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Foreword

In conducting this research described in this report, the investigator(s) adhered to
the "Guide for the Care and Use of Laboratory Animals," prepared by the Committee on
Care and use of Laboratory Animals of the Institute of Laboratory Animal Resources.
National Research Council (DHEW Publication No. (NTH) 86-23, Revised 1985).
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RESEARCH REPURT

n the third vear of s m*m‘*t. we have comtnued o andivre the et of e w
Gracrmed SeUP LS O v i WRUAIE W g™ RENS 0 AT IR R I e
prerared se-direcied annserd danst several defined wgements of the Wil (Mo el
an w . »\.d Hald™ Jic] m‘" A i T, z&ﬁ-.!h.m W ‘:«%’7 b Fopts ] "3f gt SR T et o
ates on o wwhium channels

\ Neratonm Acton on Soedin haanely
+ T . . - . R *'r_‘ X
VoS and Moty A Conipn T

The recuits on the wite and mucianive of actzon of (‘hm Rt & IALFE IR ]
Coaness described i our previous Annusl Report October 14, 15305 bave bees
pubiished in Molecwlar Pharmacalogy (Gonos et al, 1 #85)

~ St of Inhibiuon of Sodirm Ohannels by a Conctovns

The reculty on the e of acion of w-Cometenrng deacmtwd e Tast veg Ty Ao s!
s i t\ toher 14, 19%4) 2 3ve now heen puboihed o the JSowradd o f Heciopn il
i ety (Uhizuma, et all, 1y 34)

3 Inhibnen of Terodotonn senunve and ansessiive Jod . Lhanre
LY Ak eneiosns

- Two pharmacologwally distinct subrypes of voltage- senutive wdium channeiy
have heen described 11 mammaiian muscle ceils. The TTA sensitive wndium Chanreis of
adult muscie are blocked by terrodotoxin binding &t deurotonn receptor wte | with an
apparent K[y of approximately 10 - 20 aM (reviewed by Rixch.e and Rogare, 19771
Denervation of adult muscle causes sppearance of TTX. intentinive sodium chasnels w8
apparent KD values of appeonimately 1 UM for retrodoto;a (Harris and Thesis® (98]
Parpone, 1980, TTX ansensitive sodium channeis are aiso present i fotal mg e /e
developing in vivg (Harms and Marxhall, 1973 Dussociated cultures of rat muscie celis
develoning v express both TTX-insensitive socdium channels (X clokoro et &b,
1975, Carterall, 1976, Saste and Podleski, 1976, Stallcup and Cobn, 1976) and TTX-
sensitive sodium channels (Sherman et al, 1983; Frelin et al, 1983) which functon
parailel as assessed by ion flux (Shennan et al, 1983), voltage clamp (Gonot et al, (987
and single channel recording (Weiss et al, 1986) methads.

*¥Yenom of the marine snail GC phug containg pox vowseide it of
novel structure (Nakamuraeral, | %‘2%&;" al, 19%3, Cruzetal } v‘i&‘ruhxh LAY
skeletal muscle contraction (Nakamurs et al, 15731y preferentially blocking muscle
sodium chanrels (Minoshima et al, 1584, Cruz et al, 1985). Sod um channeis ia neurcea)
prcwannon' arenot blocked at wirmular toxin concentrasoas (Cruz et al, YRS, Ohrzurs ot

al, 1986a). ,Geographutoxin 11 ((;T’( IN. the mout potent ~f tus farmuly of conaronins,
aompcmwelv indubits binding of [ YH] taxitoria to reurotoxin receprtor site b on e
wxium channels at concentrations amiiar to those *hat inhihit socium charnel function . o
«Ohizumy et al, 1986b; Moczyclowski et al, 1986, Yanagaws et al, 1986). Saitonin
binding to sodium channels in synaptosomes of supenior cervical ganglion is unaffected
at similar concentrations. Since saxitoxin and TTX bind sunularly 10 sodium channels of
nerve and aduli skeletal muscle, GTX 11 is the first ligamd that distinguishes between the
structures of neurctoxin receptor 1 on sodium channels in these tissues. This woxin may
therefore provide the most sensitive probe of structural differences in this site on sodium
channel subtypes. In these experiments, we have exarmuned the action of thus toxin on
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TTX-sensitive and TTX-insensirive sodium channels in spherical myoballs (Fukuda et al,
1976) prepared from cultured rat muscle cells developing in vitro using the giga ohm
seal, whole call voltage clamp procedure of Hamill et al (19§1) as described previously
(Gonoi et al, 19835).

The primary structure of GTX 11 is illustrated in Figure 1. Itis a 22 residue
polypeptide containing 3 hydroxyproline residues, three positive!v charged arginine
residues, and three disulfide bonds (Sato et al, 1983). The guanidine moieties of two of
the arginine residues are likely to occupy similar positions in neurotoxin receptor site 1 of
the sodium channel to the guanidine moieties of tetrodotoxin and saxitoxin. The larger
size of GTX II may provide other points of attachment which result in selective binding
to sodium channel subtypes.

Rat muscle cells were dissociated from embryonic limb muscles and myoballs
were prepared. A giga-ohm seal was formed on an individual myoball and sodivm
currents were recorded over approximately 10 min while the intracellular solution
exchanged with the pipette solution and the amplitude of sodium currents reached steady
state. A family of sodium current responses elicited by depolarization to membrane
potentials of -90 mV to +60 mV before toxin treatment is illustrated in Figure 2A. The
sodium channel density and the kinetic and voltage-dependent parameters describing
these sodium currents agreed closely with those measured previously (Gonoi et al, 1985).
Addition of GTX II tc a final concentration of 2.5 uM in the recording medium caused a
progressive reduction in the sodium current recorded at a pulse potential of -20 mV. The
sodium current reached a new steady state after approximately 2 min (Figure 2B).
Neither the time course nor the voltage-dependence of the remaining sodium current was
altered markedly by toxin treatment (Figure 2C).

Cumulative addition of GTX II to individual myoballs under voltage clamp
caused progressive reduction in peak sodium conductance as illustrated for two
representative myoballs in Figare 3. After each addition, sodium conductance declined
to a nuw steady state within 5 min. Currents were recorded within 10 min after each
addition. For ihe two myoballs illustrated, 61% and 35% of the sodium conductance was
inhibited at a maximum concentration of GTX II. Concentration-effect curves,
calculated by least squares analysis assuming noncooperative one-to-one bindir.g of GTX
1It0 61% and 35% of the sodium channels, respectively, fit the data closely and yield
apparent Kp values 21 aM and 27 nM for GTX II a~tion on these two myoballs. These
apparcnt KD values agree closely with those for block of contraction, sodium currents,
and [3H] saxitoxin binding in adult muscle (Nakamura et al, 1983; Cruz et al, 1985;
Ohizumi et al, 1986) and therefore represent inhibition of TTX-sensitive sodium channels
in the rat muscle cells.

In order to analyze the mean properties of a larger number of myoballs, four
myoballs in different petri dishes were studied at each GTX II concentration and mean
values of the ratio of sodium conductance in the presence and absence of GTX II were
determined. Figure 4 illustrates the measured sodium conductarce as a function of GTX
II concentration. Analysis of these data as described above showed that 49 + 9% of the
sodium conductance was inhibited with an apparent Kp of 10 nM in agreement with the
data from studies of individual myoballs.

These results show that individual myoballs contain two classes of sodium
chanr.els with respect to inhibition by GTX II. The sodium channels that are inhibited by
GTX II have the same affinity for GTX II as the TTX-sensitive sodium channels in adult
muscle. If TTX-sensitive sodium channels are preferentially inhibited by GTX II, the
sodium channels remaining active in the presence of a saturating concentration of GTX II
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should all be the TTX incenunve whtvpe. Figure § dlustrates s concentration.effect
curve for inhiditon by TTX of the sodium conductance that remaing iy the prewnce of
SHLUMOTX L Inthe ceil cultures used for tus experiement, 23 LS GTN 1 redic ol
soium conductance 10 SS R ¢ 3 4R (S EM. nef)of congol values, The wil.um
conductance that remanad was unaffected by 28 aM TTX indicating that no TTX-
Gagnve soahigm channels rermained acthive 1 e presence of 1S LM OGTX T Fpue &
Thereemaming Wi COnG R 1A was Cowrnictely e B bipher conmcenirgiong of
TIX wuNan arrarent KD vage of 13 uM, dennsai o that for meax of T ~wrny e

Saoue and Cokn, 1976 Porpone, 1980 Lawrence and Canergcl, Dok Frel ser al,
PR Sherman et al, 1983 Gonoretal, 1935). The concentranon effect curve ta'cu aed
assurmin g noRTOOPeTative, one-to-one tanding 10 1 ingle site fits he data closely. The
results show that GTX Ul compietely blocks the TTX-sensiave sodium Chanst s in
culrured rat muscle cells leaving TTX insensitive sodium channels unaffected.

Inhitwtion of TTX-insensitve sodium channels by TTX in heart (Cohen et 3,
13R1) and skeleal muscle (Gonoi et al, 1985) 18 freguency dependent whie inh:iwtiom of
TTN -wns:uve channels 1s not. We examined whether repetsuive depolanzanon erharces
iwk of wndium channels in mvoballs by GTX T by wimuianng with a traun of 20 et
pulses from a boiding potental of - 120 mV 10 -20 mV foe [0 msec at a frequency of 0.5,
Lor 2 Hz Similar condinons cause frequency-dependent biock of TT X insersiuve
socium channels in myobhalls by TTX (Gonot et 3l 1985). [n the presence of 25 2M, 2.3
UM, or 25 UM GTX L1, no enhancement of sadium channel inhubiuon by repeun
stimulation was observed. Thus, repetitive activation of sodium channels does not induce
block of TTX insensitive sodium channels by GTX [T and the biock of TTX sensitve
sodium channels by this agent is not frequency dependent under these conditions.

