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Constitution and Properties of Axonal Membranes of 
Crustacean Nervest 

Marco Balerna, Michel Fosset, Robert Chicheportiche, Georges Romey, 
and Michel Lazdunski* 

ABSTRACT: The purification of axonal membranes of crus- 
taceans was followed by measuring enrichment in [3H]te- 
trodotoxin binding capacity and in Na+,K+-ATPase activi- 
ty. A characteristic of these membranes is their high con- 
tent of lipids and their low content of protein as compared 
to other types of plasmatic membranes. The axonal mem- 
brane contains myosin-like, actin-like, tropomyosin-like, 
and tubulin-like proteins. It also contains Na+,K+-ATPase 
and acetylcholinesterase. The molecular weights of these 
two enzymes after solubilization are 280000 and 270000, 
respectively. The molecular weights of the catalytic sub- 
units are  96000 for ATPase and 71000 for acetylcholinest- 
erase. We confirmed the presence of a nicotine binding 
component in the axonal membrane of the lobster but we 
have been unable to find [3H]nicotine binding to crab axo- 
nal membranes. The binding to axonal membranes of two 
neurotoxic compounds. tetrodotoxin and veratridine, which 
affect the functioning of the sodium channel, has been stud- 
ied in detail. The dissociation constant for the binding of 
[ ? H I  tetrodotoxin to the axonal membrane receptor is 2.9 
n M  a t  pH 7.4. The concentration of the tetrodotoxin recep- 
tor in crustacean membranes is about 10 pmol/mg of mem- 
brane protein, 7 times less than the acetylcholinesterase, 30 

U n d e r s t a n d i n g  of the molecular aspects of nerve conduc- 
tion necessitates both a biochemical and an electrophysiolo- 
gical approach. Axons from crustacean nerves constitute a 
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times less than the Na+,K+-ATPase, and 30 times less than 
the nicotine binding component in the lobster membrane. A 
reasonable estimate indicates that approximately only one 
peptide chain in 1000 constitutes the tetrodotoxin binding 
part of the sodium channel in the axonal membrane. Vera- 
tridine, which acts selectively on the resting sodium perme- 
ability, binds to the phospholipid part of the axonal mem- 
brane. [3H]Veratridine binding to membranes parallels the 
electrophysiological effect. Veratridine and tetrodotoxin 
have different receptor sites. Although tetrodotoxin can re- 
polarize the excitable membrane of a giant axon depolar- 
ized by veratridine, veratridine does not affect the binding 
of [3H] tetrodotoxin to purified axonal membranes. Simi- 
larily, tetrodotoxin does not affect the binding of [3H]vera- 
tridine to axonal membranes. Scorpion neurotoxin 1, a 
presynaptic toxin which affects both the N a +  and the K +  
channels, does not interfere with the binding of [jH]tetro- 
dotoxin or [3H]veratridine to axonal membranes. Tetrodo- 
toxin, veratridine, and scorpion neurotoxin I ,  which have in 
common the perturbation of the-normal functioning of the 
sodium channel, act upon three different types of receptor 
sites. 

biological system that permits both approaches: ( I )  they are 
unmyelinated, (2)  walking-leg nerves can be easily dissect- 
ed out and obtained in large quantities, (3) a number of 
crustaceans like crayfishes or lobsters have giant axons 
which permit detailed electrophysiological studies. 

Fisher et al. (1970) and Camejo et al. (1969) have cho- 
sen to study the molecular organization of nerve mem- 
branes from squid axons, w3hich are also unmyelinated and 
which have been extensively used in electrophysiological ex- 
periments. The garfish olfactory nerve which is probably a 
very good system for biochemists (Chacko et al., 1972; Gre- 
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frath and Reynolds, 1973) has not yet been used for de- 
tailed electrophysiology. 

The purposes of the work presented in this paper were (1) 
to describe a purification of axonal membranes in which the 
enrichment of a specific marker is followed a t  each step. 
The  most specific marker of the excitable membranes is the 
sodium channel; it is identified by its property of binding a 
specific neurotoxin, tetrodotoxin (TTX),'  (2) to analyze the 
protein, lipid, and sugar composition of the membrane, (3) 
to determine the proportions and the main physicochemical 
properties of the most characteristic constituents of the ex- 
citable membrane (Na+,K+-ATPase, the sodium channel, 
acetylcholinesterase, etc . . .). 

Materials and Methods 
Chemical Analyses. Nucleic Acids, Sugars, Proteins. 

R N A  and D N A  were assayed by the orcinol (Mejbaum, 
1939) and the diphenylamine (Burton, 1956) techniques, 
respectively. Neutral and amino sugars were determined by 
the method of Dubois et al. (1956) and Gat t  and Berman 
(1 966), respectively, after removal of possible sucrose con- 
tamination from the sucrose gradient according to Gloss- 
mann and Neville (1 97 1). Proteins were determined by the 
Lowry technique modified by Hartree (1 972) with bovine 
serum albumin fraction V as  a standard. 

Lipids. Solvents and reagents used in these analyses were 
of analytical grade. Lipid analyses were carried out accord- 
ing to Folch-Pi et al. (1957) and Rouser et al. (1972). 
Quantitative cholesterol, total and phospholipid phosphorus 
determinations were carried our according to Kates (1972) 
and Razzell ( 1  967), respectively. Gangliosides were ex- 
tracted according to Esselman et al. ( I  972) and analyzed as  
described by Suzuki (1965) and Dunn (1974). Sialic acid 
was determined as  described by Warren (1963), Svenner- 
holm (1 963). and Jourdian et al. (1 97 1). 

Radioactice Ligands. [3H]Colchicine (1.2 Ci/mmol) and 
[3H]Dip-F (3.0 Ci/mmol) were purchased from the Radio- 
chemical Centre, Amersham. [ Y - ~ ~ P I A T P  (2.95 Ci/mmol) 
was obtained from the Centre de I'Energie Atomique, Sa-  
clay. The purity and the specific radioactivity of all these 
labeled compounds were carefully checked before use. 
TTX,  free of citrate (Sankyo, Tokyo), was labeled by the 
Wilzbach method (1957) a t  the Centre de I'Energie Atomi- 
que. Considerable degradation occurs during labeling. The 
first part of the purification of the active material was con- 
ducted according to Benzer and Raftery (1972). Three ad- 
ditional steps were necessary for a good purification of 
[3H]TTX. The first two steps were carried out as  described 
by Mosher et al. (1 964); they involved two successive thin- 
layer chromatographies (silica gel G )  in different solvent 
systems: ethanol-acetic acid (96:4, v/v) and l-butanol-ace- 
tic acid-water (50:3:10, v/v) .  The last step was paper elec- 
trophoresis (Whatman paper, 3 M M )  in Tris-CI buffer (50 
m M )  at  p H  7.5 (Colquhoun et al., 1972). The concentra- 
tion of the purified [3H]TTX was determined by an electro- 
physiological technique, using the blocking action of the 
toxin upon crayfish nerve conduction (Romey et al., 1975). 
The specific radioactivity of [3H]TTX was 150-1000 Ci/ 
mol. Veratridine ( K  and K Laboratories) was labeled as  de- 
scribed above for TTX. The tritiated product was purified 

' Abbreviations used are: TTX. tetrodotoxin: Dip-F, diisopropyl 
fluorophosphate; Mes, 2-(,V-morpholino)ethanesulfonic acid. 

in two steps. The first step was filtration on a Bio-Gel P2 
column (1.4 X 140 cm) equilibrated in water and eluted 
first with 250 ml of water to eliminate impurities, then with 
250 ml of 1 m M  acetic acid to desorb veratridine. The sec- 
ond step was thin-layer chromatography on silica gel G 
using a mixture of cyclohexane-chloroform-acetone-tri- 
ethanolamine (5:2:2:1) as the solvent system (RJ of pure 
veratridine 0.6). The ultraviolet spectrum of the [3H]vera- 
tridine after purification was identical with that of pure un- 
labeled veratridine. Concentrations of veratridine were de- 
termined spectrophotometrically a t  292 or a t  262 nm 
(peaks in the ultraviolet spectrum) using c~~~~ 6.4 X lo3  or 
tM262 12.2 x 103 M-'  cm-' , respectively. The specific ra- 
dioactivity of veratridine was 500 Ci/mol. The biological 
activity of the pure tritiated material was compared with 
that of the pure unlabeled veratridine by measuring electro- 
physiologically the depolarizing effect of the toxin upon 
crayfish axons. Radioactivity measurements were carried 
out in a Packard TriCarb 2450 liquid scintillation spec- 
trometer. 

