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The Molecular Basis of 
Neuronal Excitability 

William A. Catterall 

Electrical excitability is among the 
most important and characteristic prop- 
erties of neurons. Most vertebrate cells, 
including neurons, maintain large ionic 
gradients across their surface mem- 
branes such that the intracellular fluid 
contains a high concentration of potassi- 
um ions and low concentrations of sodi- 
um ions and calcium ions relative to the 
extracellular fluid. These large ion gradi- 

so that ionic current passes into or out of 
the cell depolarizing or hyperpolarizing 
the membrane. 

The electrical excitability of neurons is 
influenced by the nature of their ion 
channels, the density (number per unit 
area) of ion channels in their surface 
membranes, and the location of ion 
channels in the different functional com- 
partments of the cell. Neurons can be 

Summary. Neurons process and transmit information in the form of electrical 
signals. Their electrical excitability is due to the presence of voltage-sensitive ion 
channels in the neuronal plasma membrane. In recent years, the voltage-sensitive 
sodium channel of mammalian brain has become the first of these important neuronal 
components to be studied at the molecular level. This article describes the distribution 
of sodium channels among the functional compartments of the neuron and reviews 
work leading to the identification, purification, and characterization of this membrane 
glycoprotein. 

ents are maintained by the action of 
energy-dependent ion pumps specific for 
Na' and K+,  or for Ca2+. In addition, 
essentially all vertebrate cells maintain 
an internally negative membrane poten- 
tial of the order of -60 millivolts since 
their surface membranes are specifically 
permeable to K+ and this allows K+ to 
leak out of cells faster than Na+ and 
Ca2+ can leak in. Nerve cells are electri- 
cally excita6le because of the presence, 
in their surface membranes, of voltage- 
sensitive ion channels that are selective 
for Na+, K+,  or Ca2+. One class of Na' 
channels and many classes of Ca2+ and 
K' channels have been described in 
neurons. These channels open and close 
as a function of membrane voltage allow- 
ing rapid movement of the appropriate 
ions down their concentration gradient 

divided into four morphological com- 
partments, and each plays a different 
role in signal transmission (Fig. 1). Den- 
drites receive synaptic input from nu- 
merous presynaptic elements and re- 
spond with graded or, in some cases, 
propagated changes in membrane poten- 
tial. The cell body or soma also receives 
synaptic inputs. It acts as a summing 
point for membrane potential changes 
occurring in various dendrites and on the 
soma itself. Depolarization of the cell 
membrane beyond a threshold value elic- 
its one or a series of conducted action 
potentials which are initiated in the cell 
soma or the initial segment of the axon 
and are conducted down the axon to the 
nerve terminal. The action potential in- 
vades the nerve terminal causing depo- 
larization, release of neurotransmitter 

into the synaptic cleft, and excitation of 
succeeding neurons in the pathway or of 
effector cells such as skeletal muscle. 
While Na', K + ,  and Ca2+ channels each 
contribute in an essential way to signal 
processing and transmission in neurons, 
the role, mechanism of action, and mo- 
lecular properties of the voltage-sensi- 
tive sodium channel are understood most 
completely. This article briefly reviews 
the physiological properties of sodium 
channels and then considers recent ex- 
periments that have begun to define the 
density and distribution of sodium chan- 
nels in the different functional compart- 
ments of the nerve cell and the nature of 
the membrane macromolecules that 
comprise the sodium channel in neurons. 

Physiological Properties of 

Sodium Channels 

The ionic mechanisms underlying 
electrical excitability have been defined 
by the voltage clamp method (1, 2). In 
this approach the voltage across the ex- 
citable membrane is controlled by means 
of a feedback amplifier circuit, and the 
ionic currents moving across the mem- 
brane in response to step changes in the 
membrane potential imposed by the ex- 
perimenter are measured. The voltage 
clamp technique has been used to show 
that the initial rapid depolarization dur- 
ing an action potential in nerve axons 
results from rapid voltage-dependent in- 
creases in membrane permeability to so- 
dium ions (2). Many different lines of 
evidence indicate that a selective trans- 
membrane sodium channel is responsible 
for the rapid increase in sodium perme- 
ability during the action potential. Selec- 
tive ion permeation is mediated by a 
hydrophilic pore containing a sodium- 
selective ion coordination site designat- 
ed the ion selectivity filter (3). Ion con- 
ductance through the sodium channel is 
regulated or "gated" by two separate 
processes: (i) activation, which controls 
the rate and voltage-dependence of 
opening of the sodium channel after de- 
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polarization and (ii) inactivation, which 
controls the rate and voltage-depen- 
dence of the subsequent closing of the 
sodium channel during a maintained de- 
polarization (2). Estimates of the rate of 
sodium movement through an activated 
sodium channel derived from analysis of 
membrane current noise (4) or record- 
ings of individual sodium channel cur- 
rents (5) range from 8 to 18 picosiemens 
corresponding to more than 10' ions per 
second per channel at physiological tem- 
perature and Naf concentration. These 
rates approach those for diffusion 
through free solution and imply that the 
residence time of Na+ protein ions in the 
channel is very short and that their inter- 
actions with the channel are weak. 

Voltage clamp analysis has elucidated 
the three essential functional properties 
of sodium channels: voltage-dependent 
activation, voltage-dependent inactiva- 
tion, and selective ion transport. Howev- 
er, an understanding of the molecular 
basis of neuronal excitability requires 
determination of the density and distri- 
bution of voltage-sensitive ion channels 
in neurons, identification of the mem- 
brane macromolecules that comprise the 
ionic channels, solubilization and purifi- 
cation of these channel components, and 
correlation of their structural features 
with the known functional properties of 
sodium channels. 

Neurotoxins as Molecular Probes of 

Sodium Channels 

Neurotoxins that bind with high affini- 
ty and specificity to voltage-sensitive 
sodium channels and modify their prop- 
erties have provided the essential tools 
for identification and purification of sodi- 
um channels. Four different groups of 
neurotoxins that act at four different 
neurotoxin receptor sites on the sodium 
channel have been useful in these studies 
(Table 1). 

Neurotoxin receptor site 1 binds the 
water-soluble heterocyclic guanidines te- 
trodotoxin and saxitoxin. These toxins 
inhibit sodium channel ion transport by 
binding to a common receptor site that is 
thought to be located near the extracellu- 

Fig. 1 .  Functional compart- 
ments of a "typical" verte- 
brate neuron. The size of the 
axon and nerve terminal is ex- 
aggerated relative to other 
structures and the distal por- 
tions of dendrites are not 
shown. 

lar opening of the ion-conducting pore of 
the sodium channel (6-8). 