Our results further establish GTX I as the most selective ligand for neurotoxin
receptor site | on the sodium channel. Not only does this toxin distinguish clzarly
between TTX-sensitive sodium channels in nerve and muscle (Cruz et al, 1988, Uhipuri
et al, 1986a), but it also distinguishes move ciearly between the TTX-sennitive and -
insensitive sodium channels in rat muscle than does T X itself. TTX binds to TTX-
sensitive socium channels with approximately 200-fold higher affinity than TTX-
insensigve sodium channels. GTX II binde to and inhibets TTX-senstive sod:um
cheanels with at least 10,000 fold higher affnity than TTX-insensiave sodium channels
(Figure 3 and 4). It may have no action om TTX-insensitive socuurn channels at ali.
These resuits provide the clearest evadence to date that the TTX sensinve and -insens:tive
sodiuim channels 1n skeletal muscle are structurally distinct entnives. TTX-insensive
sod:um channels in skeletal muscle have three additional properties which disnnguish
them from TTX-sensitive sodium channels. (i) They have higher affinity for Anermonia
sul¢ala sea anemone toxin il than for Leiunig Q-worpion tox:n at neurotoxin recepion site
3 (Lawrerice and Catterall, 1981ab; Frelin et al,1934). (i) Their inhibition by
tetrodotoxin is frequency-dependent (Gonoi et al, 1985). (iit) They have lower single
channel conductance and altered voltage-dependence (Weiss et al, 1986). TTX-
insensiuve sadium channels with simular properties are present in marmnmalian cardiac
ceils at ail umes (Reuter, 1979, Cohen et al, 1981; Canternil and Coppertruth, 1981
Considered together, these observations provide strong evidence that these two classes of
sodiu.n channels represent distinct pharmacological subtypes which are differentially
expressed in muscle tissues.

The present results also provide the clearest evidence to date that rat muscle cells
cultured 1 Vit in the absence of neurons are able o synthesize functional TTX-
sensitive sodium channels charactenstic of adult skeletal muscle. [n previous studies
(Sherman et al, 1983; Gonoi et al, 1985; Weiss and Hom, 1786), the presence of
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functional forms of TTX-sensitive and -insensitive sodium channels in cultured muscle
cells has been inferred from analysis of biphasic TTX inhibition curves which revealed
two components of scdium conductance with apparent KD values characteristic of these
two channei subtypes. In contrast, GTX II gives all-or-none inhibition of these two
channel subtypes providing a definitive demonstration of the existence of two functional
classes of channels. Evidently, rat muscle cells have the intrinsic capacity to synthesize
functional TTX-sensitive sodium channels in the absence of innervation in vivo
(Sherman and Catterall, 1982) and in vitro (Sherman et al, 1983; Gonoi et al, 1985;
Weiss and Horn, 1986; this report). Innervaton, and the electrical aciivity it stimulates
in the muscle cell, regulate the cell surface density of functional channels (Sherman and
Catterall, 1982, 1984). GTX II will be a valuable experimental probe in further studies of
this regulatory process.

4. ificati iym n ivati i on
Striatus

The piscovorous marine snails of the genus Conus produce a variety of
polypeptide toxins which are used in the capture of prey (Kobayashi, et al, 1982; Olivera,
et al, 1985). The primary structures and mechanisms of action of low molecular weight
toxins of 12 to 26 amino acid residues which block nicotinic acetylcholine receptors
(Gray, et al, 1981), sodium channels (Sato, et al, 1983; Cruz, et al, 1985), and calcium
channels (Olivera, et al, 1985; Olivera, et al, 1984) have been described previously. The
p conotoxins, Geographutoxin I and II, from Conus geographus inhibit muscle sodium
channels specifically (Clivera, 1985; Kobayashi, et al, 1986; by binding at the same
receptor site as tetrodotoxin and saxitoxin (Ohizumi, et al, 1986; Moczydlowski, et al,
1986; Yanagawa, et al, 1986). The venom of Conus striatus causes contracture of
skeletal and smooth muscles (Endean, et al, 1967; Endean, et al, 1977; Kobayashi, et al,
1981), positive inotropic effects in the heart (Endean, et al, 1979; Kobayashi, et al, 1982),
and repetitive firing and prolonged action potentials in myelinated nerve (Endean, et al,
1976; Hahin, et al, 1981). A purified glycoprotein with a molecular weigt of 25,000
retains the positive inotropic activity of the whole venom suggesting that it is a major
toxic component (Kobayashi, et al, 1982). In this report, we describe the actions of this
purified p.otein on sodium currents in mouse neuroblastoma cells and on binding of
specific neurotoxins to their sites of action on sodium channels in rat brain synaptosomes.

Modification of sodium channe] kinetics by CsTx. Sodium currents mediated by
voltage-sensitive sodium channels were measured by the whole cell voltage clamp
technique. Fig. 6A illustrates a family of sodium currents elicited by depolarizations to
test potentials of -50 mV to +80 mV at intervals of 1 sec. Sodium channels are activated
within 1 msec and are inactivated within a few msec depending on the test potentials
applied. This recording was made 20 min after making a high resistance seal between the
cell membrane and a micropipet. By this time the exchange of ions between the cell and
the micropipet was complete so that the sodium reversal potential and the sodium
currents were no longer increasing with time. CsTx (18 pl of 4 x 10-6 M) was added to
the bathing medium approximately 7 mm from the celi to give a final bath concentration
of 1 x 10-/ M. Changes in the time course of the sodium currents were measured during
10 msec test pulses to +10 inV delivered every 30 sec (Fig. 5B). Inactivation of sodium
channels was progressively slowed, reaching a new steady state rate of inactivaticn after
5 min. Fig. 6C shows a family of sodium currents elicited by depolarizations to test
potentials of -50 mV to +80 1V 6 min after addition of CsTx. Inactivation of the sodium
channels was fully modified by the toxin and the sodium channels did not inactivate
completely at the end of the 10 msec test pulse period. Similar slowing of inactivation
was observed in all four cells tested at this concentration of toxin. The toxin increased
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the peak sodium currents elicited by a test pulse to +10 mV in three of these cells to
120+/-18% (S. D.) of the control level as illustrated in Fig. 6 (compare panels A and O.
In contrast to the results with these and all other cells studied, the fourth cell in this group
was exceptional and showed a decrease in peak sodium current. The rsversal potential of
the sodium current was not significantly affected by the toxin (+59.9+/-4.4 mV before
toxin, +58.4+/-8.1 mV after toxin) and the toxin-modified currents were completely
blocked by 1 x 10-6 M tetrodotoxin. These results show that CsTx slows the inactivation
of sodium channels and increases peak sodium conductance through the channels.

When CsTx was applied at a lower final concentration of 3 x 10-8 M, (he time
course of sodium channel inactivation had two components, a rapid one corresponding to
inactivation of unmodified channels and a slower onc corresponding to toxin-modified
channels (for examples, see Figs. 9 and 10). Peak sodium curreuits were also increased at
the lower toxin concentration to a mean of 136% of control for two cells studied.

Fig. 7 compares time courses of decay of sodium currents during test pulses to
+10 mV for 70 msec in the presence or absence of 1 x 10-7 CsTx on semi-logarithmic
coordinates. The decay of the sodium currents in the absence of toxin was described by a
single exponential with a decay constant of 0.7 msec. In contrast, in the presence of
CsTx the sodium current decayed more slowly in a multi-exponential time course. The
liniiting slope of the first phase of decay was consistent with a time constant of 15.8
msec. Thereafter, the current decayed progressively more slowly, with 12% of the peax
sodium current remaining at the end of the 70 msec test pulse period.

Fig. 8 illustrates the relationship between normalized peak sodium conductance
and the test pulse potential before and after treatment with 1 x 10-7 M CsTx. The
potential for half-maximal activation was shifted to more negative membrane potentials
by 10.8+/-1.9 mV in four cells. Similar shifts in the conductance-activation curve were
observed when the inactivation ot sodium currents of N18 neuroblastoma cells was
inhibited by weatment with Leiurus scorpion toxin (Gonoi, et al, 1984), Goniopcra coral
toxin (Gonoi, et al, 1986), or proteolytic enzymes (Gonoi and Hille, in press).

The apparent voltage dependence of inactivation is also altered by CsTx (Fig. 8).

. In the presence of the toxin, the test pulse potential required for half-maximal
inactivation in a 100 msec pulse was shifted io more negative membrane potentials by
13.7+/-6.4 mV in eight cells. Since the time course of inactivation is greatly slowed by
CsTx, the inactivation curve determined at 100 msec may not represent the true steady
state. Long pre-nulses were not used because slow inactivation becomes important. In
all cells tested, the voltage dependence of inactivation measured at 100 msec was less
steep in the presence of toxin and inactivation was incomplete, even after a 100 msec
prepulse at -20 mV (Fig. 8).

Voltage dependence of CsTx action. The binding and action of several other

polypeptide neurotoxins which slow sodium channel inactivation are voltage-dependent
including at-¢29rpion toxins (Catterall, 1977; Gonoi, et al, 1984; Catterall, 1980;
Catterall, 1979; Mozhayeva, et al, 1980), sea anemone toxins (Catterall and Beress, 1978;
Lawrence and Catterall, 1981; Warashina and Fugita, 1983; Kryshtal, et al, 1982), and
Goniopora coral toxin (Gonoi, et al, 1986). In each case, the affinity of these toxins for
their receptor sites on the sodium channel is reduced by membrane depolarization. We
examined the membrane potential dependence of the action of CsTx by varying the
holding potential of the cell as described previously for scorpion and coral toxins (Gonoi,
et al, 1984; Gonoi, 1986). Before beginming the recordings, cells were incubated in
recording medium containing 3 x 10-8 M CsTx for 30 min at 370 to allow equilibrium
binding of the toxin. After forming a seal on a cell, the holding potential was maintained
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at -80 mV for 10 min and a family of sodium currents was elicited by 10 msec
depolarizing test pulses to potentials of -50 mV to +80 mV following 200 msec
hyperpolarizing prepulses to -120 mV (Fig. 9A). The sodium currents decayed with a
biphasic time course as expected for a mixture of modified and unmodified channels.
After changing the holding potential to -40 mV and incubating the cells for 5 min to
allow equilibration of the toxin, the extent of modification of the sodium currents was
reduced (Fig. 98). After further depolarization of the holding potential to O mV, the time
course of the sodium currents returned to essentially that of unmodified channels (Fig.
9C). Hyperpolarization of the membrane potential to -80 mV increased the degree of
modification of sodium currents by CsTx to the original level (data not shown). These
results demonstrate that the binding and/or action of CsTx is reduced by membrane
depolarization in the range of -80 mV to O mV.

