Sepharose CL-4B (Delori & Tessier, 1980).
Only this last cardiotoxin preparation was used all through
this study, and we never observed phospholipase activity.

CTX III (15 mg) was iodinated enzymatically with lacto-
peroxidase (Thorell & Johansson, 1971). A homogeneous
fraction of diiodo-CTX III was obtained after chromatography
on Amberlite CG-50 (specific radioactivity 14.8 mCi/mol).
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