Neurotoxin receptor site 2 binds sev- 
eral lipid-soluble toxins including 
grayanotoxin and the alkaloids veratri- 
dine, aconitine, and batrachotoxin (8, 9). 
The competitive interactions of these 
four toxins at neurotoxin receptor site 2 
have been confirmed by direct measure- 
ments of specific binding of 3H-labeled 
batrachotoxinin A 20a-benzoate to sodi- 
um channels (10). These toxins cause 

Fig. 2. Sodium channel distribution in cul- 
tured spinal neurons. Spinal cord neurons 
from embryonic rats were dissociated and 
maintained at low cell density in cell culture. 
After 3 weeks in vitro, cells were incubated 
with 1 nM '2SI-labeled scorpion toxin for 60 
minutes to allow the toxin to bind to sodium 
channels, washed extensively to remove un- 
bound toxin, and fixed in 2.5 percent glutar- 
aldehyde. '251-Labeled scorpion toxin bound 
to sodium channels was detected by autoradi- 
ography (22). Two representative neurons are 
shown in bright-field microscopy to empha- 
size the autoradiographic grains. In each cell, 
the initial segment (arrows) of the largest 
neurite has a five- to sevenfold greater density 
of autoradiographic grains than the adjacent 
cell body. The autoradiographic labeling of 
sodium channels was prevented by competi- 
tion with excess unlabeled scorpion toxin and 
by membrane depolarization. The nonneur- 
onal cells that form a continuous monolayer 
on the substratum of these cultures were not 
labeled. The results show that sodium chan- 
nels in neurons are labeled specifically. 

persistent activation of sodium channels 
at the resting membrane potential by 
blocking sodium channel inactivation 
and shifting the voltage dependence of 
the channel activation to more negative 
membrane potentials (8). Therefore, 
neurotoxin receptor site 2 is likely to be 
localized on a region of the sodium chan- 
nel involved in voltage-dependent acti- 
vation and inactivation. 

Neurotoxin receptor site 3 binds poly- 
peptide toxins purified from North Afri- 
can scorpion venoms or sea anemone 
nematocysts. These toxins slow or block 
sodium channel inactivation. They also 
enhance persistent activation of sodium 
channels by the lipid-soluble toxins act- 
ing at neurotoxin receptor site 2 (8). The 
affinity for binding of 1251-labeled deriva- 
tives of the polypeptide toxins to neuro- 
toxin receptor site 3 is reduced by depo- 
larization. The voltage dependence of 
scorpion toxin binding is correlated with 
the voltage dependence of sodium chan- 
nel activation (11). These data indicate 
that neurotoxin receptor site 3 is located 
on the part of the sodium channel that 
undergoes a conformational change dur- 
ing voltage-dependent channel activation 
leading to reduced affinity for scorpion 
toxin. Therefore, scorpion toxin and sea 
anemone toxin bind to voltage sensing or 
gating structures of sodium channels. 

Neurotoxin receptor site 4 binds a new 
class of scorpion toxins that has also 
proved valuable in studies of sodium 
channels. Cahalan (12) showed that the 
venom of the American scorpion Cen- 
truroides sculpturarus modifies sodium 
channel activation rather than inactiva- 
tion. Pure toxins from several American 
scorpions have a similar action (13). 
These toxins bind to a new receptor site 
on the sodium channel (14) and have 
been designated f3 scorpion toxins. 

These several neurotoxins provide 
specific high affinity probes for distinct 
regions of the sodium channel structure. 
They have been used to detect and local- 
ize sodium channels in neuronal cells as 
well as to identify and purify the protein 
components of sodium channels that 
bind these toxins and to analyze their 
structural and functional properties. 

Number and Distribution of 

Sodium Channels in Neurons 

In vertebrate neurons, the density and 
distribution of sodium channels have 
been studied most completely in axons. 
Saxitoxin labeled with tritium by a spe- 
cific isotopic exchange procedure has 
been used to determine the number of 
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high affinity saxitoxin binding sites, and 
therefore the number of sodium chan- 
nels, in various nerves. These data, to- 
gether with estimates of membrane sur- 
face area from microscopic studies, pro- 
vide estimates of sodium channel density 
and localization. In the unmyelinated 
nerve fibers of the rabbit vagus, the 
density of sodium channels is 110 per 
square micrometer of membrane surface 
(15). Presumably these are distributed 
relatively uniformly along the fibers al- 
though no direct evidence is available on 
this point. To place these values in per- 
spective, it is helpful to consider the 
portion of membrane surface occupied 
by the sodium channel. If the sodium 
channel is represented as a sphere with a 
mass of 320,000 daltons (see below), 
close-packed sodium channels would 
have a density of 14,800 per square mi- 
crometer. Thus, even in an axonal mem- 
brane specialized for conduction of ac- 
tion potentials, the sodium channel 
would occupy less than 1 percent of the 
surface area. Evidently the electrical 
excitability of neurons depends upon 
sparsely distributed but highly efficient 
ionic channels. 

In unmyelinated axons, the action po- 
tential moves continuously down the 
axon with sodium channels in each suc- 
ceeding segment of membrane being ac- 
tivated by the depolarization produced in 
the preceding segment. In contrast, ver- 
tebrate nerves that require high conduc- 
tion velocity are myelinated and conduct 
action potentials discontinuously. In my- 
elinated nerves, the axonal membrane is 
wrapped in many layers of myelin, an 
electrically inexcitable membrane pro- 
duced by specialized glial cells. The axo- 
nal membrane is accessible to sodium 
ions in the extracellular fluid only at the 
nodes of Ranvier, interruptions of ap- 
proximately 1 pm in length in the myelin 
sheath located at intervals of up to 1 mm. 
In saltatory conduction, the action po- 
tential "jumps" from node to node. The 
sodium ions entering the axon at one 
node must produce sufficient ionic cur- 
rent to depolarize the nodal membrane 
up to 1 mm away. 

These large sodium currents flow 
across the membrane only at nodes of 
Ranvier, an indication of the high density 
of sodium channels at these sites. Com- 
parison of the sodium current at the node 
with the ion conductance of a single 
sodium channel suggests a density of 
2000 channels per square micrometer in 
the nodal membrane (4). Measurements 
of [3~]saxitoxin binding suggest a sub- 
stantially higher density of 12,000 per 
square micrometer, but these estimates 

Table 1. Neurotoxin receptor t sites on the sodium channel. 

Site Neurotoxins 

1 Tetrodotoxin 
Saxitoxin 

2 Veratridine 
Batrachotoxin 
Grayanotoxin 
Aconitine 

3 North African a scorpion to, 
Sea anemone toxins 

4 American p scorpion toxins 

Physiological effect 

Inhibit ion transport 

Cause persistent activation 

tins Slow inactivation 

Enhance activation 

required subtraction of the contribution 
of the unmyelinated fibers in the sciatic 
nerve, which is not known with certainty 
(16). Nevertheless, it is clear that nodes 
of Ranvier have a much higher density of 
sodium channels than other areas of the 
neuronal surface membrane. 