Similar experiments were carried out over the membrane potential range from -
160 mV to -80 mV (Fig. 10). Surprisingly, we found that hyperpolarization of the
holding potential beyond -80 mV decreased the fraction of sodium channels that
inactivated slowly. To examine this effect more carefully, we carried out experiments
starting from a holding potential of -160 mV so that the direction of membrane potential
change was the same as in Fig. 9. After incubating cells with 3 x 10-8 M CsTx for 30
min at 370 and hyperpolarizing to -160 mV for 10 min (Fig. 10A), the extent of
modification of sodium currents appeared less than in the corresponding experiment at -
80 mV (compare Fig. 9A). Depolarization of the holding potential to -100 mV followed
by measurement of the sadiur current elicited by a single 10 msec test pulse to +10 mV
revealed a progressive increase in the slowly inactivating fraction of the sodium current
upon depolarization in this membrane potential range (Fig. 10B). The new steady state
time course of the sodium current was reached in 5 min. A family of sodium currents
elicited at this time showed that, in comparison to the records at a holding potential of -
160 mV, the inactivation of the sodium current was slowed at all test potentials , the peak
sodium current was increased, and the sodium current was activated at more negative test
potendals (Fig. 10C). Thus, the binding and action of CsTx is increased by
depolarization of the membrane potential in the range of -160 to -80 mV.

Since unmodified sodium channels inactivate nearly completely by 3 msec after
the beginning of a test pulse to +10 mV (see Fig. 7), the fraction of sodium conductance
that remains at 3 msec provides an estimate of the fraction of sodium channels with
slowed inactivation (Gonoi, et al, 1984). The fraction of sodium conductance remaining
at 3 msec is plotted as a function of the holding potential in Fig. 11A. The results at the 9
holding potentials tested define a biphasic dependence of the binding and action of CsTx
on membrane potential with maximum effect in the range of -100 to -60 mV. If we
assume that the voltage-dependence of the toxin effect is due to voltage-dependence of
the affinity for CsTx binding at a single receptor site on the sodium channel protein, as
has been shown for a-scorpion toxins and sea anemone toxins (Catterall, 1977; Gonoi, et
al, 1984; Catterall, 1930; Catterall, 1979; Mozhayeva, et al, 1980; Catterall and Beress,
1978; Lawrence and Catterall, 1981; Warashina and Fugita, 1983; Kryshtal, et al, 1982),
then apparent Kp values for toxin binding at each membrane potential can be calculated
from the data of Fig. 11A. As illustrated in Fig. 11B, a plot of the log of the apparent Xp
versus membrane potential is also biphasic. At membrane potentials more positive than -
60 mV, the apparent KD increases e-fold for each 19 mV depolarization. The slope is
similar to that observed for Leiurus scorpion toxin in the same cells (Gonoi, et al, 1984)
as indicated by the straight line in Fig. 11B. At membrane potentials more negative than
-100, the apparent KD is increased 10 fold. A similar increase in the apparent Kp for
Leiurus toxin at negative membrane potentials was not observed in our previous
experiments (Gonoi, et al, 1984), although we cannot exclude the possibility that it may
occur at even more negative membrane potentials than those tested.
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Effect of external Na* on CsTx action. In previous work, we found that the
inhibition of sodium channel inactivation by a polypeptide toxin from the corai
Goniopora required Na+ or another alkali metal cation in the extracellular medium. No
effect of the toxin was observed in Nat-free, choline-substituted medium (Gonoi, et al,
1986). To examine the requirement for extracellular Na+ for CsTx action, neuroblastoma
cells were incubated for 30 min at 370 in sodium-free medium with or without 3 x 10-8
M toxin and outward sodium currents were measured with micropipets containing 135
mM Na+ as described under Experimental Procedures. Qutward sodium currents were
markedly prolonged by incubation with CsTx under these conditions (Fig. 12), indicating
that extracellular Na+t is not required for the action of CsTx on sodium channel
inactivation.

Site of action of CsTx, Sodium channels have five 1eceptor sites for neurotoxins
that have been defined in previous neurotoxin binding studies (reviewed in Catterall,
1980; Catterall, 1984; Catterall, 1985). We have examined the effects of CsTx on
specific binding of neurotoxins at three of these sites as an initial step in determination of
its site of action.

Neurotoxin receptor site 1 on the sodium channel binds the heterocyclic
guanidines tetrodotoxin and saxitoxin which bteck the sedivm conductance of the
channel (Catterall, 1980; Ritchie and Rogart, 1977). The polypeptides geographutoxin I
and II, t conotoxins from Conus geographus, specifically block muscle sodium channels
by interaction with this same receptor site (Ohizumi, et al, 1986; Moczydlowski, et al,
1986; Yanagawa, et al, 1986). It was of interest therefore to deteninine whether CsTx
also binds at this site. Specific binding of [3H]saxitoxin to this receptor site on sodium
channels in rat brain synaptosomes was measured as described under Experimental
Procedures. No effect of CsTx on saxitoxin binding was observed at concentrations up to
1 x 10-7 M (Fig. 13), indicating that CsTx does not bind to neurotoxin receptor site 1 on
sodium channels.

Neurotoxin receptor site 2 on the sodium channel binds lipid soluble neurotoxins,
including batrachotoxin, which cause persistent activation of sodium channels (reviewed
in Catterall, 1980; Albuquerque and Daly, 1976). Binding and activation of sodium
channels by these toxins is enhanced by polypeptide toxins which inhibit inactivation of
sodium channels through an allosteric mechanism (Catterall, 1980; Catterall, 1985;
Catterall, 1977). Since CsTx inhibits inactivation of sodium channels, we expected that it
would also enhance binding of neurotoxins to neurotoxin receptor site 2. Specific
binding of 10 nM [3H]BTX-B was measured as described under Experimental
Procedures in a Na+-free, choline-substituted medium. In the absence of other toxins,
CsTx increased specific binding of [3H]BTX-B by 50% with half-maximal effect at a
concentration of approximaiely 1.5 x 10-8 M (Fig. 14). At the membrane potential of
synaptosomes (-55 mV), the apparent KD for inhibiticn of scdium channel inactivation
by CsTx is 1.1 x 10-8 M (Fig. 11B). Thus, the enhancement of specific binding of
{SH]BTX-B is observed in the same range of CsTx concentradons that inhibits
inactivation of sodium channels. Leiurus a-scorpion toxin enhances specific binding of
{3H]BTX-B by as much as 10-fold (Catterall, 1981). In the presence of 3 x 10-7 M
Leiurus toxin, CsTx did not cause a detectable further enhancement of {3H]BTX-B
binding (Fig. 14). These results suggest a limited allosteric interaction between CsTx
and neurotoxins binding at site 2 on the sodium channel.

Neurotoxin receptor site 3 on the sodium channei binds the polypeptides a-
scorpion toxin and sea anemone toxin which inhibit sodium channel inactivation and
enhance persistent activation of sodium channels by neurotoxins acting at receptor site 2
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(reviewed in Catterall, 1980). In order to determine whether CsTx exerts similar effects
on the sodium channel by interaction with neurotoxin receptor site 3 as wll, we
examined the effects of CsTx on specific binding of 125I-labeled Leiurus scorpion toxin
as described under Experimental Procedures (Fig. 13). A saturating concentration of
CsTx (1 x 10-7 M) reduced specific scorpion toxin binding by only 17%. These results
show that CsTx does not occupy neurotoxin receptor site 3 in causing its effects on
inactivation of sodium channels, although its binding may reduce the affinity of
neurotoxin reccptor site 3 for Leiurus scorpion toxin slightly. CsTx must affect sodium
channel inactivation by interaction with a site other than neurotoxin receptor sites 1
through 3.

Modification of sodium channel inactivation Xi ion at a new site, Our
results establish a fourth class of polypeptide neurotoxins that specifically inhibit

inactivation of sodium channels. Early voltage clamp experiments showed that scorpion
venoms, and basic polypeptide toxins of approximately 7000 daltons isolated fiom them,
preferentially slow and block sodium channel inactivation (Koppenhofer and Schmidt,
1968; reviewed in Catterall, 1980). These toxins bind in a voltage-dependent raanner to a
single receptor site (receptor site 3) on the sodium channel (Catterall, 1977; Catterall,
1980; Catterall, 1979) and er:hance, through an allosteric mechanism, the activation of
sodium channels by lipid soluble neurotoxins like batrachotoxin which act at neurotoxin
receptor site 2. Basic polypeptides of 3000 to S000 daltons from sea anemone
nematocysts also preferentially slow or block sodium channel inactivation (reviewed in
Catterall, 1980) and bind to neurotoxin receptor site 3 in a voltage-dependent manner
(Catterall and Beress, 1978; Lawrence and Catterall, 1981; Warashina and Fugita, 1983;
Kryshtal, et al, 1982). In contrast to these two classes of toxins which exert their effects
on sodium channel inactivadon by binding at receptor site 3, recent results show that a
polypeptide of 10,000 daltons from the coral Goniopora inhibits sodium channel
inactivation by voltage-dependent interaction with a different receptor site (Gonoi, et al,
1986), and the results presented in this report demonstrate that a polypeptide of
approximately 25,000 daltons isolated from the venom of the marine snail Conus striatus
has a similar action. It is of interest to compare the physiological actions of these four
structurally distinct classes of toxins.