Toxin I was purified from the venom of Naja nigricollis 
mossambica according to Rochat et al. (1974) and labeled 
by methylation following the procedure of Means and Feen- 
ey (1968) using sodium [3H]bor~hydride (20 Ci/mmol) as  
reducing agent. The specific radioactivity of the methylated 
neurotoxin was 17 Ci/mmol and its LDSO was identical with 
that of the native toxin. 

Labeling of the Axonal Membrane with [3H]Dip-F a n d  
[y-32P]ATP.  The specific radioactivity of [3H]Dip-F was 
first checked by inhibition of pure chymotrypsin prepared 
by affinity chromatography (Vincent and Lazdunski, 1973) 
knowing that chymotrypsin incorporates only 1 mol of di- 
isopropyl phosphate/mol of enzyme. Labeling of axonal 
membranes was then carried out as follows: [3H]Dip-F (40 
p M )  was incubated a t  p H  7.5 (Tris-CI buffer, 50 m M )  with 
membranes ([9] M G (  FOR [ H R  A T  2 ] O /  This time is 
long enough for a complete inhibition of acetylcholinester- 
ase. Separation of membranes from excess [3H]Dip-F was 
achieved by centrifugation followed by four successive 
washings with the buffer a t  pH 7.5. In order to be sure that 
3H incorporation from labeled Dip-F is due only to block- 
ade of acetylcholinesterase, the following treatment was 
also carried out. In a first step, membranes were treated 
with nonlabeled Dip-F (0.2 m M )  in the presence of 50 m M  
choline a t  p H  7.5, 20' during 1 hr. Choline totally protects 
acetylcholinesterase against Dip-F inhibition as demon- 
strated by the full activity of the enzyme after this treat- 
ment. After 1 hr, excess cold Dip-F and choline were sepa- 
rated from membranes by Sephadex G-25 chromatography. 
Fractions containing the membrane fragments were then 
incubated with 40 p M  [3H]Dip-F for 1 hr a t  p H  7.5, 20°. 
After that time, the acetylcholinesterase activity was lost. A 
membrane pellet was then collected by centrifugation, 
washed four times with the incubation buffer, and used for 
radioactivity and protein concentration measurements. 

Phosphorylation of the axonal membranes was done at  
p H  7.5 in a triethanolamine buffer (50 m M )  containing 5 
m M  Mg2+ with samples containing 0.1 mg of membrane 
protein. The reaction was carried out either in the presence 
of N a +  (100 m M )  or in the presence of K+ (100 mM).  The 
phosphorylation reaction was started with 2 m M  [y- 
32P]ATP and stopped after 10 sec with 2 ml of cold per- 
chloric acid. The precipitate was isolated by centrifugation, 
washed, and dissolved in Insta-Gel before counting in the 
scintillation spectrometer. 
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Binding Assays. Two main techniques have been routine- 
ly  used to measure the binding of radioactive molecules to  
axonal membranes. 

Equilibrium dialysis measurements were run in a 1 0-cell 
device with 200-rl compartments which was built according 
to Cailla et al. (1973) and equipped with S M  11533 Sarto- 
rius membranes. Buffers had the following composition: p H  
7.5, I O  m M  Tris-CI, 160 m M  NaC1, 10 m M  KCI, 5 m M  
MgS04, and 2.5 m M  CaClz for [3H]TTX and [3H]veratri- 
dine binding experiments; p H  6.8, 0.1 M Mes and 0.1 M 
NaCl for [3H]c~lchicine binding experiments; p H  7.8, 10 
m M  Tris-CI, 457 m M  NaCI, 15 m M  KCI, 25 m M  CaC12,4 
m M  MgC12, and 4 m M  M g S 0 4  (Lobster Ringer) for 
[3H] nicotine binding. The time of dialysis to reach equilib- 
rium was 12 hr for T T X  and colchicine at  4' and 3 hr for 
veratridine a t  22'. 

Millipore filtration for T T X  binding to its receptor was 
carried out OR E H W P  02500 Millipore celotate filters pre- 
soaked in the incubation buffer containing 0.2% serum al- 
bumin. Membranes (200-250 K g  of protein) were incubated 
in 1 ml of buffer a t  p H  7.4,'24' with various concentrations 
of [3H]TTX. After 30 min, they were filtered on Millipore 
filters and washed twice on the filter with 5 ml of cold buff- 
er. Each washing lasted 10 sec. The filter was then dried by 
suction, dissolved in 10 ml of Bray's solution, and counted 
in a Packard 2450 scintillation spectrometer. Specific bind- 
ing of [jHH]TTX was obtained by subtracting from this de- 
termination of radioactivity the value obtained by conduct- 
ing the same experiment in the presence of both [3H]TTX 
and unlabeled TTX a t  a concentration of 10 p M .  [3H]TTX 
not displaced by unlabeled TTX was considered to be bound 
nonspecifically. 

By measuring acetylcholinesterase and ATPase activity, 
it was determined that axonal membranes do not pass 
through the celotate filters. After filtration of membranes 
containing the radioactive material, filters were washed 
twice with cold buffer, dried by suction, transferred into 
vials containing Bray's solution, and counted in the liquid 
scintillation spectrometer. 

['HITTX binding to nerve membranes has also been 
measured by centrifugation a t  4' as described by Barnola et 
al. (1973) or by gel filtration (Henderson and Wang, 1972). 
The latter technique has also been used for following 
[)H]TTX binding after solubilization of the receptor with 
1% Triton X-100 (in the presence of TTX)  for 20 min a t  
20°. 

Gel Electrophoresis. One-dimensional polyacrylamide 
gel electrophoreses in sodium dodecyl sulfate were carried 
out with continuous and with discontinuous buffer systems 
(Weber and Osborn, 1969; Laemmli, 1970). The Weber- 
Osborn technique was used routinely for molecular weight 
determinations. In addition to cylindrical gels (5 X 100 
mm),  slab gels of a new type (0.8 X 350 mm) were also 
used for analytical purposes (Ferro-Luzzi Ames, 1974). De- 
naturation of membrane protein (20-400 Kg) was routinely 
performed by heating the samples in the presence of 1-2% 
dodecyl sulfate, 5% /3-mercaptoethanol, and 7.5% sucrose in 
sealed microtubes for 5 min a t  95-100'. Staining for glyco- 
protein was done according to Glossmann and Neville 
( 1  97 1). Molecular weight calibration curves were obtained 
from parallel runs with lysozyme (14300) and bovine serum 
albumin (68000) polymers (Payne, 1973), with P-galacto- 
sidase (130000), phosphorylase a ( lOOOdO),  catalase 
(57500), hexokinase (5 lOOO), lactate dehydrogenase 
(35000), pepsin (35000), and @-lactoglobulin (17500). 

Determination of radioactive material i n  gels involved 
slicing, incubation of the slices (2 mm) with 1 ml HlOz 
(30%) overnight a t  60' in sealed counting vials, which were 
then left a t  4' for a t  least 1 hr. These samples were then 
counted after addition of 10 ml of Insta-Gel. 

Determination of acetylcholinesterase activity after gel 
electrophoresis (gel system 6 of Maurer (1971)) under non- 
denaturing conditions was carried out with the Fast-blue 
salt-technique described by Kao and Puck (1972). 

