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Summary. The effects of scorpion and sea anemone polypeptide 
toxins on partially purified veratridine (VER)-activated Na chan- 
nels from rat brain were studied at the single-channel level in 
planar lipid bilayers. The probability of the VER-activated chan- 
nel being open (Po) increased with depolarization; Po was 0.5 at 
- 4 0  to -50 mV. Saxitoxin (STX) blocked VER-activated chan- 
nels with an apparent dissociation constant of about 1 nM at -45 
inV. The apparent single-channel conductance was approxi- 
mately 9 pS, similar to that seen in VER-activated Na channels 
from skeletal muscle transverse tubules. Addition of sea anem- 
one or scorpion polypeptide toxins to VER-activated Na chan- 
nels resulted in a 19% increase in apparent single-channel con- 
ductance and a hyperpolarizing shift in the Po vs. Vm relation 
such that the channels were more likely to be open at potentials 
<40 mV. These effects of the polypeptide toxins on the single- 
channel properties of VER-activated Na channels may account 
for the previously described potentiation of VER action by poly- 
peptide toxins. 
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Introduction 

Voltage-dependent Na channels from excitable tis- 
sues can be modulated by several classes of natu- 
rally occurring neurotoxins (Catterall, 1988). Sax- 
itoxin (STX) and tetrodotoxin (TTX) are potent 
blockers of open Na channels, while the steroidal 
alkaloid neurotoxins, batrachotoxin (BTX) and 
veratridine (VER), activate the channels, causing 
them to remain open for long periods of time. Cer- 
tain polypeptide toxins from scorpions (generally 
described as a-toxins) and sea anemones inhibit 
channel inactivation (Meres, Simard & Watt, 1986; 
Strichartz, Rando & Wang, 1987) and potentiate the 
effects of the activators, BTX and VER (Catterall, 
1976). The o~-scorpion and sea anemone polypeptide 
toxins share a common site of action (Catterall & 
Beress, 1978), but the scorpion toxins are about an 
order of magnitude more potent than the sea anem- 

one toxins (Catterall, 1977a,b; Catterall & Beress, 
1978; Krueger & Blaustein, 1980). Some scorpion 
venoms also contain /~-polypeptide toxins, which 
act at a different site than the o~-toxins (Rack, Rich- 
ter & Rubly, 1987) and primarily affect channel acti- 
vation rather than inactivation (Meves et al., 1986). 

When reconstituted in artificial planar lipid bi- 
layers, BTX-activated Na channels have a maximal 
single-channel conductance of 21-30 pS and show a 
9 to 12-fold selectivity for Na + over K + (Krueger, 
Worley & French, 1983; Moczydlowski, Garber & 
Miller, 1984). VER-activated channels have a con- 
siderably smaller single-channel conductance (10 
pS) and a selectivity for Na + over K + of less than 
threefold (Garber & Miller, 1987). 

Studies with neuroblastoma cells and rat brain 
synaptosomes have shown that VER acts as a par- 
tial agonist and BTX as a full agonist (Catterall, 
1977a; Krueger & Blaustein, 1980; Tamkun & Cat- 
terall, 1981); maximal concentrations of VER acti- 
vate only a fraction of the available Na channels, 
whereas BTX can activate all available channels. 
Tracer 22Na influx measurements in neuroblastoma 
cells, cultured cardiac myocytes and rat brain syn- 
aptosomes had indicated that polypeptide toxins 
from sea anemones (Anemonia sulcata; Antho- 
pleura xanthogrammica) and scorpion (Leiurus 
quinquestriatus) potentiated the effects of the acti- 
vators such that the Kas for VER and BTX activa- 
tion were lowered and maximally effective concen- 
trations of VER were able to produce nearly full 
activation of the Na channel (Catterall, 1975, 1977a; 
Jacques, Fosset & Lazdunski, 1978; Krueger & 
Blaustein, 1980; Romey et al., 1980; Tamkun & Cat- 
terall, 1981). 

In these studies, we describe the effects of the 
a-polypeptide toxin, LqTx, from the scorpion L. 
quinquestriatus quinquestriatus, and AxTx, from 
the sea anemone A. xanthogrammica, on single 
VER-activated Na channels from rat brain incor- 
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porated into planar lipid bilayers. Although their 
effects are similar, these two polypeptide toxins 
have no sequence homologies (Tanaka et al., 1977; 
Kopeyan, Martinez & Rochat, 1978; Strichartz et 
al., 1987). Both AxTx and LqTx primarily affected 
the probability of the channel being open, but also 
caused a small increase in apparent single-channel 
conductance. Some of these results have appeared 
in abstract form (Corbett, Zinkand & Krueger, 
1987). 