The common denominator of the action of all four classes of toxins is their ability
to slow sodium channel inactivation markedly without altering the time course of channel
activation. This action is usually accompanied by three other =ffects: a reduction in the
steepness of the voltage dependence of steady state inactivation for a-scorpion toxins,
sea anemone toxins, and CsTx, but not for Goniopora toxin (Gonoi, et al, 1984; Gonoi, et
al, 1986; Mozhayeva, et al, 1980; Catterall and Beress, 1978; Warashina and Fugita,
1983; Kryshtal, et al, 1982; Koppenhofer and Schmidt, 1968; Bergman, et al, 1976);
incomplete inactivation after long depolarizing pulses to positive membrane potentials
for all four classes of toxin (Gonoi, et al, 1984; Gonoi, et al, 1986; Mozhayeva, et al,
1930; Koppenhofer and Schmidt, 1968; Bergman, et al, 1976); and a shift in the voltage
dependence of steady state inactivation to more negative membrane potentials for CsTx
(thés:3 work) or more positive membrane porentials for Goniopora toxin (Gonoi, et al,
1986).

These toxins alter the voltage dependence of activation and increase the peak
sodium current in N18 neuroblastoma cells (Gonoi, et al, 1984; Gonoi, in press; Catterall,
1980). These effects are also evident when inactivation is blocked by treatment with
proteolytic enzymes or with chemical reagents (Gonoi and Hille, in press). Thus, these
effects should be considered secondary consequences of the primary effect of the toxins
to slow inactivation. Inactivation of sodium channels in N18 cells is very rapid and is not
strongly voltage-¢ “pendent (Gonoi and Hille, in press). Inactivation therefore
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abbreviates the rise of the sodium current before maximum activation is achieved. The
peak sodium current increases and the voltage dependence of activation shifts to more
negative membrane potentals when inactivation is slowed or blocked because the
increase in sodium current after depolarization attains the full level allowed by the
voltage dependence of sodium channel activation without attenuation by inactivation.
Kinstic models which account for this behavior have been discussed previously by Gonoi

and Hille (in press).

Voltage-dspendent binding and/or action is also a common feature of the
mechanism of these four classes of toxins. However, the voltage dependence differs
quantitatively among the toxins that have been studied. The Kp for binding of Leiurus
toxin increases e-fold for each 15 to 21 mV depolarization and there is a linear
relationship between the log of KD and membrane potential over a wide range (Catterall,
1977; Gonoi, et al, 1984; Catterall, 1979; Mozhayeva, et al, 1980). The voltage
dependence of sea anemone toxin action is similar with an e-fold increase in apparent Kp
for each 15 mV depolarization over the range that has been examined (Kryshtal, 1982).
Goniopora coral toxin has a shallower voltage dependence with an e-fold increase in
apparent Kp for each 48 mV depolarization (Gonoi, et al, 1986). However, the change
in apparent KD with hyperpolanization appears to level off at potentials more negative
than -100 mV. The voltage dependence of CsTx action differs even more markedly from
a log-linear relationship between apparent K[y and membrane potential (Fig. 6). Between
-60 mV and 0 mV, KD increases e-fold per 19 mV depolarization as for Leiurus scorpion
toxin. However, at more negative membrane potentials, KD decreases o a minimum
value and then begins to increase again. What mechanisms might account for the widely
differing voltage dependence of the binding and action of these toxins which all inhibit
sodium channel inactivation? The voltage dependence of Leiurys toxin action results
from preferential binding to activated states of sodium channels {Catterall, 1977,
Catterall, 1979). Current models of sodium channel gating indicate that the channel
protein must undergo several voltage-dependent transitions connecting discrete
nonconducting states before activation of the channel can occur (Armstrong, 1981;
Catterall, 1986). Inactivation of the channel may occur from one or more of these
nonconducting states as well as from the activated state of the channel. The different
voltage-dependence of binding and action of the toxins which inhibit inactivation may
result from preferential binding of these different toxins to different states along the
pathway toward the activated and inactivated states of the channel. Since the fraction of
sodium channels that is in each of these states is expected to have different voltage
dependence for each state, toxins which have preferential affinity for different channel
states would be expected to have different voltage dependence of binding.

oe-scorpion toxins and se2 anemone toxins share a common receptor site,
neurotoxin receptor site 3, on the sodium channel protein (Catterall, 1980; Catterall,
1978). In contrast, Goniopora toxin and CsTx act at one or more different receptor sites.
The sites of Goniopora toxin action and CsTx action may be separate from one another
since extracellular Na+ is required for Goniopora toxin action but not for CsTx action
and the voltage dependence of toxin action at the two sites is distinctly different.
Evidently, there are multiple sites on the extracellular surface of the sodium channel at
which inactivation can be altered, and each of these receptor sites can undergo voltage
dependent conformational changes during the transition from resting to activated sodium
channels. Identification of these receptor sites at the molecular level may provide insight
into the structural changes which take place during channel activation and inactivation.
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B. Site-directed Antibodies as Probes of Sodium Channel Structure and Function

Neurotoxins act at multiple discrete receptor sites on the sodium channel protein.
Most of these are located on the a subunit whose primary structure is known. We have
sought to design site-directed antibodies against known segments of the o subunits of the
a subunit with three objectives in mind: (1) to determine the tissue distribution of
sodium channel subtypes having an amino acid sequence ideatical or highly homologous
to those whose primary structures are known; (2) to identify the sites of nearotoxin action
on sodium channels in key target tissues for neurotoxin action; and (3) to design antibody
reagents to interdict neurotoxin action in their most sensitive target tissues. [n the past
year, we have made substantial progress on the first two of these cbjectives.

L Tissue-specific Expression of the R] and Ry Sodium Channel Subtypes

Sodium channels isolated in functional form from rat brain, rat and rabbit skeletal
muscle, and zlectric eel electroplax all contain a large glycoprotein subunit of 260 kCa as
their principal component (reviewed in Agnew, 1984; Barchi, et al, 1984; Catterall, 1984;
Catterall, 1986). In brain and skeletal muscle, this & subunit is associated with one or
two smaller B subunits (Catterall, 1984; Catterall, 1986). cDNA clones encoding the
primary structure of the o subunits from electroplax (Noda, et al, 1984) and rat brain
(Auld, et al, 1985; Mandell, et al, 1986; Noda, et al, 1986; Goldin, et al, 1986) have been
isolated, and the complete primary structures of & subunits from electroplax and rat brain
have been determined (Noda, et al, 1984; Noda, et al, 1986). High molecular weight
mRNA from rat brain (Sumikawa, 1986), a subunit mRNA isolated by hybrid selection
(Goldin, et al, 1986), and & subunit mRNA svnthesized from cloned cDNA (Noda, et al, -
1986) all direct the synthesis of functional sodium channels in Xenopus oocytes. Two
recent lines of investigation indicate that there are multiple subtypes of sodium channels
expressed in mammalian neurons. Polyclonal antibodies directed against the & subunit of
the rat brain sodium channel do not recognize sodium channels in peripheral neurons
(Wollner and Catterall, 1985). Moreover, cDNA clones encoding three different @
subunit mMRNA's have been detected in rat brain, and two of these have been fully
sequenced (Noda, et al, 1986). These two mRNA'’s encode Rf and R[T & subunit
subtypes having 87% identity in their predicted amino acid sequence. In these studies,
we have analyzed the tissue-specific expression of the Ry and Ry sodium channel
subtypes using sequence-directed antibodies that distinguish these two forms.

Synthetic peptides, SP1 (CAYEEQNQATLEEAENKEA), corresponding to
residues 425-442 of Ry (Noda, et al, 1986) or residues 427-444 of Ry (Noda, et al, 1986)
plus an N-terminal cys extension, SP11] (KTASEHSKEI'SAAGRLSD), corresponding to
residues 465-481 of R] (Noda, et al, 1986) plus an N-tcrminal lys extension, and SP1111
(KASAESRDFSGAGGIGVFSE), corresponding to residues 465-484 (Noda, ei al, 1986)
plus an N-terminal lys extension were synthesized by the solid phase method (Merrifield,
1963) and purified by reversed phase HPLC on a Vydac 218TP10 column. The identity
of the purified peptides was verified by amino acid analysis and by determination of
amino acid sequence. SP1 was radiolabeled with 1251 by the chloramine T method
(Hunter and Greenwood, 1962); SP11] and SP11]] were radiolabeled by reaction with the
Bolton-Hunter reagent (Bolton and Hunter, 1973).