When necessary, myosin, actin, tropomyosin, and tubulin 
from brain were coelectrophoresed with polypeptides from 
axonal membranes. These proteins were previously purified 
according to Fine and Bray (1971), Fine et al. (1973). and 
Shelanski et al. ([973(/ Tubulin from crab nerves was also 
prepared according to Shelansky et al. ( 1  973). 

Determination of Enzyme Acticities. All measurements 
of enzyme activities were carried out a t  25'. Acetylcholi- 
nesterase was assayed by the method of Ellman et al. 
(1961) a t  p H  7.2 with 0.8 m M  acetylthiocholine. Ouabain- 
sensitive Na+,K+-ATPase activity was followed a t  340 nm 
using a coupled enzyme system involving lactate dehydroge- 
nase and pyruvate kinase. This reaction was routinely car- 
ried out a t  p H  7.5, in a triethanolamine buffer (50 m M )  
containing 5 m M  MgC12, 100 m M  NaCI, 10 m M  KCI, 2 
mM ATP, 0.15 m M  N A D H ,  2 m M  phosphoenolpyruvate, 
20 Kg of lactate dehydrogenase, and 50 pg of pyruvate ki-  
nase (Boehringer-Mannheim). Ouabain-sensitive, K+-ctim- 
ulated p-nitrophenyl phosphatase activity (Dah1 and Hokin, 
1974) was determined a t  410 nm in a triethanolamine buff- 
er a t  pH 7.5, containing 20 m M  KCI. 20 m M  MgC12, and 
20 m M  p-nitrophenyl phosphate. Na+,K+-ATPase and 
K+-stimulated p-nitrophenyl phosphatase activities were al- 
ways measured before and after inhibition with l m M  oua- 
bain a t  25'. In crab leg nerve homogenate, 60% o f t h e  total 
ATPase activity was inhibited by ouabain at  equilibrium; 
the inhibition was of the order of 95% with purified axonal 
membranes. 

Cytochrome c oxidase, monoamine oxidase. N A D P H  cy- 
tochrome c oxidoreductase, lactate dehydrogenase, alkaline 
phosphatase, 2', 3'-CAMP 3'-phosphohydrolase, and trypsin 
(or chymotrypsin) activities were assayed according to 
Duncan and Mackler (1966), Tabor et al. ( 1  954), 1.u et al. 
(1969), Schwartz and Bodansky (1 966), Chappelct-Tordo 
et al. (1974), Kurihara and Tsukada (1967), and Vincent 
and Lazdunski ( 1  973), respectively. Acid phosphatase ac- 
tivity was determined at  410 n m ,  a t  p H  5.0 in  a 50 mhd ace- 
tate buffer in the presence of 10 m M  2,4-dinitrophenyl 
phosphate. Spectrophotometric determinations wcre carried 
out with Beckman, Varian, and Perkin-Elmer-Hitachi re- 
cording spectrophotometers. 

Isolation of Plasma Membranes. The main sensory nerve 
bundles from the eight walking legs of living crabs, Cancer 
pagurus ( 1  50 kg each time), were dissected out and kept 24 
hr in a T E S  buffer ( 1  5 m M )  containing 1 tnM EDTA and 
0.32 M sucrose at  pH 7.4. The buffer was renewed twice 
during that period. The nerves were cut into small pieces 
with scissors and added to a fresh solution of buffer (8 ml 
for 1 g of wet nerve). Homogenization was begun in a Sor- 
vall omni-mixer (400-ml vessel, setting 9, 30 sec) and com- 
pleted by three up and down strokes with a Thomas Teflon 
glass homogenizer. The suspension was then filtered 
through several layers of cheesecloth; the filtrate is called 
homogenate SO. SO was centrifuged 8 min a t  2000g. the pel- 
let PI was washed twice, and the combined supernatant SO- 

lutions were centrifuged for 25 min at  12000g. The new pel- 
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let P2 was washed once, the supernatant was centrifuged 
again, twice, for 20 min a t  12OOOg, and decanted very care- 
fully. Supernatant Sz was centrifuged a t  90000g for 45 min 
giving a pellet P3 which contains the nerve plasma mem- 
branes and a supernatant S3 which was discarded. 

At  this stage of the purification, it was necessary to  re- 
move impurities occluded in or adsorbed outside the axonal 
membrane vesicles as  described by Meldolesi et al. (1971) 
for pancreatic membranes. For that  purpose, pellet P3 was 
suspended in a hypotonic buffer (4 ml for 1 g of wet nerve) 
a t  p H  7.4 containing 10 m M  TES,  150 m M  sucrose, 30 
m M  NaCI, and 1 m M  EDTA. The p H  was brought up 
slowly to 7.9 by addition of aliquots of 1 M Tris. After this 
p H  change, the preparation was centrifuged for 8 min a t  
1 OOOOg. The pellet, containing mainly mitochondrial and 
endoplasmic reticulum impurities, was discarded. The su- 
pernatant was centrifuged again at 90000g for 45 min. The  
resulting pellet P5 was homogenized by hand in 10 m M  
Tris, 1 m M  EDTA, and 10% sucrose (w) a t  p H  7.9 (0.7 
ml/g of wet nerve). The  solution was then layered over a 
discontinuous sucrose gradient having the same p H  and salt 
concentration as the homogenization medium. The  gradient 
was made as follows: 10 ml of 21.5% sucrose, 4 ml of 19.5% 
sucrose, 15 ml of 17.5% sucrose, and 7 ml of the P5 mem- 
brane fraction. After overnight centrifugation in a n  S W  27 
Beckman rotor a t  75000g, two bands of turbid material 
were observed a t  the 10-17.5% sucrose interface (fraction 
I) and a t  a sucrose concentration of 19.5% (fraction 11). 
After removal, each fraction was diluted to 8% sucrose with 
a 10 m M  Tris-CI buffer a t  p H  7.5, and recentrifuged for 45 
min a t  90000g. Each final pellet was suspended in a Tris-C1 
buffer (1 5 m M )  containing 0.3 M sucrose and stored a t  4'. 
Enzymatic activity determinations and binding assays were 
carried out within 1 week after completion of the membrane 
preparation. All manipulations including centrifugation 
were carried out a t  l o .  

Similar membrane preparations were obtained from 
nerves of spider crab (Maia squinado) and lobster walking 
legs. 

Determination of the Molecular Weight of Na+,K+- 
ATPase and Acetylcholinesterase after Solubilization. 
These enzymes were solubilized by incubating the mem- 
branes ( 1  mg/ml) with 0.75% Lubrol W X  in a Tris-CI buff- 
er ( I O  m M )  a t  pH 7.5 for 2 hr a t  2'. After centrifugation a t  
lOOOOOg for 90 min a t  l o ,  the supernatant was chromato- 
graphed a t  2' on a Sepharose 6B column (0.8 X 20 cm) 
equilibrated a t  p H  7.5 with a T E S  buffer (50 m M )  contain- 
ing 5 m M  MgC12 and 0.1% Lubrol WX. The molecular 
weight calibration of the column was performed with the 
following proteins: &galactosidase, ferritin, catalase, oval- 
bumin, and lactate dehydrogenase. 

Recording of Membrane Potentials. The membrane po- 
tentials of crayfish axons were recorded as  described pre- 
viously (Romey et al., 1975). 

Electron Microscopy and Measurement of the Perme- 
ability of Membrane Vesicles. Electron microscopic obser- 
vations (sections and negative stainings) were made with a 
Hitachi H 12 electron microscope. Fixation was carried out 
in 2% glutaraldehyde a t  p H  6.8 (0.2 M cacodylate buffer). 
Postfixation was done with 1% Os04 a t  p H  6.5 (acetate- 
Verona1 buffer). Pellets were dehydrated with ethanol, 
passed through propylene oxide, and embedded in Epon 
812. Negative staining was carried out with 1% phos- 
photungstic acid a t  room temperature on 300-mesh grids 
coated with carbon films. Determination of the permeabili- 

ty of vesicles to 22Na+ was performed according to Kasai 
and Changeux (1971). 