Materials and Methods 

MATERIALS 

Lipids were obtained from Avanti Polar Lipids (Birmingham, 
ALl. Decane was repurified before use by passage over acidic, 
basic and neutral alumina. STX (paralytic shellfish poison stan- 
dard) was obtained from the Food and Drug Administration (Cin- 
cinnati, OH). Anemone toxin (AxTx or Anthopleurin A) was 
purified from whole anemones (A. xanthogrammica) by the 
method of Norton et al. (1976). Scorpion venom from L. quin- 
questriatus quinquestriatus was obtained from Sigma or Latoxan 
(Rosans, France). a-scorpion toxin (LqTx) was purified as de- 
scribed by Catterall (1976). This preparation showed only c~- 
toxin-like activity in patch-clamped GH3 cells (M.E. O'Leary & 
B.K. Krueger, unpublished observations) and no measurable/3- 
toxin activity (cf. Rack et al., 1987). 

PREPARATION OF BRAIN 

AND MUSCLE MEMBRANES 

Crude membrane vesicles were prepared from rat brain as de- 
scribed by Krueger et al. (1979). Briefly, rat brains were homoge- 
nized in isotonic sucrose using a cavitating tissue disrupter and 
the homogenate was subjected to differential centrifugation. The 
1,000 x g and the 10,000 • g pellets were discarded and the 
100,000 • g pellets (P3) were resuspended in 0.4 M sucrose at 
approximately 10 mg protein/ml. This material had a specific 
activity of 5 pmol 3H-STX binding sites/mg. Transverse tubules 
were prepared from rat skeletal muscle by the method of Ro- 
semblatt et al. (1981). 

PURIFICATION AND RECONSTITUTION 

OF N a  CHANNELS 

The P3 membrane preparation from rat brain was solubilized in 
I% Triton X-100, 0.1% egg phosphatidylcholine (PC), 100 mM 
KCI, 10 mM HEPES, and the protease inhibitors I /xM pepstatin, 
0.1 mM phenylmethylsulfonyl fluoride and 1 mM 1,10-phenan- 
throline (modified from Hartshorne & Catterall, 1984), centri- 
fuged at 146,000 x g, and the supernatant retained. CaCI_~ was 
added to a final concentration of 10 raM, the pH was adjusted to 
6.5 and the sample was loaded onto a DEAL fast-flow Sepharose 
column, which was batch eluted with 0.3 M KCI, 20 mM histi- 
dine, 10 mM CaCI2, 0.1% Triton X-100, 0.025% egg PC, and 
protease inhibitors, pH 6.5. Fractions having detectable protein 
(Bradford, 1976) were pooled; the pH was adjusted to 7.0, free 

Ca -,+ was chelated with excess EDTA, and K-phosphate added 
to a final concentration of 0.1 M. The adjusted pooled fi-actions 
were loaded onto a column containing immobilized wheat germ 
agglutinin (WGA), washed with a NaCI buffer (0.4 M NaCI, 20 
mm HEPES, 10 mm CaCh, 0.1% Triton X-100, 0.(125% egg PC, 
and protease inhibitors) and eluted with the same buffer contain- 
ing 60 mM N-acetyl-glucosamine. Peak protein fractions were 
pooled and had an average specific activity of 400-450 pmol ~H- 
STX binding sites/rag, as determined by rapid gel filtration 
through 2-ml Sephadex G-50 columns as described by Agnew et 
al. (1978). 

The pooled fractions from the WGA column were concen- 
trated approximately 12-fold (Centricon 30; Amicon, MA), and 
loaded onto a HPLC size exclusion column (TSK 4000 SW, 
21.5 x 600 mm), which had been equilibrated with 0.1 M KC1, 20 
mM histidine, 10 mM CaC12, 0.1% Triton X-100, 0.025% PC, and 
protease inhibitors, pH 6.5. The 3H-STX binding site eluted at 
165 ml at a flow rate of 2 ml/min. The fractions with the highest 
STX binding activity (~1000 pmol 3H-STX binding sites/rag) 
were pooled for reconstitution. 