Preparation of antibodies, The purified peptides were coupled through amino
groups to bovine serum albumin with glutaraldehyde (Orth, 1979), dialyzed against
phosphate buffered saiine, emulsified in an equal volume of Freund’s complete (initial
injection) or incomplete adjuvant, and injected in multiple subcutaneous sites on New
Zealand white rabbits at three week intervals. Antisera were collected after the second
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injection and tested by radioimmune assay (Costa and Catterall, 1984). Antibodies were
purified by antigen affinity chromatography (Wollner and Catterall, 1984; Olmsted,
1981).

i fractions. A crude synaptcsomal membrane fraction (P3)
was prepared from whole rat brain as described previously (Catterall, et al, 1979).
Electric eel brain and regions of rat brain were homogenized in 3.3 ml per g tissue of
sucrose buffer consisting of 5 mM EDTA, 5 mM EGTA, 300 mM sucrose, pH 7.4, 50
pg/ml phenyl methanesulfonyl fluoride, 1 uM pepstatin A, and 1 mM iodoacetamide.
Debris was removed by centrifugation at 800 xg for 10 min and the membranes were
collected by centrifugaticn at 100,000 xg for 60 min. Brains from monkey, chicken,
gecko, and frog were homogenized in 320 mM sucrose, 5 mM potassium phosphate, pH
7.4, 1.5 uM phenyimethanesulfonyl fluoride, 1 UM pepstatin A, and 1 mM
iodoacetamide. Freshiy dissected retinae and optic nerves were homogenized in 130 mM
choline chloride, 5.4 mM KCl, 0.8 mM MgCl3, 5.5 mM glucose, 50 mM HEPES-Tris,
pH 7.4, 50 pg/ml phenylmethanesulfonyl fluoride, 1 uM pepstatin A, and 1 mM
iodoacetamide. Frozen superior cervical ganglia, adrenal medullae, and sciatic nerves
(Rockland Scientific) were rapidly thawed and homogenized in sucrose buffer. Rat
skeletal muscle was dissected from the hind legs and a light surface membrane fraction
was prepared by a modification of the method of Barchi et al (1979). Sodium channel
concentration was determined by measurement of specific binding of saxitoxin in
membrane fractions at 00C using a rapid filtration assay on GF/F filters at 20 nM
saxitoxin (Catterall, et al, 1979).

Solubilization, immunoprecipitation, and phosphorylation of sedium channels,
Membrane fractions were diluted to 1 nM sodium channels (100 fmol per sample) as
assessed by saxitoxin binding activity in solubilization buffer consisting of 100 mM
choline chloride, 10 mM EDTA, 10 mM EGTA, 50 mM potassium phosphate, pH 7.4,
and 3% to 5% Triton X-100 plus the protease inhibitors phenylmethylsulfonylfluoride
(50 p.g/ml), iodoacetamide (1 mM), and pepstatin A (1 inM). After mixing for 30 min at
40C, the residual membranes were sedimented at 8000 x g for 15 min. The supernatants
were incubated for 16 hr with affinity-purified antibodies at 40C. The antigen-antibody
complexes were isolated by adsorbtion to protein A-Sepharose (10 mg) and the pellets
were washed twice with phosphorylation buffer (Schmidt, et al, 1985). The
immunoprecipitated sodium channels were radjglabcled by phosphorylation with 500 ng
:lAMgl;-;icpcndent protein kinase and 5 pCi [y-?“PJATP for 1 min at 36°C (Schmidt, et

, 1985).

NaDodSO4 gel electrophoresis, Pellets from immunoprecipitation and
phosphorylation were suspended in sample buffer consisting of 3% NaDodSO4, 30 mM
Tris (adjusted to pH 8.6 with HCI), 2 mM EDTA, 5% sucrose, and 5% B-
mercaptoethanol and boiled for 5 min. The pH was adjusted to 7.4 and the y.oteins were
resolved by electrophoresis through a stacking gel of 3% acrylamide and a running gel
with a 3% to 10% acrylamide gradient as previously described (Schmidt, et al, 1985;
Maizel, 1971). Radiolabeled bands were visualized by autoradiography. The intensity of
autoradiographic bands was determined with a Soft Laser Scanning densitometer (Zeineh
SL-504-XL). Exposure times were selected to give a linear response of the film to the
incorporated radioactivity. ‘

Specific recognition of Rf and RJ}. Affinity-purified antibodies were prepared
against a peptide (SP1) corresponding to a conserved sequence in the R[ and R]] sodium
chanrel subtypes and against two peptides (SP11] and SP1111) corresponding a nearby
divergent sequence having only three widely spaced amino acids out of 18 that are
common between these subtypes. Immunoprecipitation of purified, 32P-labeled sodium




channels by increasing concentrations of the antibodies against the SP1 and SP11
peptides is illustrated in Fig. 15SA. At saturating concentrations, anti-SP11] antibodies
precipitated 26% and anti-SP11] antibodies precipitated 70% of the 32P-labeled sodium
channels that were precipitated by anti-SP1 (Fig. 15A). immunoprecipitation by
saturating concentrations of anti-SP11] and anti-SP11]] was additive indicating that these
antibodies immunoprecipitate different populations of purified sodit'm channels (Fig.
158).

The crossreactivity of the anti-SP11] and anti-SP11] antibodies was examined in
the experiment illustrated in Fig. 16. Immunoprecipitation of 32P-labeled sodium
channels by anti-SP11] is reduced to 50% of maximum by 2.5 nM SP111or 11.5 nM
unlabeled sodium channels, which corresponds to approximately 2.9 nM R]. Saturating
concentrations of unlabeled sodium channels or SP11] completely block
immunoprecipitation by anti-SP1 15 but similar concentrations of SP11]] have no effect.
Similarly, immunoprecipitation of 32P-iabeled sodium channels by anti-SP11]] is
reduced to 50% of maximum by 0.5 nM SP117] or 0.8 nM sodium channels which
corresponds to approximately 0.6 nM R|[. Saturating concentrations of unlabeled
sodium channels or SP11]] completely block immunoprecipitation by anti-SP11yy, but
SP117 has no effect. These results show that these anti-peptide antibodies bind native
sodium channels almost as well as the peptides used as antigens and that they are specific
for distinct & subunit subtypes present in the purified sodium channel preparation from
rat brain. It is likely that they recognize specifically the Ry and R sodium channel
subtypes whose primary structures contain the corresponding amino acid sequences.

s of R1 and RJ1 by immun ipitati horylation, The a
subunits of rat brain sodium channels are unusually good substrates for phosphorylation
by cAMP-dependent protein kinase (Costa and Catterall, 1984) and both the R] and R[1
subtypes are readily phosphorylated in vitro (Fig. 15). The phosphorylation sites of these
two channel subtypes are located on the same set of tryptic phosphopeptides, indicating
that R and RJJ are phosphorylated on the same sites (Rossie and Catterall, manuscript in
preparation). Immunoprecipitadon of scdium channels with specific antibodies,
radiolabeling of the precipitated a subunits by phosphorylation with cAMP-dependent
protein kinase, and analysis by SDS-PAGE provides a seasitive method for detection of
sodium channels in neuronal tissues, allowing detection of 2 fm.ol of sodium channels in
unpurified membrane extracts (Schmid, et al, 1985). In these experiments, we have
adapted this method to analyze tissue-specific expression of the R] and R]J sodium
channel subtypes using sequence-specific antibodies.

Sodium channels were solubilized from a lysed crude synaptosomal membrane
fiaction (lysed P3) from rat brain, immunoprecipitated with anti-SP1, anti-SP11j, or anti-
SP11yy antibodies, phosphorylated, and analyzed by SDS-PAGE. One major
phosphoryiated protein band of 260 kDa is observed with each antibody (Fig. 17, lanes 1-
3), but not with preimmune antiseruin or with affinity-purified antibodies that have been
previously blocked by incubation with thie corresponding peptide antigen (data not
shown). Therefore, this band represents the o subunits of the sodium channel. Anti-SP1
immunoprecipitates more labeled a subunits than either of the antibodies directed against
variable sequences of the protein (Fig. 17A, lane 1). Inanalyzing our results, we have set
the amount of radiolabeled & subunits immunoprecipitated by anti-SP1 antibodies equal
to 100% (Fig. 15A) and have compared the amounts precipitated by anti-SP11] and anti-
SP11q] to that value. By this criterion, R and R][ comprise an average of 15.1% and
60.4%, respectively, of sodium channels in membrane preparations from whole rat brain.

Several control experiments were carried out to examire whether our methods
provide an accurate measurement of the ratio of expression of these two channel
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subtypes. Experiments with increased concentrations of antibodies confirmed that the
amounts used were saturating. Measurements of the dissociation rates of the antibody-
32p-1abeled sodium channel complex during subsequent czntrifugation, phosphorylation,
and washing showed that complexes with anti-SP1 and anti-SP11] antibodies are
recovered quantitatively, while approximately 30 % of complexes with anti-SP11]1
antibodies are lost. We have applied a correction factor to account for this in
quantitatively analyzing our results in Table 1 and Fig. 19. With this correction, our
results indicate that the sodium channels in crude synaptosomal membrane preparations
from whole rat brain are 15% R] and 78% RJ]. Comparison of these values with those
for purified preparations (Fig. 15A) suggests that the R subtype is recovered in higher
yield during purification.

Variations in the extent of endcgenous phosphorylation of sodium channel
subtvpes or in dephosphorylation of these subtypes during tissue fractionation might
influence the extent of radiolabeling of sodium channels in tissue extracts by
phosphorylation. Purified R] an¢ R]f sodium channels are rapidly dephosphorylated by
phosphatases in rat brain cytosolic fractions (Rossie and Catterall, unpublished
experiments). Prior dephosphorylation of the sodium channels in extracts of rat brain and
spinal cord, which have widely differing ratios of R] to R[] (see below), by incubation
with a rat brain cytosol fraction before immunoprecipitation and radiolabeling had no
effect on the ratios of R and R[j observed. Similarly, prior dephosphorylation of sodium
channels from tissues in which these subtypes were not detected (see below) did not
reveal either subtype. The extents of dzphosphorylation of the cAMP-dependent
phosphorylation sites on R] and R]J during tissue preparation, solubilization, and
incubation with antibodies were measured by addition of purified, 32P-labeled sodium
channels and found to be comparable. Thus, differential endogenous phosphorylation -
and differential dephosphorylation of sodium channel subtypes during tissue
fractionation do not influence the results described below.