The internodal region of myelinated 
axons is ensheathed in myelin and does 
not contribute to the ionic currents of the 
action potential. In order to test whether 
the underlying axonal membrane con- 
tains sodium channels, it is necessary to 
disrupt the myelin sheath. Several differ- 
ent kinds of experiments now indicate 
that there are few if any sodium channels 
located in internodal or perinodal regions 
of the myelinated axon. Homogenization 
of sciatic nerve to disrupt myelin does 
not reveal additional sodium channels 
as detected by high affinity binding of 
[3~lsaxitoxin (16). Osmotic shock of 
nodes of Ranvier under voltage clamp 
conditions exposes new axonal mem- 
brane in the perinodal region but does 
not increase the sodium current, an indi- 
cation that few sodium channels are 
present in the perinodal membrane (17). 
Finally, antibodies to the purified sodi- 
um channel from electric eel electroplax 
(see below) have been used to localize 
sodium channels in eel motor nerve di- 
rectly by immunocytochemical proce- 
dures (18). Tissue sections were incubat- 
ed with antiserum to allow antibodies to 
bind to the sodium channel and then 
washed to remove unbound antibody. 
Bound antibody was then visualized with 
the peroxidase-antiperoxidase method. 
This immunocytochemical method also 
shows that sodium channels are highly 
concentrated in nodes of Ranvier and are 
not detectable in the perinodal region 
that is exposed by shearing of the nerves 
during sectioning. 

The electrical properties of the cell 
bodies and dendrites of vertebrate neu- 
rons are complex and incompletely un- 
derstood. Sodium-dependent action po- 
tentials are detected in neuronal cell bod- 
ies but are less important in dendrites 

(19). The density of sodium channels in 
cell bodies and dendrites of vertebrate 
neurons in situ has not been measured. 
However, measurements of [3~]sax i -  
toxin binding to the cell bodies of neural 
tumor cells maintained in cell culture 
indicate a density of sodium channels of 
51 to 75 pm-2 (20). These values are in 
the same range as those for unmyelinat- 
ed axons and are much lower than those 
for nodes of Ranvier. 

Studies of excitation of spinal neurons 
show that in motor neurons and many 
interneurons the threshold for action DO- 

tential generation is lower at the initial 
segment of the axon than elsewhere on 
the cell soma (21). These studies indicate 
a discontinuity of membrane electrical 
properties at the junction of cell body 
and axon. Direct determination of the 
distribution of sodium channels in rat 
spinal neurons maintained in cell culture 
has been made with '25~-labeled scorpion 
toxin. The cells were allowed to bind 
labeled scorpion toxin to neurotoxin re- 
ceptor site 3 on sodium channels. The 
bound toxin was covalently attached to 
its receptor site by fixation with glutar- 
aldehyde. The bound toxin molecules 
were then located by autoradiography. 
These measurements of specifically 
bound scorpion toxin reveal inhomoge- 
neity in channel distribution (22). In ap- 
proximately 40 percent of cultured spinal 
neurons, the density of sodium channels 
in the initial segments of one or more 
major neuronal processes is sevenfold 
higher than in the adjacent cell body 
(Fig. 2). Evidently, many spinal neurons 
maintain a high density of sodium chan- 
nels in the initial segments of their axons 
in cell culture in the absence of the three- 
dimensional structure of the spinal cord. 
The higher channel density reduces 
threshold for excitation by allowing gen- 
eration of a propagated action potential 
when a smaller fraction of the channels is 
activated. The high probability of initia- 
tion of action potentials at the initial 
segment is a determinant of the integra- 
tive properties of these neurons. 
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Table 2. Composite view of sodium channel distribution in a "typical" mammalian neuron. 
Fragmentary evidence from experiments in several different systems (see text) permits an 
estimation of the probable sodium channel density and distribution in a "typical" neuron. 

Cell compartment 

Sodium 
channel 
density 
( ~ m - ~ )  

Method 

Cell body 50 to 75 Saxitoxin binding 
Axon initial segment 350 to 500* Scorpion toxin autoradiography* 
Unmyelinated axon 110 Saxitoxin binding 
Myelinated axon node of Ranvier 2000 to 12000 Electrophysiology 

Saxitoxin binding 
Internode < 25 Electrophysiology 

Saxitoxin binding 
Immunocytochemistry 

Nerve terminals 20 to 75 Saxitoxin binding 
Scorpion toxin binding 

- 

*These values were derived by multiplying the sodium channel density in the cell bodies of cultured neural 
cell lines [50 to 75 )Lm-2 (20)l by the ratio of channel density on neurite initial segments to that on cell bodies 
of cultured spinal neurons [7.0 (2211. 

Action potentials propagated down ax- 
ons depolarize nerve terminals causing 
activation of calcium channels and re- 
lease of neurotransmitters. The small 
size of nerve terminals has prevented 
electrophysiological examination by in- 
tracellular recording. Investigation of the 
properties of pinched off nerve terminals 
(synaptosomes) isolated from homoge- 
nized mammalian brain by differential 
and density gradient centrifugation has 
provided evidence that there is a sub- 
stantial number of sodium channels in 
nerve terminals. Activation of sodium 
channels with veratridine, batrachotox- 
in, sea anemone toxin, or scorpion toxin 
elicits calcium-dependent neurotrans- 
mitter release from synaptosomes (23) 
and increases their sodium permeability 
(24). Purified synaptosomal fractions 
contain a substantial complement of so- 
dium channels as assessed by specific 
binding of 125~-labeled scorpion toxin 
(25) or [3H]saxitoxin (26). The density of 
sodium channels derived from measure- 
ments of saxitoxin and scorpion toxin 
binding is in the range of 20 to 75 Fm-2, 
somewhat lower than in unmyelinated 
nerve membrane and in the cell bodies of 
neural cells in culture. 

Table 2 summarizes the distribution of 
sodium channels in a "typical" neuron. 
While the available information remains 
fragmentary, it now appears that sodium 
channels are present at a density in the 
range of 50 to 110 Fm-' in cell bodies 
and unmyelinated axons while nerve ter- 
minals have somewhat lower densities. 
Higher densities are observed in specific 
localizations in nodes of Ranvier and in 
the initial segments of the axons of at 
least some neurons. The density of sodi- 
um channels in the internodal membrane 
of myelinated axons is relatively low, 
and these channels may be absent in 
most dendrites. This distribution plays a 

critical role in determining the signal 
processing properties of neurons. Mem- 
brane potential changes in the dendrites 
are graded and represent the sum of the 
contributions of multiple synaptic in- 
puts. The summed potentials reach the 
cell body and are modulated by addition- 
al synaptic inputs to the soma. There are 
enough sodium channels in the cell body 
for conducted action potentials to be 
initiated there. However, in some neu- 
rons, a high density of sodium channels 
at the axon initial segment reduces the 
threshold for action potential generation 
at that site, so that the initial segment 
acts as a summation point for graded 
potentials from both dendrites and soma. 
Action potentials propagate down axons 
by slow continuous conduction in unmy- 
elinated nerves or by more rapid discon- 
tinuous (saltatory) conduction in myelin- 
ated nerves depending on the distribu- 
tion of sodium channels in the axonal 
membrane. Since the localization of so- 
dium channels is an important determi- 
nant of the electrical excitability and 
integrative properties of neurons, it is 
important to examine channel distribu- 
tion in identified classes of central and 
peripheral neurons and attempt to relate 
these observations to the physiological 
properties of the nerve cells. It seems 
likely that there will be many individual 
variations on the "typical" neuron illus- 
trated in Table 2. 