Partially purifed Na channel fractions from the WGA or 
size exclusion steps were reconstituted as follows. Initially, the 
pH of the pooled samples was adjusted to 7.0 following the chela- 
tion of free Ca 2+ by addition of excess EDTA. Three volumes 
pooled fractions were then mixed with one volume lipid solution 
(containing 12 mg/ml egg PC, 3% Triton X-100, 20 mM histidine, 
100 mM KC1, 4 mM CaC12, and protease inhibitors, pH 7.0) such 
that the final concentrations were 3 mg/ml PC, 0.75% Triton X- 
100 and 1 mM CaCI2. This mixture was gently shaken with poly- 
styrene beads for 3 hr at 4~ then poured through a sintered 
glass filter to remove the beads. 

PLANAR BILAYER FORMATION 

AND CHANNEL INCORPORATION 

Planar bilayers were formed according to the method of Mueller 
et al. (1963) across a 250-/xm hole in a polycarbonate partition 
separating identical solutions containing 250 mM NaC1, 75 /xM 
CaC12, 50 txM EGTA, 2 mM MgC1, 10 mM HEPES-Tris, and 100 
/~M VER, pH 7. The membrane forming solution contained 39 
mg/ml l-palmitoyl-2-oleoyl phosphatidylethanolamine (PE) and 
26 mg/ml bovine brain phosphatidylserine (PS) in decane. 

Incorporation of reconstituted Na channels was achieved 
using a modification of the fusion technique (Miller, 1978; 
Krueger et al., 1983; Hanke, 1986). Reconstituted vesicles were 
diluted with an equal volume of 1.2 M sucrose, 20 mM histidine 
(pH 7.0) and subjected to two rapid freeze-thaw cycles. This 
material was then taken up in a glass volumetric pipette (25/xl) 
and gently blown on the bilayer membrane from the cis side. 
Upon incorporation of channels, the conductance of the mem- 
brane increased in steps, each level indicating the incorporation 
of at least one channel. 

DATA ACQUISITION AND ANALYSIS 

The current across the bilayer was measured and command volt- 
ages applied to the bathing solutions via a pair of Ag/AgC1 elec- 
trodes connected to a homemade voltage-clamp circuit (French 
et al., 1986). The side to which the reconstituted vesicles were 
added was designated the cis side, and the opposite (trans) side 
was held at virtual ground. Data were recorded on videotape 
(Neurodata Inst., NY); stored records were filtered at 50-60 Hz 
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when played back onto a strip chart recorder or oscilloscope for 
manual determination of single-channel current and open dura- 
tions. 

The probability of the channel being open (Po) is the total 
time each channel remained open, regardless of the subconduc- 
tance state, divided by the total recording time. In Figs. 7 and 8, 
the Po vs .  Vm curves were fit to a Boltzmann relation of the form: 

Po = P o ( m a x ) / [ l  + exp{(V0.5 - V , ~ ) F q / R T } ]  (1) 
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where Vm is the membrane potential, 11o.5 is the V,, at which Po = 

0.5, and Po(max) is the maximum Po obtained (assumed to be 
1.0). The apparent gating charge, q, describes the steepness of 
the Po vs .  V, ,  relation. A program developed by Dr. Bruce Simon 
called FitA was used to fit the curves using a nonlinear least 
squares Marquardt algorithm. 

A paired Student's t test was employed to determine the 
significance of the difference between the apparent single-chan- 
nel conductance in the absence and presence of polypeptide tox- 
ins. For each of seven experiments, the apparent single-channel 
conductance was determined from linear regression analyses 
(r > 0.995) of the single-channel current-voltage relations in the 
absence and presence of AxTx or LqTx. The increase in appar- 
ent single-channel conductance induced by either polypeptide 
toxin was significant (P < 0.001). 
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Results 

SINGLE-CHANNEL PROPERTIES OF PURIFIED 

V E R - A C T I V A T E D  N A  CHANNELS 

Figure 1 shows single-channel current records illus- 
trating the voltage-dependent gating of rat brain Na 
channels in the presence of 100/./.M VER. Although 
not clear in these heavily filtered records, each open 
event appeared to be a burst of openings with in- 
completely resolved closings. At -45 mV, the 
VER-activated channels were open 16 to 50% of the 
time, with bursts of openings generally lasting 1 to 7 
sec and interburst, closed, intervals of 0.5 to 10 sec. 
The channels displayed a decreased probability of 
opening with hyperpolarization, with shorter open- 
ings and longer closed periods. At -75 mV, where 
the VER-activated channels were open less than 5% 
of the time, the burst duration was on the order of 1 
to 3 sec. 