Ry and Ry are expressed differentially in the central nervous system, Similar
analyses of the amounts of R and RJJ were ca-tied out with tissue samples containing
100 fmol of saxitoxin binding sites from spect.ic regions of the central nervous system.
As illustrated in Fig. 17, hippocampus, cerebral cortex, and cerebellum expressed
substantially less R] than R]] with R/R]] ratios ranging from 0.07 in the hippocampus to
0.17 in cerebral cortex (Table 1). In these brain regions, R] and R]f accounted for greater
than 90% of the sodium channels recognized by anti-SP1, the antibody we have used to
define 100% in these studies. If other sodium channel subtypes are present in these brain
regions, they must comprise only a small portion of the total, lack phosphorylation sites,
or fail to be recognized by these three sequence-directed antibodies and our other
polyclonal antibodies. In the midbrain, R] is also expressed at a higher level than R]
(Fig. 17, Table 1). Howcver, sodium channels that are recognized by anti-SP1 but not by
anti-SP11] or anti-SP11]] are also detected (Table 1). Nevertheless, expression of the Ry
subtype is clearly predominant in these higher brain regions among the sodium channel
subtypes that are detected by the methods used here.

In contrast, R] was expressed at comparable or higher levels than Ry in medulla
oblongata and spinal cord with RI/R]] ratios of 0.98 and 2.2, respectively (Fig. 17 and
Table 1). In addition, in these more caudal regions of the central nervous system,
unidentified sodium channel subtypes that are recognized by anti-SP1 antibodies but not
by anti-SP11] or anti-SP11]] antibodies comprised a substantial fraction of the sodium
channels detected. Therefore, expression of both the R subtype and of unidentified
subtypes of sodium channels in medulla oblongara and spinal cord is increased relative to
the R]] subtype. Since the medulla oblongata contains a substantial complement of
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ascending projections from neurons in the spinal cord, much of the Ry sodium channel
subtype observed in the medulla could he synthesized by spinal neurons.

The optic nerve and retina are also considered projections of the central nervous
system. As in the brain, R[] was expressed preferentially compared to R] with expression
ratios of 0.09 and 0.36, respectively (Fig. 17 and Table 1). However, in contrast to other
regions of the central nervous system, unidentdfied sodium channel subtype(s) were the
predominant forms expressed in optic nerve and retina accounting for 64% and 76% of
the sodium cl.annels detected, respectively.

rimarily in ntral nerv tem. In previous

‘studies, we have shown by radioimmune assay that sodium channels in the peripheral

nervous system and skeletal muscle are poorly recognized by polyclonal antibedies
against rat brain sodium channels (Wollner and Catterall, 1985). To extend these
previous studies, we first examined whether the sodium channels in several peripheral
excitable tissues were recognized by the anti-SP1 antibodies which are directed against a
conserved epitope common to R], R]J, and additional unidentified sodium channels
subtype(s) expressed in the central nervous system. These sodium channel subtypes were
not detected by immunoprecipitation and phosphorylation with anti-SP1 antibodies in
samples containing 100 fmol of saxitoxin binding sites from skeletal muscle (Fig. 18) or
heart (data not shown), suggesting that they are expressed primarily in the nervous
system. Similarly, these channel subtypes also were not detected in sympathetic ganglia
or adrenal medulla (Fig. 18), suggesting that R] and RJf are not expressed by neurons of
the autonomic nervous system or by endocrine cells. Moreover, neither Ry, RI, nor the
additional unidentified sodium channel subtypes recognized by anti-SP1 antibodies in the
central nervous system were detected in sciatic nerve, which contains the peripheral
projections of spinal motor neurons, or in cauda equina, the most caudal segment of the
spinal cord which contains fiber tracts within the lower vertebrae (Fig. 18), although they
are expressed in the central myelinated fibers of the optic nerve (Fig. 17) and corpus
callosum (data not shown). Thus, previous results (Wollner and Catterall, 1985) and the
work presented here suggest that these channel subtypes are expressed primarily, if not
exclusively, by neurons in the central nervous system and are excluded from the
peripheral projections of central neurons.

Since expression of the R] and R[] sodium channel subtypes is restricted to the
central nervous system, it was of interest to examine whether the antigenic epitopes that
we have used to define these subtypes are conserved in the central nervous systems of a
range of species. Sodium channels that are recognized by anti-SP1 antibodies were
detected in mammalian (rat and monkey), avian (chicken), reptilian (gecko), and
amphibian (frog) brains, but not in a bony fish (electric eel) bruin (Fig. 17B). However,
sodium channels that are recognized. by anti-SP11§ or anti-SP11]] were observed only in
monkey and rat brain. Although only a few species have been examined, it app=ars that
these epitopes may be conserved among mammals but are not conserved in mos¢
nonmammalian vertebrates.

Expression of Ry and Ry is differentially regulated during development, Analysis
of the relative expression of Ry and R]] in brain and spinal cord during development
reveals additicnal levels of regulation (Fig. 19). At birth, the number of sodium channels
in rat or mouse brain per unit wet weight, as measured by high affinity binding of
saxitoxin, is less than 10% of the adult level (Unsworth and Hafemann, 1975; Baumgold,
et al, 1983; Lombet, et al, 1984). The density of sodium channels per unit wet weight in
brains with cerebella removed increases steadily during the first 28 days after birth
reaching 1.8 times the adult level and declines thereafter returning to the adult level by 90
days. The time course of development of total sodium channels is paralleled by the time
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course of appearance of sodium channels of the Ry subtype (Fig. 19). :‘(IH is present at
approximately 7% of the adult level at birth, increases to 1.8 times the adult level by days
21 through 28 and declines toward the adult value by day 90. In contrast, R] is not
clearly detectable until 14 days after birth and increases to the adult level by 28 days
(Fig. 19A). The ratio of R to R]J increases steadily over the entire time course of
development that we have examined, increasing from 0 on day 7 to 0.19 on day 90 (Fig.
19B).

We also examined the expression of R and RJJ in newborn and adult spinal cord
(Fig. 19B). As in brain, R][ was preferentially expressed in the newborn spinal cord and
expression of R] increased progressively during development in the adult. In contrast to
brain, expression of Ry was reduced in adult and R] was the predominant subtype
expressed.

ific expression of sodium channel su Three or more different
sodium channel subtypes are expressed in the rat central nervous system: R], R]J, and at
least one unidentified subtype that is recognized by anti-SP1 antibodies but not by anti-
SP111 or anti-SP11]] antibodies. The unidentified subtype we have detected in the
central nervous system in our immunoprecipitation experiments may be encoded by the
third sodium channel mRNA which Noda et al (1986) detected in rat brain cDNA
libraries but did not sequence fully. R] is preferentially expressed in the spinal cord, Ry
is preferentially expressed in the brain, and the unidentified subtype(s) recognized by
anti-SP1 antibodies are pieferentiaily expressed in retina and optic nerve and to a lesser
extent in the spinal cord. In addition to these three or more sodium channel subtypes in
the central nervous system, our results provide clear evidence that the sodium channels
which are expressed in the peripheral nervous system represent one or more distinct
subtypes. Polyclonal antibodies against rat brain sodium channels and anti-peptide
antibodies directed against the SP1, SP11], and SP11]1 segments of the & subunit all
recognize sodium channels in the central nervous system but not in the peripheral
nervous system (Wollner and Catterall, 1985, and this paper). Sodium channel subtypes
other than R] and Rj] must also bz expressed in skeletal and cardiac muscie because our
experiments with specific antibodies do not detect R or R] in muscle tissues (Wollner
and Catterall, 1985 and Fig. 18). Correlation of differences in pharmacological and
physiological properties with differcnces in the primary structure of these six or more
sodium channel subtypes is an important area for future work.

2 Identificali - i xin R i

We have previously developed methods to covalently label the a-scorpion toxin
receptor sirte on purified and reconstituted sodium channels (Feller, et al, 1985). These
methods used an azidonitrobenzoyl derivative of the a-scorpion toxin from Leiurus
quinquestriatus. Unfortunately, the yield of specifically photolabeled o subunits is quite
low when purified and reconstituted sodium channels are labeled with this derivative.
Moreover, the allosteric regulation of a-scorpion toxin binding by batrachotoxin,
veratridine, and other reurotoxins binding at neurotoxin receptor site 2 on the sodium
channel is not observed with the azidonitrobenzoyl derivative. We have now addressed
both of these potential problems by synthesis of a new photoreactive derivative with
methyl-4-azidobenzimidate. This reagent retains the positive charge of the amino group
in the resulting imidate product. This new derivative labels the & subunit of the sodium
channel specifically and the extent of labeling is increased in the presence of
batrachotoxin and batrachotoxin plus tetrodotoxin as illustrated in Figure 20. The level
of incorporation of the methylazido benzimidate derivative is comparable to or greater
than the previous azidonitrobenzoyl derivative. The improved specificity of labeling of
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purified sodium channels together with better retention of the binding characteristics of
native a-scorpion toxins will make this new toxin derivative valuable in our experiments

designed to locate their receptor site.

In order to locate the site of covalent attachment of a-scorpion toxins, we have
identified several proteases which are effective in cleavage of sodium channel ¢ subunits
but do not cleave the t-scorpion toxin label. From these results, we have selected
Staphylococcus aureus protease V8 for furiher studies. Cleavage of the sodium channel
with V8 proteas. yields a labeled protein fragment of 70 kDa (Fig. 20) that is detected as
a single broad band in SDS-PAGE. Treatment with neuraminidase reduces this fragment
10 50 kDa indicating that it is heavily glycosylated (Fig. 22). The substantial level of
carbohydrate on this fragment demonstrates that it contains extracellular segments of the
channel as expected for the region containing the scorpion toxin binding site.

Our strategy to localize this segment of the & subunit that is covalently labeled by
o-scorpion toxins takes advantage of the extensive battery of site-directed antibodies thai
we have prepared against different segments of the sodium channel. Table 2 summarizes
the different site-directed antibodies we have prepared, their sites of binding in the
sodium channel sequence, and their immunoprecipitation of the labeled 50 kDa fragment
of the a subunit. The various antibodies are arranged in sequence from N-terminal to C-
terminal. As illustrated in Table 2, antibodies to peptides SP1, SP8, and SP10 recognize
and immunoprecipitate the labeled detectable levels of this fragment is between amino
acid residues 205 and 250, while its C-terminus is between amino acid residues 427 and
486. This region contains two small and one major extracellular loop within the first
homologous domain of the sodium channel. Six potential sites of N-giycosylation are
located in this region.