Identification of Protein Components of 

Sodium Channels in Neurons 

Measurements of the distribution and 
density of sodium channels indicate that, 
with the exception of the very small 
amount of specialized membrane at the 
node of Ranvier, sodium channels are a 
minor component of excitable mem- 

branes. These results emphasize the 
need for highly specific probes to identi- 
fy the macromolecules that comprise the 
sodium channel. The neurotoxins that 
bind to sodium channels with high affini- 
ty and specificity have provided the tools 
needed in such experiments. Direct 
chemical identification of sodium chan- 
nel components in situ was first achieved 
by specific covalent labeling of neuro- 
toxin receptor site 3 with a photoreactive 
azidonitrobenzoyl derivative of the a 
scorpion toxin from Leiurus quinques- 
triatus. The photoreactive toxin deriva- 
tive is allowed to bind specifically to 
sodium channels in the dark. Irradiation 
with ultraviolet light then chemically ac- 
tivates the arylazide group, which cova- 
lently reacts with the scorpion toxin re- 
ceptor site on the sodium channel. Anal- 
ysis of covalently labeled synaptosomes 
by polyacrylamide gel electrophoresis 
under denaturing conditions in sodium 
dodecyl sulfate (SDS) to separate synap- 
tosomal proteins by size reveals specific 
covalent labeling of two polypeptides 
that were subsequently designated the a 
and pl  subunits of the sodium channel 
(Fig. 3, lane 1) (27). These proteins, as 
assessed by polyacrylamide gel electro- 
phoresis in SDS, have molecular sizes of 
270,000 and 39,000 daltons, respectively. 

The covalent labeling of these two 
polypeptides in synaptosomes was 
shown to be specific by inhibition by 
competition with excess unlabeled scor- 
pion toxin (Fig. 3, lanes 3 and 4) or by 
blockade of voltage-dependent binding 
of scorpion toxin by membrane depolar- 
ization (Fig. 3, lanes 5 and 6) (27). The a 
subunit of the sodium channel could also 
be covalently labeled with azidonitro- 
benzoyl scorpion toxin in electrically ex- 
citable neuroblastoma cells. In contrast, 
in mutant neuroblastoma cells that are 
neurotoxin-resistant and lack functional 
voltage-sensitive sodium channels, the 
270,000-dalton polypeptide correspond- 
ing to the a subunit is not present (27, 
28). These data provide additional evi- 
dence for the specificity of photoaffinity 
labeling. 

The P scorpion toxins derived from 
American scorpion venoms have been 
used to label neurotoxin receptor site 4 
on the sodium channel (29). Toxin from 
Tityus serrulatus was covalently at- 
tached to its receptor site by cross-link- 
ing with disuccinimidyl suberate. A sin- 
gle polypeptide of 270,000 daltons was 
labeled in rat brain synaptosomes. Thus, 
the receptor site for the p scorpion tox- 
ins is located on or near the a subunit of 
the sodium channel, as previously found 
for the a scorpion toxins acting at neuro- 
toxin receptor site 3. 
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Molecular Size of the Sodium Channel 

The first indications of the molecular 
size of the neuronal sodium channel in 
situ were derived from radiation inacti- 
vation studies (30). In these experi- 
ments, membrane preparations from pig 
brain were irradiated with x-rays, and 
the decrease in the number of functional 
tetrodotoxin binding sites was measured 
as a function of radiation dose. From 
these data, the size of the membrane 
target can be determined since larger 
targets are more likely to be hit and are 
therefore inactivated at a lower radiation 
dose. Applying target theory, Levinson 
and Ellory concluded that a structure of 
230,000 daltons was required for toxin 
binding. These experiments have recent- 
ly been repeated by Barhanin et al. (29) 
who compared the target size of the 
sodium channel assessed by either tetro- 
dotoxin binding or Tityus serrulatus tox- 
in y binding. In each case, the target size 
was approximately 270,000 daltons, in 
reasonable agreement with the earlier 
work. This size estimate might corre- 
spond to the molecular size of the entire 
sodium channel or to that of a protein 
subunit that is essential for binding these 
neurotoxins. 

Fig. 3. Identification of the protein compo- 
nents of sodium channels by covalent labeling 
with photoreactive scorpion toxin. Intact syn- 
aptosomes were incubated with 2 nM azidoni- 
trobenzoyl scorpion toxin labeled with "'I to 
allow the toxin to bind to neurotoxin receptor 
site 3 on the sodium channel; the synapto- 
somes were then irradiated with ultraviolet 
light to activate the photoreactive arylazide. 
Binding reaction conditions were as follows: 
(lane I) I pM tetrodotoxin; (lane 2) 1 pM 
tetrodotoxin and I pM batrachotoxin; (lane 3) 
I pM tetrodotoxin and 200 nM unlabeled 
scorpion toxin; (lane 4) 1 pM tetrodotoxin, 1 
pM batrachotoxin, and 200 nM unlabeled 
scorpion toxin; (lane 5) 135 mM KCI, 1 pM 
tetrodotoxin, and I pM batrachotoxin; and 
(lane 6) 135 mM KCI, IpM tetrodotoxin, I 
pM batrachotoxin, and 200 nM unlabeled 
scorpion toxin. Samples were analyzed by 
SDS gel electrophoresis and covalently bound 
'Z'I-labeled scorpion toxin was detected by 
autoradiography. A Coomassie blue-stained 
gel lane is shown on the left. 