Results 
Purification of Axonal Membranes. Table I summarizes 

the results of 60 different preparations, The purification 
technique yielded two very light membrane fractions, frac- 
tions I and 11, which are  believed to be axonal plasma mem- 
branes because of their high content of ouabain-sensitive, 
Na+,K+-ATPase and because they a re  highly specific for 
T T X  binding. ATPase activity was also tested a t  each step 
from its K+-dependent p-nitrophenyl phosphatase activity. 
Table I shows that  all these markers were purified in paral- 
lel a t  each step with similar yields. In the main fraction, 
fraction 11, specific markers were purified 13-1 5 times with 
18-22% yields. Membrane-bound acetylcholinesterase was 
purified only 6-7 times. This lower yield in the purification 
was probably due to the fact that acetylcholinesterase is not 
strictly localized in the axonal membrane. Much of the 
acetylcholinesterase in nerve resides in microtubules and in 
the Schwann cells and connective tissue sheajh surrounding 
the fibers (Darin de  Lorenzo et al., 1969; Hildebrand et al., 
1974). Subcellular specific markers like cytochrome c oxi- 
dase for the inner mitochondrial membrane, rotenone-in- 
sensitive N A D P H  cytochrome c reductase for the smooth 
endoplasmic reticulum, and lactate dehydrogenase for the 
soluble enzymes (De Pierre and Karnovsky, 1973) indicated 
that fractions I and I1 of the axonal plasma membranes 
contained less than 0.4% impurities. Other enzymatic ac- 
tivities such as  trypsin- and chymotrypsin-like activities, al- 
kaline and acid phosphatases, 2',3'-cAMP 3'-phosphohy- 
drolase, and monoamine oxidase activities were completely 
absent in the nerve homogenate. 

Unmyelinated nerves contain glial cells whose plasma 
membranes could well be purified along with axonal mem- 
branes. The following observations make it improbable that 
such a contamination occurs. (1) Plasma membranes of 
glial cells have a density of 1.13 and bands a t  1 .O M sucrose 
(Poduslo, 1975). Membranes prepared in this work have a 
density of 1.08 and bands a t  0.65 M sucrose. (2) The lipid 
composition of plasma membranes of glial cells (Poduslo, 
1975) is markedly different from that of our membrane 
preparation (see Table 11). (3) The plasma membrane of 
Schwann cells is known to contain an acetylcholine binding 
component (Villegas, 1974) which associates with snake 
neurotoxins (Villegas, 1975). W e  have been unable to find 
any binding of labeled Naja nigricollis mossambica toxin 
to our membrane preparation (see later in the text). (4) In 
the hypothsis of a contamination by the Schwann cell mem- 
branes, the good parallel between purifications of the T T X  
binding activity and of the ATPase activity could only be 
explained if axonal membranes and Schwann cell plasma 
membranes had similar proportions of T T X  receptor and 
Na+,K+-ATPase. In fact, the plasma membrane of 
Schwann cell contains Na+,K+-ATPase but is insensitive to 
TTX and in consequence is probably devoid of a T T X  bind- 
ing component. 

From 150 kg of crab, we usually obtain 50-60 g of wet 
nerve bundles. A typical preparation starting from 58 g of 
nerve yields approximately 4 mg of membrane protein in 
fraction I and 20 mg of membrane protein in fraction 11. 

A similar quality of purification was obtained from lob- 
ster and spider crab nerves. 

Electron microscopic studies showed that these mem- 
branes were not contaminated and were empty closed ves- 
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icles with an average diameter of 150 nm for membranes of 
fraction I and of 300 nm for membranes of fraction I J ,  the 
latter being more homogeneous in size. The vesicles are  use- 
ful to study cation transport. Membranes of fraction 11 ac- 
cumulate N a +  with a half-life of 10 min a t  25O, pH 7.4 and 
the half-life of the efflux is 11 min under the same condi- 
tions. The contained volume is 0.2 Ml/mg of protein. 

Lipid Constitution of the Membranes. Table I 1  shows 
that lipids are the main molecular components of axonal 
membranes. The only neutral lipids found are cholesterol 
and traces of cholesterol ester. The major polar lipid found 
in both membrane fractions is phosphatidylethanolamine. 
The percentage in weight of cholesterol is of the order of 
16-20% i n  fractions I and 11. Gangliosides are in a very low 
proportion and no cerebrosides/sulfatides were found in 
these axonal membranes. 

The fact that no cardiolipine was found in the membrane 
preparation is complementary evidence for the absence of 
mitochondrial contamination. 

Protein Chain Constitution. The main difference be- 
tween fraction I and fraction I 1  is in protein content. Pro- 
teins represent only 20% of the total weight of membranes 
in fraction I, but 26% in fraction I I  (Table 1 1 ) .  Figure I 
(Weber-Osborn technique) shows an extensive analogy of 
protein chain distribution between the two fractions. With 
the high resolution obtained by the technique of Ferro- 
Luzzi Ames (1974), we have identified about 25 chains 
with molecular weights ranging between 20000 and 250000 
(Figure 2). Most of the protein chains have molecular 
weights in the range 30000-120000 (Figure I ) .  

Glycoproteins. After staining with the Schiff reagent, 
seven protein bands have been observed. The two main 
bands have an apparent molecular weight of 89000 f 3000 
and 102000 f 4000. Five other bands which have apparent 
molecular weights of 155000. 125000, 78000, 64000, and 
45000 (Figure 1) stained with minor intensities. 

Acetylcholinesterase and Na+,K+-ATPase. After label- 
ing of the membrane-bound acetylcholinesterase with 
[3H]Dip-F, only one very intense radioactive band was ob- 
tained. I t  corresponded to a molecular weight of 71000 f 
3000 with the continuous technique (Figure 1 )  or to a mo- 
lecular weight of 63000 f 3000 with the discontinuous 
technique (Figure 2). 

By phosphorylation of the axonal membranes with [y- 
'*P]ATP in the presence of sodium ions followed by a dode- 
cy1 sulfate polyacrylamide gel electrophoresis of the dis- 
solved membranes a t  pH 2.4, only one major radioactive 
band was obtained, corresponding to a molecular weight of 
96000 f 4000 (Figure I ) .  As observed for other types of 
Na+,K+-ATPases (Dahl and Hokin, 1974) phosphorylation 
of this molecule is considerably reduced in the presence of 
potassium ions. The molecular weight of the catalytic chain 
of Ya+,K+-ATPase is then 96000. 

Muscle-like proteins and tubulin. When phosphorylation 
of the membranes with labeled ATP is followed by gel elec- 
trophoresis a t  pH 7.2 instead of pH 2.4, hydrolysis of the 
acyl-phosphate bond (Dahl and Hokin, 1974) a t  the active 
site of the ATPase subunit occurs. Under these conditions 
the amount of radioactivity associated with the band of 
96000 molecular weight is very low. It is then possible to 
identify easily four other bands (Figure 2), which have also 
been labeled with [y-32P]ATP. Their respective molecular 
weights a re  230000-240000, 155000, 120000- 130000, and 
57000. Radioactivity a t  30000 mol wt is due to free [y- 
32P]ATP. 



P R O P E R T I E S  O F  A X O N A L  M E M B R A N E S  

Table 11: Chemical Composition of Crab Axonal Membranes. 