These results define a major Jocus of interaction of a-scorpion toxins with the
sodium channel. We are now characterizing additional cleavage procedures to produce
progressively smaller fragments of the a subunit. These fragments will then be identified
by immunoprecipitation with our existing set site-directed antibodies. When we have
further localized the site of covalent attachment of the a-scorpion toxin, new site-directed
antibodies will be prepared to specifically target those sites. This approach will allow us
to _c(iictcrgginc the site of covalent attachment of scorpion within approximately 20 amino
acid residues.
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Table I Differential expression of R and Rpj in the central nervous system

REGION Rl R UNIDENTIFIED RI/RII

(%) (%) (%)

Whole Brain

Purified Na Channels 18 81 <10 022

P3 Membranes 15 78 <i0 0.19
Cerebral cortex 14 79 <10 0.17
Hippocampus 6 97 <10 0.07
Cerebellum 8 84 <10 0.09
Midbrain ’ 9 56 35 0.16
Medulla oblongata 38 39 23 0.98
Spinal cord 39 18 43 2.18
Optic nerve 3 33 64 0.09
Retina 6 18 76 0.36

Autoradiograms iike those in Figure 17 were scanned under conditions where intensity
was proportional to input protein and the density of the & subunit bands was quantitated.
The intensity of the o band immunoprecipitated by anti-SP1 antibodies was set at 100%

and the amounts of R] and R]J were estimated by comparison with that value using the

correction factor described in the text.




TABLE I

Immunoprecipitation of the Scorpion Toxin-Labeled Fragment
by Site-Directed Antibodies

Peptide
Residue No. Immunoprecipitation
30-47 SP16 -
205-211 SP4 -
232-250 SP10 +
317-334 SP8 +
427-445 SP10 +
468-486 SP11 -
1144-1164 SP20 -
1491-1507 SP19 -
1729-1748 SP13 -
1987-2005 SP12 -
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Primary structure of GTX I

Figure 1.

Arg-Asp-Cys-Cys-Thr-Hyp-Hyp-Arg-Lys-Cys-Lys-
Asp-Arg-Arg-Cys-Lys-Hyp-Met-Lys~-Cys-Cys-Ala-NH,
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Figure 2. Sodium currents of a rat myoball under voltage-clamp conditions before
and after applying GTX II. A. A family of sodium currents from myoball in a 13 day old
culture was recorded 10.5 min after making a seal between the myoball and a micropipet from a
lolding potential of -100 mV. B. 167 ul of 10 uM GTX Il in recording medium was applied
from the outside of th: myoball to give a final concentration of the toxin in the bath of 2.5 x 10-6
M. Reduction of the sodium current after applying the toxin was monitored every 10 sec by
depolarizing the myoball to a test pulse potential of -20 mV for 7 msec following a prepulse to -
160 mV for 100 msec. The photograph presented was taken 3 min after applying GTX II and
shows superimposed sodium currents. The peak sodium current decreased with each
measurement after applying toxin untl a new steady state was attained in 2 min. C. A family of
sodium currents 5 min after the applicadon of GTX II from the same cell as in A and B.

Stimulus conditions were same as in A. The calibration is common from A to C.

22

P W W w,
AT AT A (v T
» p . ’ . - LAY R -.-‘_-,-‘: TR Nt A
- ‘ ‘ b 5 T AN VN J‘".P\.""f\-‘ﬂ'f

P
LS o Vb ™ W
" ) l,,i'-




23

W, ‘n‘\\u\

Z o1




(W) :o:m.:coocoo X} :samhmomw oL 0
WIO—‘ @lo—. N.l.o Ql.OP mlall//l-ﬂll. o

1
0
o
urewal NG jo uonoey

O
Bu

Wi L2 =N 19°0 N O Tl £
=40 YIWu iz=da)y ‘seo=4o Jq :sjouueyD wpos Jo () uonoey e o1 If X.LO jo Suipuiq
210-01-3u0 ¢ Jutwasse giep 9yt Jo 1 sareabs 15u5] € 01 puodsalIod $3AIND IOOWS ALY, "PIILPuL
SHOMTNUIIN0I [RUY Y1 FAIYIT OF WINIPIW TUIPIOIII Ul AU 09 JO UONNJOS YDOIS © WOYY PIppe
sea §j X.LO ‘utod yora 10, “sj{eqoAt plo Avp 7] OM1 WIOT] PIPIOIII M SIUILND WNPOS

‘11 ¥ 10y £q spieqoAu [eRpraipul ug 2OURIDNAPUOD WNIPOS JO UoNIqIYu] ¢ andey

pr]

24




Tl o

W

X

(W) uonenuadsuod *x} nydesboan
Ol o O0F , O gOL 4O} 450 Ol

\ ";-\"‘n T

0

LA, S, A LN

r ] 'l, g
ACNAS R Oy

LIS

25

—

o

|

0

| o
Buiurewas N6 jo uoyoeyy

Wu o1 =dY ‘60
1 “sppuueyd wmipos 3 jo () uonsey e o1 1 X19O jo 3urpuiq 2uo-01-3u0 © Sutmmsse viep 0

2\
J sarenbs 1529] € Aq paureiqo sem aamd yroows YL "uonenUIUOd YIe? Ik S[TeqoL moy N E

- TIS31 3D wWoly pAIe[noed SeM ('SF) Uraw s puE uonenuauod U1X0} Yora 18 pAremom)
ST [1 X.LD JO 29u3531d 341 U BUTUTELAT IOUBIONPUOD WNIPOS JO uonoey sy, ‘I X.1O

OUERUIIU0I PATEdIPUT 3y JUTuTEIU0d WnTpam SuIpIosaI Ul uay pue wnrpaw Sutp1osor ur
1 31am SIUILIND “[[eqOAW Y93 10 “S[EOAW §Z WI01j POPIOTII 213M SIUALMS wnipos ‘11

4q 2ouetanpuco wntpos jo uoniqryut Jo 3sudpuadap uonenuasuo)) *t andig




1O e}

o
6]
J

fraction of g, , remaining

in 2.5x10°% M Geographu tx.

0 10°° 10® 107 10° 107
TTX concentration (M)

L R e Al T SR TP I

P L o T A am—

Figure 5. Concentration dependence of inhibition of sodium conductance by TTX in
the presence of 2.5 uM GTX II. Myoballs were incubated in the presence of 2.5 x 106 M GTX
II at room temperature (22 - 230C) for 10 min before making a seal with a glass micropipet.

After recording sodium currents ir: the presence of only GTX II, TTX concentration was

~Te S B RS ro.

increased cumulatively while the concentration of GTX II was kept constant and sodium currents
were recorded. The different symbols represent different myoballs. The smooth curves in the

figure represent a least squares fit assuming one-to-one, noncooperative binding of TTX to Na

« a o m.m_m m -

channels. Kp was 1.3 uM for TTX.
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A \ before toxin C . after CsTx

e 3 msec

Figure 6. Effect of CsTx on the time course of sodium currents. A. A high
resistancs seal was formed on an N18 ceil. After 20 min at a holding potendal of -80 mV, the
cell was hyperpolarized to -120 mV for 100 msec and depolarized for 10 msec to test potentials
of -50 mV to +80 mV, in intervals of 10 mV, once per second to elicit the sodium currents
illustrated. B. Eighteen pl of 4 x 16" M CsTx were added to the recording medium
approximately 7 mm from the cell to give a final concentration in the recording bath of 1 x 10-7
M. Sodium currents were elicited every 30 sec by hyperpolarizing to -120 mV for 100 msec and
depolarizing to +10 mV for 10 msec. Supcn’rﬁposcd traces from a storage oscilloécopc are

shown. C. Six min after addition of CsTx, a family of sodium currents was recorded as in panel

A,
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Figure 7. Time course of inactivation of the sodium current in the presence and
absence of CsTx. A high resistance seal was formed on an N18 cell. After 20 min at a holding
potental of -80 mV, a sodium current was recorded by hyperpolarizing to -120 mV for 100 msec
and depclarizirg to a test potential of +10 mV for 70 msec. CsTx was added at a final
concentration of 1 x 10-7 M, the cell was incubated for 10 min at 370C, and a sodium current
was elicited by hypsrpolarization to -120 mV for 100 msec and depolarization to +10 mV for 70
msac. The exronential decay of the currents is illustrated on semi-logarithmic coordinates. The

limidng straigh lines correspond to time constants of 0.7 and 15.8 msec, respectively.

28

.,-.ya.;,ffi%f.
LA B A %




es | \
E’«: 0.5+ g
- | n
o 0 o before toxin
N B o after CsTx
0 { i 1
-100 -50 0 +50

membrane potential (mV)

rigure 8. Effect of CsTx on the voltage-dependence of sodium channel activation
and inactivation. Activation. Families of sodium currents were recorded in the presence and
absence of 1 x 10-7 M CsTx as described in the legend to Fig. 6. Peak conductance values wers
calculated and plotted as the ratio of the measured value to gNa observed in a pulse to +30 mV
(before toxin,Q; after toxin,®). Inactivation. N18 cells were hyperpolarized for 100 mecec to the
indicated membrane potentials and then sodium currents were elicited by a test pulse to +10 mV
for 10 msec. Conductance values were calculated and plotted relative to the sodium conductance

observed after a prepulse to -140 mV (before toxin[J; after toxin, W).