The molecular size of the intact sodi- 
um channel protein has been measured 
by hydrodynamic studies of the deter- 
gent-solubilized channel. The saxitoxin 
and tetrodotoxin binding component of 
sodium channels was first solubilized 
with retention of high affinity and speci- 
ficity of toxin binding from garfish olfac- 
tory nerve by treatment with nonionic 
detergents (31). Similar techniques have 
now been applied to sodium channels in 
mammalian brain (26). ~, 

In contrast to the ease of solubilization 
of the sodium channel with retention of 
saxitoxin and tetrodotoxin binding activ- 
ity at neurotoxin receptor site 1 ,  both 
neurotoxin receptor site 2 and neurotox- 
in receptor site 3 (26) lose their high 
affinity neurotoxin binding activity on 
solubilization. The molecular size of the 
solubilized sodium channel from rat 
brain has been estimated by hydrody- 
namic studies to be 601,000 daltons (32). 
Since the detergent-channel complex 
contains 0.9 g of Triton X-100 and phos- 
phatidylcholine per gram of protein, the 
size of the sodium channel protein solu- 
bilized from rat brain is 316,000 daltons 
(32). This represents the size of the en- 
tire sodium channel as solubilized in 
detergents and corresponds to a complex 
of three nonidentical protein subunits as 
described below. If the channel protein 
is spherical in shape, the diameter indi- 
cated by these results is 118 hi. Thus, the 
channel protein is much larger than the 
postulated transmembrane pore through 
which Na+ moves which is proposed to 
be 3 by 5 a at its narrowest point, the ion 
selectivity filter (3). 

Protein Subunits of the Purified 

Sodium Channel from Mammalian Brain 

The ability to solubilize the sodium 
channel from brain membranes in a well- 
defined monomeric form with retention 
of binding activity for saxitoxin and te- 
trodotoxin has allowed purification by a 
sequence of conventional protein separa- 
tion procedures (33). The current purifi- 
cation scheme developed with my col- 
leagues consists of anion exchange chro- 
matography on DEAE-Sephadex, ad- 
sorption chromatography on hydroxyl- 
apatite gel, affinity chromatography on 
wheat germ agglutinin covalently at- 
tached to Sepharose 4B, and velocity 
sedimentation through sucrose gradients 
(34). The purified sodium channel prepa- 
ration binds 0.9 mole of saxitoxin per 
mole of sodium channel of 316,000 dal- 
tons. If the sodium channel binds only 
one saxitoxin molecule, these data indi- 
cate that at least 90 percent of the protein 

in the purified preparation must be asso- 
ciated with the sodium channel. 

The protein subunits of the sodium 
channel have been analyzed by denatur- 
ation of the protein at 100°C in the pres- 
ence of SDS and p-mercaptoethanol with 
subsequent separation according to mo- 
lecular size by electrophoresis in poly- 
acrylamide gels; two protein bands with 
molecular sizes of 260,000 and 38,000 
daltons can be resolved from the purified 
sodium channel with this technique (Fig. 
4A) (33,34). These two bands, which we 
designate a and p, contain more than 90 
percent of the protein in the purified 
preparation and comigrate precisely with 
the saxitoxin binding activity of the sodi- 
um channel during velocity sedimenta- 
tion on sucrose gradients (34). Thus, the 
sodium channel isolated from rat brain 
appears to be 90 percent pure by both 
chemical and functional criteria and con- 
sists of at least two classes of subunits. 

Often the p protein band appears as a 
closely spaced doublet, suggesting that it 
might contain two different polypeptides 
(34). Analysis of the effect of reduction 
of protein disulfide bonds on the migra- 
tion of the a and p protein bands has 
shown that the p protein band corre- 
sponds to two nonidentical subunits of 
similar molecular size (34). Purified sodi- 
um channels that are denatured in SDS 
without reduction of disulfide bonds can 

Fig. 4. Subunit composition of the purified 
sodium channel. (A) The purified sodium 
channel from fraction 17 of a sucrose gradient 
sedimentation was denatured by incubation at 
100°C in SDS and P-mercaptoethanol, and its 
polypeptide subunits were separated accord- 
ing to size by SDS gel electrophoresis. The 
separated a and P subunits were then visual- 
ized by a sensitive silver staining procedure. 
Ninety percent of the silver stain in the gel 
was on the a and p subunit bands, indicating 
that the sodium channel is 90 percent pure 
(34). (B) Purified sodium channels were dena- 
tured by incubation at 100°C in SDS without 
P-mercaptoethanol and separated according 
to size by gel filtration (Sepharose 4B-CL). 
These two fractions were analyzed by SDS 
gel electrophoresis and visualized by silver 
stain as described (34). (Lane I) High molecu- 
lar weight fraction without reduction; (lane 2) 
high molecular weight fraction with reduc- 
tion; (lane 3) low molecular weight fraction 
with reduction; and (lane 4) low molecular 
weight fraction without reduction. 
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be separated into two fractions by gel 
filtration (34). Analysis of the high-mo- 
lecular weight fraction by SDS gel elec- 
trophoresis reveals only a single protein 
band of 300,000 daltons (Fig. 4B, lane 1). 
Reduction of disulfide bonds with p- 
mercaptoethanol splits this protein into 
two subunits, the a subunit (260,000 dal- 
tons) and the p2 subunit (37,000 daltons) 
(Fig. 4B, lane 2). In contrast, the low 
molecular weight fraction contains only 
a single polypeptide subunit, p l  (39,000 
daltons), when analyzed with or without 
reduction (Fig. 4B, lanes 3 and 4). These 
results show that the purified sodium 
channel from rat brain consists of three 
protein subunits: a, 260,000 daltons; p l ,  
39,000 daltons, and p2, 37,000 daltons 
(Table 3). These subunits are associated 
in a stoichiometric complex of 316,000 
daltons (32) containing the saxitoxin re- 
ceptor site of the sodium channel. 

Photoaffinity labeling experiments in 
which the protein components of sodium 
channels are covalently labeled and ana- 
lyzed in situ in synaptosomes have pro- 
vided evidence that a similar complex of 
a,  p l ,  and P2 is present in intact synap- 
tosomal membranes where the sodium 
channel is fully functional. The a and p l  
subunits are covalently labeled by scor- 
pion toxin and therefore must be located 
at or near neurotoxin receptor site 3 on 
the channel (Fig. 3) (27, 34). The p2 
subunit is not covalently labeled, but 
indirect evidence for its presence was 
obtained by analyzing the effect of re- 
duction of protein disulfide bonds with 
P-mercaptoethanol. As with the purified 
sodium channel (Fig. 4), reduction of 
covalently labeled synaptosomal mem- 
branes decreases the molecular size of 
the a subunit band on SDS polyacrylam- 
ide gels, a result consistent with disso- 
ciation of the P2 subunit. Hence, 'the 
structure of the functional sodium chan- 
nel in synaptosomes is similar or identi- 
cal to that described for the purified 
channel. However, these experiments do 
not exclude the possibility that alteration 
of channel structure by proteolysis o r  
other means may have occurred during 
homogenization of the brain and isola- 
tion of the synaptosomal fractions, de- 
spite precautions taken against such ef- 
fects. 

Reconstitution of Sodium Channel 

Function from Purified Components 

The purified sodium channel from rat 
brain binds [3H]saxitoxin and tetrodo- 
toxin with the same affinity as  the native 
sodium channel and therefore contains 
neurotoxin receptor site 1 of the sodium 

Table 3. Subunit composition of the sodium 
channel purified from rat brain. 