~~ 

Fraction I Fraction I1 

mglmg of Membrane % % b y  mglmg of Membrane % % by 
Constituent Protein Phospholipids weightn Protein Phospholipids weight" 

Total  lipids 
Phospholipids 
Cholesterol (total) 

Protein 
Sugar (neutral) 
Sugar (amino) 

Total lipid +protein + sugar 
Phospholipid fractionsb 

Ethanolamine phosphoglycerides 
Serine phosphoglycerides 
Choline phosphoglycerides 
Phosphatidylinositol 
Sphingomyelin 
Phosphatidic acid 
Unknown 

Cerebrosideslsulfatides 
Gangliosidesc 

Proteinllipid ratio (mglmg) 
Cholesterollphospholpid ratiod 

(mollmol) 

3.380 
2.405 (?0.040) 

O G 3  (i0.020) 
0.045 

~ ~~ 

4.988 

35.66 
11.03 
29.20 

4.22 
15.72 
0.80 
3.37 

0 
<0.010 

0.296 
0.786 

67.75 2.410 
48.21 1.790 (+0.040) 
19.54 0.620 (?0.010) 
20.05 1.000 
11.28 0.386 (+0.014) 
0.91 0.026 

3.822 
~ 

36.39 
13.55 

1.01 
18.20 
0.75 
0 

30.53 

0 
<0.010 

0.415 
0.672 

63.05 
46.83 
16.22 
26.16 
10.10 
0.69 

a Values in weight % taking total lipid + protein + sugars as 100% (mean values of six determinations). b Percent, taking total phospholipids 

Ratio calculated by taking an average mol wt of 750 for phospho- 
as 100. CGangliosides were determined by multiplying the value of sialic acid by 2.8 (average of 2.2 molecules of sialic acid per molecule of 
ganglioside with a molecular weight of 1860 (Breckenridge et al., 1972)). 
lipids. DNA and RNA were undetectable. 

v . .  I .  
v . 

2WK15OK 1WK 75K 50K 

FIGURE I :  Comparative dodecyl sulfate polyacrylamide gel electro- 
phoresis of the polypeptide chain constitution of fractions I (upper 
curve) and I I  (lower curve). FP.  glycoproteins (major bands,-. minor 
bands. - - -). ATPase. ATPase subunit phosphorylated by [y"P]ATP. 
AehE. acetylcholinesterase subunit tritiated by ['HIDip-F. Continuous 
system, 5% gel. 

Since it has been shown recently that muscle-like con- 
tractile proteins and tubulin, the microtubule subunit pro- 
tein. are present in membrane fractions isolated from the 
brain (Feit and Barondes, 1970 Berl et al., 1973; Blitz and 
Fine, 1974) and since some of these proteins can be phos- 
phorylated by ATP, the same type of proteins could also be 
present in axonal membranes from crustacean nerves. The 
doublet band at 230000-240000 molecular weight which is 
phosphorylated b y  [y-)*P]ATP (Figure 2) is characteristic 
o f  a myosin-like chain (Avissar  et al.. 1975). It corresponds 
to the myosin-like protein (stenin) isolated from the brain 
(Berl etal., 1973) .  

Since a myosin-like structure seemed to be present in the 
axonal membrane. it w a s  of interest to look for actin-like 

II I 

45K 

I 

0 
FIGURE 2 Discontinuous dodecyl sulfate polyacrylamide gel electro- 
phoresis pattern of crab axonal membranes (fractions I ( I )  and II (11)). 
The gel concentrations are 6% for the stacking and 10% for the separa- 
tion gel. M, Tu, A, and Tro give the positions in the gel of myosin, tu- 
bulin. actin. and tropomyosin prepared from rat brain and crab nerves 
(see text). Myasin-like. tubulin-like. actin-like. and tropomyosin-like 
bands are present in the protein chain pattern of axonal membranes. 
'lP, designates the polypeptide chains labeled with [y32P]ATP. Free 
[y"P]ATP moved in the gel in the region where tropomyosin was 
found (30000 mol wt region). 

and tropomyosin-like chains. Both brain actin and tropomy- 
osin w e r e  coelectrophoresed with membrane f rac t ions  I and 
11 using the Ferro-Luzzi Ames technique (1974).  Brain 
actin (called neurin) (Berl et al., 1973)  migrates with a mo- 
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FIGURE 3: Titration of the TTX receptor in crab axonal membranes 
at  pH 7.4, 24'. Binding was measured by Millipore filtration. The inset 
represents a Scatchard plot of the same experimental data where B re- 
fers to the concentration of [3H]TTX bound to the membranes and F 
to the concentration of free [3H]TTX. An identical dissociation con- 
stant was obtained from equilibrium dialysis experiments at  4'. 

I I 
B 

E, 19.6 kcal.mol~' 

"\ 3 
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F I G U R E  4: Dissociation kinetics of the TTX-axonal receptor complex 
of crab nerve membranes. The receptor-['HITTX complex was first 
formed by incubating the axonal membranes (1.03 mg of protein, frac- 
tion I I )  with 80 nM [3H]TTX in  1.5 ml of buffer at pH 7.4 for 30 min. 
Displacement was started by addition of 150 ~1 of 0.1 m M  unlabeled 
TTX. Displacement was followed by taking periodically aliquots of 200 
+I  which were rapidly filtered on Millipore filters as described in Mate- 
rials and Methods. Removal of the aliquots, filtration, and washings 
took 20 sec. ( A )  Time-course of the dissociation at 24' where 0 and A 
indicate two series of experiments. Inset: pseudo-first-order representa- 
tion of the same kinetic data. (B) Arrhenius representation of the tem- 
perature dependence of the rate constant of dissociation, k d ,  of the 
TTX-axonal receptor complex. Temperature varied from 2 to 24' at 
pH 7.4. 

lecular weight of 45000 and brain tropomyosin migrates a t  
30000 molecular weight. Polypeptide chains with identical 
migration were found in the axonal membrane pattern (Fig- 
ure 2). Tubulin, which can also be phosphorylated by A T P  
(Piras and Piras, 1974), has been prepared both from brain 
and from crab nerve. Both tubulin samples were coelectro- 
phoresed with membrane fractions I and 11; they comigrate 
with a doublet band, in the axonal membrane pattern, a t  an 
average molecular weight of 57000 f 3000. This doublet 
band corresponds to  one of the minor phosphorylated 
species (Figure 2). Moreover, [3H]colchicine ( 1  g M )  which 
specifically binds to tubulin (Olmsted and Borisy, 1973), 
also binds to axonal membranes (22 pmol/mg of membrane 
protein). In consequence, there is a high probability that the 
57000 molecular weight band represents a tubulin-like frac- 
tion in the nerve membrane. 

Efforts have been made to demonstrate that the probable 

X I- c /  
I - o +  t 

4 5 6 7 8  

PH 
FIGURE 5: pH-dependence of ['HITTX (0.1 +M)  binding to crab axo- 
nal membranes (fraction 11) at 24'. Binding was measured by the Mil- 
lipore filtration technique. 

presence of myosin-like, actin-like, tropomyosin-like, and 
tubulin-like polypeptide chains in the axonal membranes is 
not the result of unspecific adsorption of these proteins to 
membranes in the course of the purification. Indications 
against possible artifacts in the preparation are  the fol- 
lowing: ( 1 )  perfect reproducibility of the pattern in dodecyl 
sulfate polyacrylamide gel electrophoresis over more than 
30 preparations, (2) colchicine treatment of the axonal 
membranes does not change the pattern although the drug 
is known to dissociate microtubule structure (Olmsted and 
Borisy, 1973), (3) treatment of the purified membranes at  
high ionic strength with 0.25, 0.5, 1 .O M NaCI. or with 1 .O 
M KI does not affect the protein chain pattern; treatment 
with 0.5 and 2.0 M KSCN and with 0.3 M lithium diio- 
dosalicylate solubilizes partly many proteins from the nerve 
membranes. However, the remaining membrane fraction 
after the treatment still contains myosin-like, actin-like, tro- 
pomyosin-like, and tubulin-like polypeptides. 

W e  have not yet identified the phosphorylated bands 
with 155000 and 120000- 130000 molecular weight. 