29

ONY Y, =¥ p

2 Frbes

11'!*&"7""\1 R R Ly SR YW e ™ Y]
S L

it R R o ey
e, FETNERENES S R




Figure 9. Voltage-dependence of CsTx action between -80 and 0 mV. A. N18 cells
were incubated in the presence of 3 x 10-8 M CsTx at 370 C for 30 min. An individual cell ata
holding potential of -80 mV was hyperpolarized to -120 mV for 200 msec and a famly of
sodium currents was elicited by 10 msec test pulses to potentials of -50 to +80 mV in intervals
of 10 mV. B. The holding potential was changed to -40 mV for § min and a family of sodium
currents was recorded as in A. C. The holding potential was then changed to 0 mV for 5 min

and a family of sodium currents was recorded as in A.
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Figure 10.  Voltage-dependence of CsTx action between -160 and -80 mV. A.N18
cells were incubated in the presence of 3 x 10-8 M CsTx at 370 C for 30 min. An individual cell
at a holding potential of -80 mV was hyperpolarized to -160 mV for 10 min and a family of
sodium currents was elicited by 10 msec test pulses to potentials of -50 mV to +60 mV in
intervals of 10 mV. B. The holding potential was changed to -100 mV, sodium currents were
elicited every 30 sec by 10 msec test pulses to +10 mV and the resulting traces were sto.ed in a
storage oscilloscope. Note the increase in slowly inactivated sodium current due to the
depolarization. C. After 10 min at -100 mV, a family of sodium currents was elicited as in A

except that the test pulse potentdals ranged from -60 mV to +60 mV in intervals of 10 mV.
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Figure 11,  Voltage-dependence of the apparent X[ for CsTx. A. Sodium currents

were recorded in the presence of 3 x 10-8 M CsTx as described in the legends to Figs. 9 and 10.

The fraction of sodium conductance remaining 3 msec after the peak was measured and plotted

as mean +/- S.D. for 3 to 9 cells at each membrane potential. The smooth curve connecting the
data points was drawn by .cyc. B. The results of panel A were converted to values of apparent
KD assuming one-to-one binding of CsTx to codium channels according to the relationship KD
= [CsTx](Fg/[Fg-1]), where Fgis the fraction of sodium conductance remaining 3 msec after the

peak and Fyg is the fraction of sodium conductance remaining 3 msec after the peak in the

presence of a saturating concentration of CsTx (1 x 10-7 M) at a holding potential of -80 mV.

The straight line illustrates the voltage dependence of tinding of LqTx. The smooth curve is

drawn by eye.
32

. ATy A e T R A 4R AT
AN NN A

e AR



Ficure 118

apparent Ko (M)

107°

i 1
-150 -100 -50 o}
holding potential (mV)

33

P T P R R R R % PR
DA I A NI I SN M N NN NI N

.




without toxin : with CsTx

Figure 12.  Effect of CsTx in sodium-free medium. A.N18 cells were incubated in

choline-substituted, sodium-free recording medium in the absence of CsTx at 370 C for 30 min.

The cells were maintained at a holding potendal of -80 mV and families of outward sodium
currents were recorded by hyperpolarizing to -120 mV for 100 msec followed by depolarizing to

test potentials of -50 to +80 mV for 10 msec at intervals of one sec. B. The experiment in panel

. DEENw A A _=_ - a—m m =

A was repeated after incubation for 30 min at 37°C the presence of 3 x 10-8 M CsTx. The

outward sodium currents were completely blocked by addition of tetrodotoxin to a final

concentration of 1 x 10-6 M.
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Figure 13.  Effect of CsTx on binding of saxitoxin and Leiurus scorpion toxin to
sodium channels. Specific binding of [3H]saxitoxin (O) and [125[]Lqtx (@) to sodium channels

in rat brain synaptosomes was measured in the presence of the indicated concentrations of CsTx.
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Figure 14,  Effect of CsTx on binding of [3H]BTX-B to sodium channels. Specific
binding of [3H]BTX-B to sodium channels in rat brain synaptosomes was measured without (Q) -

or with (@) 3 x 107 M Lqux in the presence of the indicated concentrations of CsTx.
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Figure 15.  Additive immunoprecipitation of the R and R1J sodium channel subtypes.

A. Purified, 32P-labeled sodium channels (50 fmol) were immunoprecipitated with the indicated ¥
volumes of antibodies. Nonspecific immunoprecipitation (approximately 1% of total) was :"j
measured in the presence of 100 UM of the corresponding peptide and was subtracted from the «
data presented. Anti-SP1, closed square; anti-SP11], closed triangle; anti-SP11]], open square. L
B. Additivity of immunoprecipitation of R] and R] from a different purified preparation of rat :‘:3
brain sodium channels by saturating volumes (10 ul or 20 ! as indicated) of and-SP11j and anti- E

SP1171 was measured as in panel A. :%
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Figure 16.  Specificity of immunoprecipitation by anti-SP11] ard anti-SPI1[I. A,

Fifty fmol of 32P-labeled sodium channels were immunoprecipitated in the presence of the
indicated concentrations of purified sodium channels (&), SP1 11 (O), or SP1 llI

(3). B. An identical experiment was carried out with and-SP11]].
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Membrane fractions containing 100 fmol of saxitoxin binding sites were prepared and the Ry and
R]I sodium channels were solubilized, immunoprecipitated with anti-SP1 (lanes 1), antu-SP11j
(lanes 2), or anti-SP1111 (lanes 3) antibodies, phosphorylated, and analyzed by NaDodSQ4-
PAGE and autoradiography. A. Crude synaptosomal fraction (lysed P3) from whole rat brain.

B. Cerebral cortex. C. Hippocampus. D. Midbrain. E. Cerebellum. F.Medulla oblongata. G.
Spinal cord. H. Optic nerve.
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Figure 18.  Expression of R] and R]] in excitable dssues. A. Membrane fractions
containing 100 fmel of saxitoxin binding sites were prepared from rat brain (lane 1), supericr
cervical ganglia (lane 2), skeletal muscle (lane 3), sciatic nerve (lane 4), and adrenal medulla
(lane 5), and sodium channels were solubilized, immunoprecipitated with ant-SP1 antibodies,
phosphorylated, and analyzed by NaDodSO4-PAGE and autoradiography. B. Lanes 1-3. A
membrane fracdon was prepared from monkey (Macaca nemestrina) brain and sodium channels
were solubilized, immunoprecipitated with ant-SP1 (lane 1), and-SP117 (lane 2), or and-SP11]]
(lane 3) andbodies, :mdr;ma.lyrzrcd by NaDodSO4-PAGE and autoradiography. Lanes 4-6,
chicken (Gallus gallus) brain; lanes 7-9, gecko (Gecko gecko) brain; lanes 10-12, frog (Rana

pipiens) brain; and lanes 13-15, eel (Eleczrophorus electriciis) brain.
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Figure 19.  Developmental regulation of the expression of R and R[]. A. Brains were
rapidly dissectec from rats of the indicated ages, the cerebella were removed, and membrane
fractions were isolated. Specific saxitoxin binding was measured at a saturating concentration
(20 nM) (A). Sodium channels were solubilized, immunoprecipitated with and-SP1 ln (O)or
anti-SP11(] (@) antibadies, phosphorylated, and analyzed by NaDodSO4-PAGE and
autoradiography. The % R] and R|[ values were multiplied by the total number of saxitoxin
binding sites to give pmol R{ and R]J per mg protein. B. A similar experiment was carried out
with rat spinal cord and the data for both brain and spinal cord were plotted as the ratio of

RI/RIL
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Figure 20.  Photoaffinity affinity labeling of sodium channels by
methylazidobenzimidy!l Lqtx. A. Synaptosomes were incubated with {125[]MAB-Lqtx in
standard binding medium in the absence (lanes 1 and 2) or in the presence (lanes 3 and 4) of 200
nM native Lqrx for 10 min at 379 C. The samples were irradiated (Amax = 354nm) for 20 min at
00 C. The labeled proteins were solubilized by boiling in SDS gel sample buffer in the absence
(lanes 1 and 3; or presence (lanes 2 and 4) of 2-mercaptoethanol, resolved by SDS-PAGE, and
visualized by autoradiography. B. Sodium channels were purified and reconstituted under
conditions that restore binding of scorpion toxin. The reconstituted vesicles were incubated with
(125]MAB-Lqtx in the presence of 200 nM native Lqtx (lane 1), 2 uM batrachotoxin plus 1 pM
tetrodotoxin (lane 2), 1 uM tetrodotoxin (lane 3), 2 uM batrachotoxin (lane 4), or no additions
(lane 5). The samples were irradiated for 20 min at 00 C and analyzed by SDS-PAGE and

autoradiography. Arrowheads indicate the migration position of the free & subunit.
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Figure 21.  Cleavage of sodium channels covalendy labeled with [1251]Lgtx.
Reconstituted sodium channels labeled by [12S[JANB-Lqtx (lanes 1 and 2) or [125]]MAB-Lqx
(lanes 3 and 4) and described in Figure 21 were solubilized in 1% Triton X-100. The
photolabeled & subunit was purified by affinity chromotography on WGA-Sepharose. Samples
were incubated for 20 min at 370C with 15 pg/ml Staphylococcus aureaus protease V8. The
untreated samples (lanes 1 and 3) and the protease cleaved samples (lanes 2 and 4) were then
analyzed by SDS-PAGE and autoradiography. Arrowheads indicate ithe migration position of
the 70 kDa fragment containing covalently attached {125]]Lqtx.
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Figure 22.  Cleavage of sialic acid from the 70 kDa [1251]-LqTx-labeled sodium

channels with neuraminidase. Reconstituted sodium channels were photoaffinity labeled with
[125 [JANB-LqTXx, solubilized, and treated with Staphvlocgecus aureus V8 protease as described

in Figure 21. The V8 fragment was then incubated for 60 min at 00 C with 0.5 4 neuraminidase
(lane 1) or with no enzyme (lane 2). The samples were analyzed by SDS-PAGE and

autoradiography. The arrowhead indicates the 50 kDa fragment observed after neuraminidase

cleavage.
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