Molecular Probable 
Protein size stoichiom- 

(daltons) etry 

Native Na 316,000 
a subunit 260,000 1 .0 
p l  subunit 39,000 1 .0 
p2 subunit 37,000 1 .0 

channel in an active form (34). The puri- 
fied channel also contains the a and p l  
subunits that were identified as  compo- 
nents of neurotoxin receptor site 3 by 
photoaffinity labeling with scorpion tox- 
in (27), although after solubilization the 
binding activity for scorpion toxin is lost 
(34). However, the purified channel does 
not have binding activity for neurotoxins 
at receptor site 2 and cannot transport 
sodium in the detergent-solubilized state. 
Reconstitution of these sodium channel 
functions from purified components is 
the only rigorous proof that the proteins 
identified and purified on the basis of 
their neurotoxin binding activity are in- 
deed sufficient to form a functional volt- 
age-sensitive ion channel. In addition, 
successful reconstitution will provide a 
valuable experimental preparation for 
biochemical analysis of the structure and 
function of sodium channels. 

Several groups of investigators have 
successfully restored aspects of sodium 
channel function from detergent-solubi- 
lized brain membranes and have shown 
that detergent solubilization does not ir- 
reversibly destroy channel function (35). 
More recently, sodium channel ion 
transport has been successfully reconsti- 
tuted from sodium channels substantially 
purified from rat brain and skeletal mus- 
cle (36). We have now applied these 
methods to essentially homogeneous 
preparations of sodium channels from rat 
brain (37). Purified sodium channels in 
Triton X-100 solution are supplemented 
with phosphatidylcholine dispersed in 
Triton X-100, and the detergent is re- 
moved by adsorption to polystyrene 
beads. As the detergent is removed, 
phosphatidylcholine vesicles with a 
mean diameter of 1800 A are formed 
containing an average of 0.75 to 2 sodium 
channels per vesicle. The functional ac- 
tivities of the sodium channel can then 
be assessed in neurotoxin binding and 
ion flux experiments. 

The time course of 2 2 ~ a +  influx into 
phosphatidylcholine vesicles containing 
purified sodium channels is illustrated in 
Fig. 5A. The vesicle preparation was 
incubated for 2 minutes with veratridine 
to activate sodium channels and then 

diluted into medium containing 2 2 ~ a +  to 
initiate influx into vesicles. Influx into 
vesicles under control conditions was 
slow (Fig. 5A). Incubation with veratri- 
dine increased the initial rate of influx 
10- to 15-fold. When tetrodotoxin was 
present in both the intravesicular and 
extravesicular phases, the veratridine- 
dependent increase in initial rate of 
2 2 ~ a '  influx was nearly completely 
blocked (Fig. 5A). Half-maximal activa- 
tion was observed with 28 p,M veratri- 
dine and half-maximal inhibition with 14 
nM tetrodotoxin in close agreement with 
the corresponding values for the action 
of these toxins on native sodium chan- 
nels. These results show that the purified 
sodium channel regains the ability to 
mediate neurotoxin-stimulated ion flux 
after incorporation into phosphatidyl- 
choline vesicles. Evidently, the purified 
channel retains neurotoxin receptor site 
2 and the ion-conducting pore of the 
sodium channel. 

Ion transport by neurotoxin-activated 
sodium channels in neural membranes is 
selective although the rate of transport of 
large cations such as Rb' and Cs- rela- 
tlve to  the rate of transport of Na- is 
significantly greater than when channels 
are activated by membrane depolariza- 
tion (38). Figure 5B illustrates the initial 
rate of influx of 2 2 ~ a ' ,  8 6 ~ b i ,  and 
I3'Cs+ through veratridine-activated so- 
dium channels in reconstituted vesicles. 
The purified and reconstituted sodium 
channel retains ion selectivity with per- 
meability ratios of 0.25 for Rb' and 0.12 
for Cs- relative to Na+.  These perme- 
ability ratios compare favorably to those 
of native sodium channels activated by 
neurotoxins. 

The above results (Fig. 5) show that at 
least some of the sodium channels in our 
most highly purified preparations can 
mediate selective neurotoxin-activated 
ion transport after incorporation into 
phospholipid vesicles. My colleagues 
and I have attempted to estimate how 
many of the reconstituted sodium chan- 
nels contribute to our ion flux measure- 
ments. First, the ion transport rates in 
purified and reconstituted sodium chan- 
nel preparations were compared to those 
of veratridine-activated sodium channels 
in neuroblastoma cells and synapto- 
somes (37). This comparison shows that 
the transport rate measured in ions per 
minute per saxitoxin receptor site is 33 to 
70 percent of that in native membranes, 
suggesting that at least 33 to 70 percent 
of the reconstituted sodium channels are 
active. Second, we have compared the 
proportion of vesicles that contain sodi- 
um channels to the proportion of vesicles 
whose internal volume is accessible to  
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veratridine-activated sodium channels 
(37). If sodium channels are distributed 

biochemically. These include neurotoxin that the sodium channel is a glycopro- 

among vesicles according to a Poisson 
distribution, this comparison leads to  a 
range of 30 to 70 percent for the fraction 
of active channels, depending on wheth- 
er active vesicles containing more than 
one channel are assumed to have one 
active channel or all active channels. 
Both of these estimates indicate that a 
minimum of 30 percent of the reconsti- 
tuted sodium channels are active. Since 
the sodium channel preparation is 90 
percent pure and no single contaminant 
comprises as much as  2 percent of the 
protein, we conclude that the purified 
complex of a, p l ,  and 62 is sufficient to 
mediate selective neurotoxin-activated 
ion flux. 

While sodium channels reconstituted 
into phosphatidylcholine vesicles can 
transport sodium, these channels d o  not 
bind a scorpion toxin at neurotoxin re- 
ceptor site 3. In contrast, if purified 
sodium channels are incorporated into 
vesicles composed of a mixture of phos- 
phatidylcholine and brain lipids, scorpi- 
on toxin binding is recovered. The toxin 
binding reaction is of high affinity 
(KD = 57 nM) and a mean of 0.76 i 0.08 
mole of scorpion toxin is bound per mole 
of purified sodium channel (37). The 
brain lipid fraction was purified by ex- 
traction with a mixture of chloroform 
and methanol followed by silicic acid 
chromatography. It was found to be pro- 
tein-free by gel electrophoresis and was 
sensitive to  silver staining. Therefore, 
we conclude that brain lipids are essen- 
tial to restore the scorpion toxin receptor 
site to the same functional state as in 
native membranes. Since the affinity for 
scorpion toxin binding to synaptosomal 
sodium channels is dependent on the 
functional state of the sodium channel 
(11, 24, 25), components of the brain 
lipid mixture may also be required for 
other functional activities of the channel. 
Since the scorpion toxin binding in re- 
constituted vesicles containing brain lip- 
id is not voltage-dependent ( 3 3 ,  the lipid 
environment provided by the mixture of 
phosphatidylcholine and whole brain lip- 
id may not be optimal for channel func- 
tion. Further analysis of the lipid envi- 
ronment necessary for recovery of chan- 
nel function may reveal requirements for 
specific membrane lipids for voltage sen- 
sitivity. 