Tetrodotoxin Binding Articity. TTX blocks conduction 
of impulses along axons by suppressing specifically the 
early inward Na+ current. Figure 3 presents a binding 
curve of ['HITTX to membranes of fraction 11.  Saturation 
of the TTX receptor occurs a t  concentrations higher than 
0.1 g M .  The linearity of the Scatchard plot indicates a sin- 
gle set of binding sites with no cooperativity in the binding. 
The equilibrium constant of the TTX-receptor complex is 
2.9 n M .  The concentration of sites is I O  pmol/mg of mem- 
brane protein. An identical curve was found with the mem- 
brane fraction of type I .  Figure 4A presents a typical disso- 
ciation experiment of the TTX-receptor complex a t  24'. In 
this experiment [3H]TTX is displaced by unlabeled TTX.  
The displacement follows first-order kinetics with a rate 
constant k d  of 1.7 X sec-l ( t I / 2  = 7 min). The first- 
order displacement again indicates a single set of binding 
sites. From the equilibrium dissociation constant and the 
value of k d .  a k ,  value of 6.1 X 1 Os M-'  sec-' a t  24' may 
be calculated. Figure 4 B  shows an Arrhenius plot describ- 
ing the temperature dependence of k d .  The activation ener- 
gy of the dissociation process has a high value of 19.6 kcal 
x mol-'. 

The  pH dependence of T T X  binding is presented in Fig- 
ure 5 .  As already observed by other workers using garfish 
nerves (Henderson and Wang, 1972), binding decreases a t  
low pH. An ionizable function with an apparent pK of 5.3 
a t  24" is essential in the basic form for TTX association 
with its receptor. 

Table 111 clearly shows that maximal capacities of bind- 
ing and dissociation constants are  very similar for a variety 
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Table 111: Binding of 13H]TTX to  Axonal Membranes of 
Crustacean Nerves.a 

Maximal 
Capacity 

Mem- of Binding 

Crustaceae Fraction Conditions (df) of Protein) 
br ane Kd (pmol/mg 

20" 
l", IO", 15", 25", 30" 
20", + 10 ,uM scorpion 

neurotoxin I (ScTXI) 

Lobster FII 

Spider Crab FII 1" 
lo ,  -K+ 
I",  -CaZ+ 
lo, + 0.3 mM veratri- 

I", + 1 nukf nicotine 
dine 

Crab FI 20" 
FII 20" 

20° ,  + 1 mM veratridine 
20", + 10 &f ScTXI 
20°, + 10 I.rM Naja haje 

20", + 1% Lubrol WX 
neurotoxin I 

7 .0  1.5 i 
12.5 t 1 

7 . 2  12.5 t 1 

3.0 7 .5  f 0.5 
3.0 6.0 i 0.5 
2.2 7.5 ?c 0.5 

7.5 t 0.5 

7.5 t 0.5 
3.2 9 t  1 
2.9 12 i 1 
2.9 10 ?c 1 

10f 1 
l o +  1 

8 t 1  

a I3H]TTX binding experiments were carried out by equilibrium 
dialysis, gel filtration, Millipore filtration, and centrifugation for 
crab axonal membranes, by equilibrium dialysis and centrifugation 
for lobster membranes, and by centrifugation alone for spider crab 
membranes. The standard binding assay was carried out  at pH 7.5 
in the presence of NaCl, KCl, MgSO,, and CaCl, as described under 
Materials and Methods. 

of preparations of axonal membranes. Different experimen- 
tal conditions which affect the action potential in nerves 
have been tried to see if they influence T T X  binding. Tem- 
perature variations from 1 to  30' do not influence the maxi- 
mal binding capacity of the membrane. Veratridine, which 
depolarizes the axonal membrane (Ulbricht, 1969; Ohta et 
al., 1973, and later in the text), nicotine, and the snake neu- 
rotoxin which recognize the acetylcholine receptor (Chan- 
geux et al., 1970; Eldefrawi et  al., 1971) have no effect on 
the maximal binding capacity of axonal membranes (Table 
111). The absence of Na+,K+, or Ca2+ ions, which are es- 
sential for nerve conduction, does not affect significantly ei- 
ther the dissociation constants of the TTX-receptor com- 
plex, or the maximum capacity of binding. Treatment of the 
crab axonal membrane (Fraction 11) with 1% Lubrol W X  
to solubilize, does not change very significantly the maxi- 
mal capacity for T T X  binding. W e  have also measured 
binding on axonal membranes a t  high concentrations of 
TTX (0.1-2 p M ) .  Only 20% of nonspecific binding is ob- 
served a t  0.1 p M  T T X .  The  nonspecific binding increases 
considerably a t  high concentrations of TTX. At  2 p M ,  the 
amount of toxin bound nonspecifically (not displaceable) is 
four times higher than the specific and reversible binding. 
This nonspecific binding is probably due to binding to  the 
lipid phase. T T X  binding a t  T T X  concentration of 0.1 p M  
has been assayed on brain myelin. No specific neurotoxin 
binding was observed. 

Veratridine Binding Actiuity. Veratridine depolarizes 
nerve membranes by a selective increase in resting sodium 
permeability (Ulbricht, 1969; Ohta et al., 1973). Veratri- 
dine binding to axonal membranes is presented in Figure 
6A. No saturation can be obtained a t  concentrations of ver- 
atridine higher than 0.1 m M .  Veratridine binding has two 
characteristics. First, the veratridine binding capacity of the 

- 5  -4  -3 

log rH] Veratridlne ( M I  

FIGURE 6 :  Binding of veratridine to crustacean axonal membranes. 
(A) Binding of ["]veratridine to crab axonal membranes ( I  mg of 
protein/ml, fraction 11) measured by equilibrium dialysis at 2 2 O .  (B) 
Veratridine concentration dependence of the membrane potential of 
the crayfish giant axon. The membrane potential was measured at 24O 
in a 10 m M  Tris-C1 buffer at pH 7.5 containing 207 m M  NaCI, 5.4 
m M  KCI, 13.5 mM CaC12, and 5.3 m M  MgC12. (C) Dose-response 
curve of the repolarizing effect of TTX on the veratridini~ed crayfish 
giant axon at 20°. The initial depolarization was obtained after treat- 
ment of the axon with 10 p M  veratridine. 

membrane is very high as compared to T T X  binding capac- 
ity. Second, the binding is not reversible. The binding of 
veratridine has been studied in a range of concentrations at  
which the molecule depolarizes the axonal membrane of the 
crustaceans (Figure 6B) as well as  the membrane of the 
squid giant axon (Ohta et al., 1973). There is a good paral- 
lel between in vivo and in vitro experiments, since the depo- 
larizing effect of veratridine on the axonal membrane of 
lobster and crayfish nerves is also quasi-irreversible as ob- 
served before by other workers on other systems (Ulbricht, 
1969; Ohta et al., 1973). 

The high amount of veratridine bound to axonal mem- 
branes and the irreversibility of the binding suggest that 
binding takes place on the lipid phase of the membranes. 
The strong antagonist effect of ethanol (Table IV) confirms 
this view. Therefore, we tried veratridine binding to lipids 
extracted from the axonal membrane. Table IV shows that 
all veratridine binding takes place in the lipid phase. Phos- 
pholipids have the highest affinity for the molecule. 

The veratridine depolarizing effect is known to be re- 
versed by TTX for a variety of excitable membranes (Ul- 
bricht, 1969; Ohta et al., 1973; Catterall, 1975). A titration 
analysis of the repolarizing effect of TTX on veratridinized 
crayfish axons is presented in Figure 6C.  

Competition between T T X  and veratridine was not de- 
tected by biochemical analysis. Veratridine treatment of the 
purified membrane does not affect the binding of ['HITTX 
(Table 111) and pretreatment of the axonal membrane by 
10 p M  T T X  does not affect veratridine binding (Table IV). 