The results of these reconstitution ex- 
periments show that the purified sodium 
channel preparation from rat brain con- 
sisting of a stoichiometric complex of the 
a, p l ,  and P2 subunits is sufficient to 
mediate most of the functions of the 
sodium channel that can be measured 

binding and action at  neurotoxin recep- tein. Further chemical analyses have 
tor sites 1 through 3 and selective neuro- 
toxin-activated ion flux. However, in 
excitable membranes sodium channels 
are normally activated and inactivated 
by changes in membrane potential. Puri- 
fied and reconstituted channels have not 
yet been tested for their ability to acti- 
vate and inactivate on depolarization. 
Assessment of this aspect of channel 
function awaits application of methods 
to record electrically from purified chan- 
nels in large reconstituted vesicles or 
planar bilayers. Such experiments 
should provide the final test for the func- 
tional integrity of the purified and recon- 
stituted channels. 

Posttranslational Modification of the 

Neuronal Sodium Channel 

Membrane proteins are often cova- 
lently modified after biosynthesis of their 
polypeptide chains. Glycosylation at  as- 
paragine residues and proteolytic cleav- 
age accompany insertion into mem- 
branes and transport to the cell surface. 
Phosphorylation by specific protein ki- 
nase is a common mediator of cellular 
regulatory processes. The sodium chan- 
nel from rat brain is specifically ad- 
sorbed and eluted from chromatographic 
columns containing immobilized wheat 
germ agglutinin, a carbohydrate-binding 
protein with specificity for N-acetylglu- 
cosamine and sialic acid residues in gly- 
coproteins (33). These results indicate 

shown that all three of the subunits of the 
sodium channel from rat brain are  glyco- 
sylated. At present, there is no evidence 
for an essential role of the carbohydrate 
moieties in the function of sodium chan- 
nels in neuronal surface membranes. 
However, blockade of protein glycosyla- 
tion with the'specific inhibitor tunicamy- 
cin reduces the level of functional sodi- 
um channels in cultured neuroblastoma 
cells to less than 20 percent of control 
levels (39). After glycosylation is 
blocked, the existing sodium channels 
are lost with a half-time of 24 hours, and 
protein synthesis is required to restore 
the normal level of functional sodium 
channels after removal of tunicamycin 
(39). These results indicate that glycosy- 
lation is required for the normal biosyn- 
thesis, membrane insertion, and mainte- 
nance of functional sodium channels in 
neural cells. 

Protein phosphorylation is one of the 
most important mechanisms of cellular 
regulation (40) and has been implicated 
in the long-term regulation of neuronal 
excitability (41). The rat brain sodium 
channel is also modified by phosphoryl- 
ation and dephosphorylation. The puri- 
fied sodium channel is phosphorylated 
on the cr subunit by cyclic adenosine 
monophosphate (cyclic AMP) dependent 
protein kinase added in vitro (42). Kinet- 
ic analysis of the rate and extent of 
phosphorylation indicates that the sodi- 
um channel is a physiological substrate 
for cyclic AMP-dependent protein ki- 

VER + TTXA s : z u w ;  ow 
Control 
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Time (seconds) 

Fig. 5. Rate and ion selectivity of veratridine-activated ion flux by the purified and reconstituted 
sodium channel. (A) Phosphatidylcholine vesicles containing purified sodium channels were 
incubated for 2 minutes at 36°C in control medium (0) or with 100 IJ.M veratridine (@), and the 
initial rate of 22Na+ influx was measured in the same medium as described (36,37). An identical 
sample of vesicles was prepared with 1 IJ.M tetrodotoxin inside, incubated for 2 minutes at 36'C 
with 100 FM veratridine and 1 F M  tetrodotoxin, and the initial rate of 22Na+ influx was 
measured (A). (B) Veratridine-activated ion flux was measured as in (A) and the control rate of 
influx was subtracted for 22Na, "Rb, and I3'Cs. The data are presented as a linear first-order 
rate plot in which the slope is proportional to ion permeability. Symbols: S T X ,  saxitoxin; VER, 
veratridine; and T T X ,  tetrodotoxin. 
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nase. More recently, the development of 
antiserum to the purified sodium channel 
has allowed measurement of phosphoryl- 
ation of the cr subunit of the sodium 
channel in intact synaptic nerve ending 
particles (synaptosomes). We found that 
addition of the 8-bromo derivative of 
cyclic AMP causes complete phospho- 
rylation of the sodium channel in synap- 
tosomes in 15 seconds (42). Phosphoryl- 
ation occurred at the same sites that 
were phosphorylated on the a subunit of 
the purified sodium channel (42). These 
results show that the sodium channel is 
phosphorylated in situ in nerve terminals 
when intracellular cyclic AMP increases. 
Phosphorylation is associated with a de- 
crease in the maximum rate of toxin- 
activated 22Na' influx and possibly a 
small increase in the concentration of 
neurotoxins required for half-maximal 
activation (42). These results indicate 
that phosphorylation reduces persistent 
activation of sodium channels by neu- 
rotoxins. Electrophysiological experi- 
ments are required to determine whether 
this reflects either a reduced probability 
of sodium channel activation or an 
increased probability of inactivation 
by membrane depolarization. Small 
changes in the voltage dependence of 
either of these channel functions would 
be expected to have important effects on 
the threshold and frequency of action 
potential generation in neurons and on 
the extent of impulse-induced release of 
neurotransmitters from nerve terminals. 
Such changes may serve to modulate the 
response of neurons to their synaptic 
inputs on a long-term basis. 

Sodium Channels in Skeletal 

Muscle and Electric Organ 

Action potentials in skeletal muscle 
and in the electroplax of the electric eel 
Electrophorus electricus are also sodium 
dependent and are mediated in part by 
voltage-sensitive sodium channels with 
properties similar to those in nerve. Con- 
comitant with the work described here, 
similar studies on sodium channels 
in these tissues are being carried out. 
Neurotoxin binding experiments with 
[3H]saxitoxin or  tetrodotoxin have 
shown that the density of sodium chan- 
nels is 200 to 380 CLm-2 in muscle surface 
membrane (7) and 200 to 500 Fm-2 in the 
electric organ (43), which is derived from 
muscle during embryogenesis. The size 
of the tetrodotoxin-binding component 
of the sodium channel from electroplax 
determined by x-ray target size analysis 
is 230,000 daltons (30) and the purified 
protein consists of a single glycoprotein 

subunit with a molecular size of 260,000 
daltons (44). Presumably this polypep- 
tide is analogous to the a subunit of the 
sodium channel from rat brain. The puri- 
fied tetrodotoxin binding component 
from electric eel does not appear to have 
subunits analogous to the p l  and P2 
subunits of the sodium channel purified 
from rat brain. However, since function- 
al reconstitution of this channel prepara- 
tion has not yet been achieved, it re- 
mains possible that additional subunits 
will be required for full activity. 