Veratridine binding is not influenced by scorpion neuro- 
toxin I ,  the snake neurotoxin, nicotine, or variations of Ca2+ 
concentration, although scorpion neurotoxin affects both 
sodium and potassium channels (Romey et a]., 1975), nico- 
tine and snake neurotoxin affect the acetylcholine receptor, 
and Ca2+ is essential for conduction. Conditions which are  
known to depolarize the axonal membrane, such as high 
concentrations of K+, inhibition of the axonal ATPase by 
ouabain, and treatment with cardiotoxin (Chang et al., 
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Table IV: Veratridine Binding $0 Crab Axonal Membranesa 

Bound 
[’HI Vera- 
tridine (%) 

Native membranes, fraction FII 
+Ethanol  5% 

10% 
25% 
5 0% 

+ TTX (10 p M l  
+ Scorpion neurotoxin I ( 1 0  

W W  
+Na ja  haje 

neurotoxin I (10  
+Nicotine (1 mM) 
+ Ouabain (1 mM) 
+ Cardiotoxin (10 p.40 
+ KCl(100 mM) 
+ CaC1, 0 m.W 

10 mM 
100 mM 

membranes 

the membranes 

Total lipids extracted from the 

Phospholipids extracted from 

Cholesterol 

100 
58 
42 
12 

0 
100 
105 

100 
92 

100 
109 
96 

100 
99  
95 

l l S b  

110c 

5 d  

a Veratridine binding was measured by equilibriumdialysis with 10 
f l  [3H] veratridine at 20” (controls have shown that liposomes, ex- 
tracted phospholipids, or cholesterol did not pass through the dia- 
lysis membrane). b % binding is related to an equal quantity of total 
lipids, C of phospholipids, d of cholesterol in the membrane. 

1972) are without effect on the binding of veratridine. Fi- 
nally, veratridine at  0.1 m M  concentration does not affect 
acetylcholinesterase or ATPase activities. 

Nicotine Binding Activity of Axonal Membranes. 
Denburg et al. (1972) have recently reported that there ex- 
ists an axonal cholinergic binding protein in lobster nerves. 
W e  have confirmed this observation with the purified axo- 
nal membrane preparation. There is a single type of nico- 
tine binding component (linear Scatchard plot); the disso- 
ciation constant of the nicotine-receptor complex is 1 p M .  
The maximal capacity of binding is 310 pmol/mg of pro- 
tein. 

Curiously, no such binding of nicotine could be detected 
with crab axonal membranes. A small amount of binding 
begins a t  nicotine concentrations higher than 5 p M .  This 
difference between lobster and crab axonal membranes is 
astonishing unless one postulates that the dissociation con- 
stant of the nicotine-receptor complex is a t  least one or two 
orders of magnitude higher in the case of the crab mem- 
branes. The dissociation constant of the nicotine-acetylcho- 
linesterase complex (lobster membranes), measured kineti- 
cally by competition between nicotine and acetylcholine, is 
46 p M  as compared to 1 p M  for the nicotine-receptor com- 
plex. This fact and a comparison of the stoichiometries of 
the receptor and of acetylcholinesterase (Table V) lead to 
the conclusion that the nicotine binding component of lob- 
ster membranes is distinct from acetylcholinesterase, in 
agreement with the observations of Denburg et al. (1972). 
Contrary to Denburg et al. (1972), however, we observed no 
binding of snake neurotoxins to the axonal membrane. 
Denburg et al. (1972) measured the binding by competition 
with [3H]nicotine. We used labeled Naja nigricollis mos- 
sambica neurotoxin ( I  nM to 10 p M )  and found no associa- 
tion with either lobster or crab nerve membranes. 

Table V :  Proportion of Important Components of the Axonal 
Membrane. 

Component 

TTX receptor 
Lobster membrane 
Crab membrane 

Na+,K+-ATPase 
Crab membrane 

Acetylchohnesterase 
Lobster membrane 
Crab membrane 

hicotine receptor 
Lobster membrme 

Concn (pmolimp 
of Membrane Protein) 

- -. _ _  . 

12.5 I 2 
11.5 T 2 

300 I 30 

75 i 5 
70 I 5 

3 1 0 t  10 

Some Molecular Properties of Acetylcholinesterase and 
iVa+,K+-ATPase. Acetylcholinesterase and ouabain-sensi- 
tive Na+,K+-ATPase can both be solubilized with 0.75% 
Lubrol W X .  The molecular weights found for the solubi- 
lized enzymes are 280000 f 10% for ATPase and 270000 f 
10% for acetylcholinesterase. The axonal ATPase has an 
activity of 1 wmol per min per mg of membrane protein and 
a K ,  value for A T P  of 0.1 m M  a t  2 5 O ,  pH 7.5,  in the pres- 
ence of 100 mM Na+,  10 mM K+, and 5 m M  Mg2+. The 
control of the activity of this enzyme by Na+,  K+,  Mg2+, 
etc., has been extensively studied in this laboratory (Gache 
et a]., in preparation). 

Acetylcholinesterase from crab axonal membranes is a 
“true” acetylcholinesterase. Acetylthiocholine is a far bet- 
ter substrate than butyrylthiocholine. The K ,  value for 
acetylthiocholine is 82 lh4 a t  20°, p H  7.5. Similarly to the 
lobster enzyme, crab acetylcholinesterase is inhibited com- 
petitively by nicotine. The dissociation constant of the 
acetylcholinesterase-nicotine complex measured by steady- 
state kinetics is 54 &. Inhibition occurs with 1 ,S-bis(4-al- 
lyldimethylammoniumphenyl)pentan-3-one dibromide (BW 
284C5 I ) ,  a compound considered to be diagnostic for 
“true” acetylcholinesterase (Austin and Berry, 1953). 
Complete inhibition is obtained after a 5-min treatment a t  
p H  7.2, 25’ with 20 ,uM inhibitor. Under the same condi- 
tions, tetraisopropylpyrophosphotetramine, a “pseudo” cho- 
linesterase inhibitor, produced no inhibition (Aldridge, 
1953). Hildebrand et a] .  (1974) have also concluded that 
the lobster nerve enzyme is a true acetylcholinesterase. 

Proportions of Some Essential Components of the Axo- 
nal Membrane. Comparative concentrations for the TTX 
receptor, the nicotine receptor, the Na+,K+-ATPase, and 
acetylcholinesterase are given i n  Table V .  

Discussion 
Axonal membranes have been obtained in an apparently 

pure state. Their composition (Table 11) shows several fea- 
tures not found in most other types of membranes. The 
main characteristic of the axonal membrane is its very low 
content of protein. 

There are  three general classes of membranes (Guidotti. 
1972; Veerkamp, 1972). The simplest membrane system is 
myelin for which the major membrane component is lipid 
with very little protein. The weight ratio of protein to lipid 
is 0.23. A second class of membranes is that typified by the 
plasma membranes of most animal cells. I n  these plasmatic 
membranes such as liver, erythrocyte, intestinal, and blood 
platelet membranes, for example, the ratio of protein to lip- 
ids is between 0.7 and 1.5 .  Finally, there seems to be a 
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group of membranes such as  the plasma membranes of bac- 
terial cells, the inner membrane of mitochondria, and mem- 
brane of the sarcoplasmic reticulum which have protein to 
lipid ratios between 2 and 3. The axonal membrane with a 
protein/lipid ratio of 0.29 for fraction I and of 0.41 for 
fraction I1 resembles the myelin membrane more than other 
types of membranes. However, the percentage of carbohy- 
drates (10-11%) in axonal membranes is more like that  
found in other plasmatic membranes (4-10%) than that 
found in myelin (3%) (Guidotti, 1972). Moreover, cerebros- 
ides a re  absent in the axonal membrane but a re  present in 
high concentration in myelin (Rouser e t  al., 1972). 

The composition of axonal membranes is also different 
from that of brain synaptosomal membranes, for which the 
protein/lipid ratio is 1 (Breckenridge et al., 1972). 

The cholesterol/phospholipid molar ratio of axonal mem- 
branes is 0.79 for fraction I and 0.67 for fraction I1 (Table 
11). The ratio is only 0.44 in synaptosomal plasma mem- 
branes (Breckenridge et  al., 1972). The major difference 
between synaptosomal and axonal membranes is the fact 
that gangliosides a re  present in high concentration in sy- 
naptosomal plasma membranes (Breckenridge et al., 1972) 
but not in axonal membranes (less than of the amount 
found in synaptosomal membranes). 