The size of the detergent-solubilized 
sodium channel from rat skeletal muscle 
is 315,000 daltons (45). The purified mus- 
cle sodium channel consists of a large 
glycoprotein subunit of uncertain molec- 
ular size (150,000 to 250,000 daltons), a 
subunit of 47,000 daltons, and a pair of 
subunits of approximately 38,000 daltons 
(45). This purified preparation has been 
incorporated into phosphatidylcholine 
vesicles with recovery of ion transport 
function (45). The large subunit and the 
two subunits of approximately 38,000 
daltons are likely to be analogous to the 
a, p l ,  and P2 subunits of the rat brain 
sodium channel. Thus, the sodium chan- 
nel proteins from brain, skeletal muscle, 
and electroplax consist primarily of a 
large glycoprotein subunit of approxi- 
mately 250,000 daltons. In addition, the 
sodium channel from mammalian tissues 
contains smaller polypeptides that may 
be essential for sodium channel function. 

Conclusion 

In the past several years, new experi- 
mental approaches have allowed impor- 
tant new advances in understanding the 
molecular basis of electrical excitability, 
a critical problem in neurobiology. This 
article has focused on insights derived 
from the use of specific neurotoxins as  
molecular probes to define the density 
and distribution of voltage-sensitive so- 
dium channels in neurons and to identi- 
fy, purify, and characterize the molecu- 
lar components of sodium channels in 
neuronal surface membranes. This gen- 
eral approach has shown that sodium 
channels are sparsely distributed in ex- 
citable membranes and has provided es- 
timates of channel densities in different 
neuronal compartments. The uneven dis- 
tribution of sodium channels observed in 
the specialized regions of neurons con- 
firm the suggestions from electrophysio- 
logical studies that regulation of the den- 
sity of sodium channels in neuronal 
membranes is an important determinant 
of the different functional roles of the 
dendrites, cell soma, axon, and nerve 

endings in signal transmission. Variation 
of sodium channel distribution among 
individual neurons may play an impor- 
tant role in their signal transmission. 

The use of specific neurotoxin probes 
has also provided the first information on 
the biochemical nature of a voltage-sen- 
sitive ion channel and allowed the first 
~urification and functional reconstitution 
of a protein involved in signal processing 
and transmission in neurons. The poly- 
peptide components of sodium channels 
in nerve, skeletal muscle, and electro- 
plax have been identified, highly puri- 
fied, and shown to be large membrane 
glycoproteins. Functional reconstitution 
of neurotoxin binding and ion transport 
activity has been achieved from purified 
components. The general structural fea- 
tures and subunit interactions of the neu- 
ronal sodium channel have been defined. 
These experiments represent the first 
steps toward relating the structural fea- 
tures of ion channels with their function- 
al properties. Of particular interest is 
determination of the structural features 
that confer the extreme voltage sensitiv- 
ity on channel function and allow rapid 
and selective ion transport. Higher reso- 
lution structural analysis and determina- 
tion of the functional properties of sodi- 
um channels having discrete changes in 
biochemical structure will be the next 
essential steps toward this goal. The 
availability of highly purified prepara- 
tions of sodium channels which retain 
functional activity opens the way for 
additional progress in understanding the 
molecular basis of neuronal excitability. 
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Oncogenes capable of inducing malig- 
nant transformation on transfection of 
NIHi3T3 cells have been found in vari- 
ous human tumor cell lines, as well as in 
unmanipulated solid tumors (I). Most of 
these transforming genes belong to the 
ras gene family (2-5), which acquires 
malignant properties on recombination 
with retroviral sequences (6, 7). Three 
human ras oncogenes, H-ras (4, 8, 9), K- 
ras (10-12), and N-ras (13-15), have 
been characterized. Although the ras 
genes have different genetic structures, 
all of them code for eroteins of 189 
amino acid residues, generically desig- 
nated p21 (16). 

Molecular characterization of the hu- 
man H-ras and K-ras loci indicates that 
these genes acquire malignant properties 
by single point mutations that affect the 
incorporation of the 12th or 61st amino 
acid residue of their respective p21 pro- 
teins (10, 12, 17-23). Mutations within 
codon 12 of H-ras alter the sequence 
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CCGG (C, cytosine; G, guanine), which 
is specifically recognized by certain re- 
striction endonucleases, thus providing a 
simple biochemical assay for detection 
of transforming H-ras genes. However, 
the potential use of these findings is 
hampered by the infrequent activation of 
the H-ras locus in human tumors (24, 
25). In contrast, K-ras oncogenes have 
been detected in various human neopla- 
sias (I). We have tested 96 human tu- 
mors or tumor cell lines for the ability of 
their DNA's to transform NIHi3T3 cells. 
Of these, only T24 bladder carcinoma 
cells had a mutated H-ras locus, whereas 
transforming K-ras genes have been 
identified in eight different carcinomas 
and sarcomas, including three unmanip- 
ulated solid tumors (25). 

We now report that two of the six 
possible single point mutations that can 
activate the human K-ras locus by alter- 
ing the coding properties of its 12th co- 
don create restriction enzyme polymor- 
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phisms. These polymorphisms have 
been utilized to develop biochemical as- 
says that discriminate between normal 
and transforming K-ras genes. We have 
used such assays to determine the mech- 
anism of activation of K-ras oncogenes 
in A1698 bladder carcinoma and A2182 
lung carcinoma human tumor cell lines 
(25). Moreover, we have established that 
a single point mutation responsible for 
the malignant activation of a K-ras onco- 
gene is present in tumor but not in nor- 
mal tissue of a patient with a squamous 
cell lung carcinoma. These results dem- 
onstrate an association between activa- 
tion of ras oncogenes by specific muta- 
tional mechanisms and the development 
of certain human cancers. 

Polymorphisms in K-ras Oncogenes 

Although the clinical manifestation of 
a tumor is not strictly correlated with the 
activation of a particular member of the 
ras gene family, K-ras oncogenes have 
been preferentially identified in human 
tumors. Thus, molecular characteriza- 
tion of K-ras might help to reveal the 
role of transforming genes in human car- 
cinogenesis. Because of the complexity 
of the human K-ras locus (10-12) we 
limited our cloning efforts to DNA seg- 
ments containing exon sequences. We 
subcloned domains of v-kis, the onc gene 
of the Kirsten strain of murine sarcoma 
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