In view of the fact that phosphatidylcholine and sphin- 
gomyelin appear to  be concentrated in the exterior half of 
the bilayer in biological membranes, whereas phosphati- 
dylethanolamine and phosphatidylserine would be in the cy- 
toplasmic half (Sheets and Singer, 1974), it may be of in- 
terest to note that the sum phosphatidylcholine + sphin- 
gomyelin is nearly equal to the sum phosphatidylethanola- 
mine + phosphatidylserine. 

Some of the essential proteins of the membrane have 
been identified and studied in some detail. The solubilized 
Na+,K+-ATPase has a molecula'r weight of 280000. The  
A T P  hydrolyzing subunit has a molecular weight of 96000. 
Both molecular weights correspond to those found for 
Na+,K+-ATPase of different origins (Dah1 and Hokin, 
1974). The solubilized acetylcholinesterase has a molecular 
weight of 270000. The molecular weight of the subunit is 
7 1000. 

Myosin, actin, and tropomyosin, the principal constitu- 
ents of the mechanochemical apparatus of muscle contrac- 
tion, have now been isolated from a variety of nonmuscle 
tissues (Pollard, 1973). Moreover, contractile proteins may 
be associated with membranes as  first noted with erythro- 
cyte membranes (for a review, see Guidotti, 1972). More 
important for this discussion is the identification of actin- 
like, myosin-like, and tropomyosin-like components in 
membrane fractions isolated from mammalian brain (Bed 
et  al., 1973). Tubulin has also been identified in these frac- 
tions (Feit and Barondes, 1970). Myosin-like, tubulin-like 
proteins, as well as components of similar molecular 
weights to actin and tropomyosin occur in the purified prep- 
aration of axonal membranes. There may be other muscle- 
like proteins such as troponins that have not yet been identi- 
fied in our preparation. Therefore, we will make the tenta- 
tive hypothesis that many of the proteins of the axonal 
membrane belong to the family of contractile proteins. 

The purpose of the work was mainly to try to understand 
the molecular machinery responsible for the generation of 
action potentials. We have confirmed the findings of 
Denburg et al. (1972) that there exists a nicotine binding 
component in axons of lobster nerves. This binding compo- 
nent is present in considerable quantities. Its concentration 

in the membrane is similar to that of Na+,K+-ATPase and 
about 25 times higher than that of the T T X  receptor (Table 
V).  The significance of the presence of the nicotine binding 
component, however, is not clear for the moment for a t  least 
two reasons. First we have been unable to find a nicdtine 
binding capacity with similar properties in the axonal mem- 
brane of crab; second, although an acetylcholine receptor 
has been postulated by Nachmansohn to play a central role 
in axonal conduction (Nachmansohn, 1959), much evidence 
contradicting this view has been presented (Hodgkin, 
1964). Moreover, the axon conductance is unaffected by 
specific blockers of nicotine acetylcholine receptors such as  
snake neurotoxins. 

The results obtained with T T X  are of particular interest. 
T T X  is a highly specific and potent inhibitor of the tran- 
sient increase in sodium conductance in excitable mem- 
branes (for recent reviews, see Evans, 1972, and Narahashi, 
1974). T T X  susceptible sites are on the outer surface of the 
nerve membrane. 

The T T X  molecule includes a guanidinium ion and the 
toxin bears a net positive charge at  neutral pH. Since guani- 
dine can substitute for sodium to some extent in nerve, it 
has been postulated that the blocking action of T T X  results 
from entry of the guanidinium group into the sodium chan- 
nel together with the binding of other portions of the toxin 
to neighboring T T X  receptor regions. Treatment of the 
T T X  binding component with various hydrolytic enzymes 
has suggested that it is a protein embedded in a phospholip- 
id environment (Benzer and Raftery, 1972). Table V indi- 
cates that  the density of the TTX binding component, Le., 
presumably the N a +  channel, in the axonal membrane is 
much less than the density of acetylcholinesterase, ATPase, 
or the nicotine receptor, for example. Several groups using a 
variety of techniques had already observed the sparsity of 
T T X  binding sites in nerve membranes. If one binding site 
corresponds with one sodium channel, the number of chan- 
nels is between 3 and 4 per pm2 as observed for the garfish 
olfactory nerve (Colquhoun et al., 1972; Benzer and Raft- 
ery, 1972) and for the squid axon (Hille, 1970). The rabbit 
vagus (Colquhoun et al., 1972) and the walking-leg nerve 
fiber of the lobster and of the crab (Barnola et al., 1973; 
Keynes et al., 1971) have about 30-50 binding sites per 
Km2. It is of interest to have an evaluation of the number of 
protein chains involved in the constitution of the sodium 
channel. Assuming that one TTX binding site corresponds 
to one sodium channel and that the average molecular 
weight of any protein chain (including the TTX receptor) in 
the membrane is 100000, we find about 10 pmol of TTX re- 
ceptor per 10 nmol of protein chain. This estimate indicates 
that about one chain in 1000 is involved in the action of the 
N a +  channel. 

Kinetic and thermodynamic analyses of T T X  binding to 
axonal membranes clearly indicate a homogeneous family 
of binding sites with properties similar to those of the T T X  
receptor in the intact nerve (Takata et al., 1966). However 
there appears to be an important nonspecific binding a t  
T T X  concentrations higher than 0.1 p M .  This observation 
is probably explained by the observations of Villegas and 
his group (Villegas e t  al., 1970, 1975) that T T X  interacts 
with cholesterol a t  concentrations higher than 0.1 K M .  The 
p H  profile of T T X  binding to axonal membranes indicates 
the essentiality of an ionizable group with a pK of 5.3. In 
electrophysiological experiments, blockade by T T X  does 
not occur a t  low p H  (Wagner and Ulbricht, 1974). The ap- 
parent pK of this effect is voltage dependent with a value 
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near 5.7 a t  0 mV. A similar observation was made with sax- 
itoxin, a neurotoxin with a receptor identical with the TTX 
receptor (Henderson et al., 1973). The same ionizable 
group which is essential for TTX binding is apparently also 
essential for sodium permeability of the axonal membrane 
(Hille, 1975). The essential group may be a phosphate or a 
carboxylate (Schrager and Profera, 1973); the carboxylate 
would have to be in a hydrophobic environment to explain 
the high value of the pK. 

Veratridine, a drug that affects the gating properties of 
the sodium permeability change, binds to the lipid phase of 
the axonal membrane. It produces no change in the binding 
of TTX although TTX permits complete repolarization of a 
nerve membrane previously depolarized with veratridine. 

Wright and Tomita (1966) have shown that cooling de- 
creases considerably the veratridine-induced electrical phe- 
nomena in crab nerves. The prevention of the depolarization 
effect of veratridine by cooling has also been observed with 
a number of other preparations (Ulbricht, 1969). We have 
shown in this work that the veratridine binding capacity of 
the axonal membrane is unchanged a t  low temperature. 
Therefore it is possible that the veratridine induced alter- 
ation of the sodium permeability is dependent upon the flu- 
idity of the lipid phase in the axonal membrane. 

Scorpion neurotoxin is a protein; it has been shown to be 
an excellent tool for the study of sodium and potassium 
channels (Romey et al., 1975). It affects reversibly the clos- 
ing of the sodium channel and the opening of the potassium 
channel in giant axons of crayfish and lobster nerves. This 
toxin does not affect the binding of TTX to its specific re- 
ceptor or change the characteristics of veratridine binding. 
TTX,  veratridine, and scorpion toxin are three toxic com- 
pounds which affect the functioning of the sodium channel 
and which bind to three different types of sites. It will be of 
interest to try to identify the receptor of the scorpion toxin. 
This would give useful information concerning the potassi- 
um channel and its connection with the sodium channel. 
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