At depolarized potentials, VER-activated chan- 
nels opened in long bursts (30 sec to several minutes 
long), with occasional closings between bursts of 
approximately 15- to 45-sec duration. Rapid flicker- 
ing to the closed state (manifested as increased 
open-channel noise) was usually seen throughout 
the depolarized range, causing a reduction in the 
apparent single-channel conductance. In contrast, 
BTX-activated rat brain channels showed no unre- 
solved high frequency flickering at depolarized po- 
tentials. The flickering and the greatly increased in- 
cidence of subconductance states (see below) made 

Fig. 1. Voltage-dependent gating of VER-activated Na channels. 
VER-stimulated Na channels from the size exclusion column 
step (specific activity =1,000 pmol/mg) were incorporated into a 
planar lipid bilayer (56%PE, 44%PS) with symmetrical 250 mM 
NaCI, 25 tzM Ca 2+, 2 mM Mg 2~, 10 mM HEPES and 100 tzM VER. 
Single Na channel current records are shown at -45  mV (P,, = 

0.33), -60  mV (Po = 0.08), and -75 mV (P,, = 0.03) and at +75 
mV (P,, = 0.83). Each P,, was determined for 2- to 3-rain record- 
ings, only portions of which are shown. For determination of P,,, 
any channel opening was considered as open whether the open- 
ing was to a subconductance state or to the fully open state. 
Records were filtered at 50 Hz 

analysis of these records difficult, so most of our 
studies were limited to the hyperpolarized range 
( < - 4 0  mV). 

VER-activated Na channels were blocked by 
STX from the extracellular side (Fig. 2). At +60 and 
-45 mV, the apparent dissociation constants (Ki) 
for STX block were estimated to be about 8 and 1 
riM, respectively. Partial channel openings to less- 
than-maximal apparent single-channel conductance 
(substates) were observed at both depolarized and 
hyperpolarized potentials (Fig. 2). This is character- 
istic of VER-activated Na channels from rat brain: 
the channels spontaneously enter substates with 
conductances ~ to ~ that of the normal channel con- 
ductance. These less-than-maximal conductance 
states may be due to an increase in rapid flickering. 

Na channels purified from rat brain and recon- 
stituted into planar lipid bilayers displayed an ap- 
parent single-channel conductance of approxi- 
mately 9 pS in the hyperpolarizing range (-45 to 
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-90  mV), while the apparent conductance at de- 
polarized potentials was lower due to flickering 
(Fig. 3A). We have also observed this flickering at 
depolarized potentials in VER-activated Na chan- 
nels from crude rat brain membranes prior to solubi- 
lization and purification. Thus, this effect is not an 
artifact of solubilization. In contrast, although the 
skeletal muscle transverse tubule Na channel also 
displayed more open-channel noise at positive po- 
tentials, it was possible to resolve the full 10-pS 
conductance over the entire voltage range exam- 
ined ( -90  to +90 mV, Fig. 3B). We believe that the 
brain and muscle channels differ primarily with re- 
spect to the degree of flickering at depolarized po- 
tentials and that the conductance (9-10 pS) is simi- 
lar for both channels at all potentials. 
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Fig. 2. STX block of VER-act iva ted  Na  channels .  Na  channels  
were reconst i tuted from the H P L C  size exclusion co lumn pooled 
fraction (specific activity ~1000 pmol/mg) into a planar lipid 
bilayer as descr ibed in Methods .  +60 mV: Po = 0.98 and 0.59 in 
the absence  and presence  of  external  5 nM STX (K/ =  8 riM). --45 
mV: Po = 0.31 and 0.02 in the absence  and presence  of  10 nM 
STX (K~ = 1 nM). Records  were filtered at 50 Hz 

The effects of AxTx and LqTx on VER-activated 
channels are shown in Figs. 4 and 5. In the absence 
of polypeptide toxin, the channels opened rarely at 
hyperpolarized potentials and the probability of be- 
ing open (Po) decreased with hyperpolarization. 
Following the addition of the polypeptide toxins to 
the extracellular side, the channels opened in bursts 
that were much longer than the brief isolated open- 
ings seen in the absence of polypeptide toxins (Figs. 
4 and 5). In the experiment shown in Fig. 4, in the 
presence of VER but in the absence of polypeptide 
toxin, only one channel was open at a time. In con- 
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Fig. 3. Current-voltage relationships for VER-act ivated Na channels  from (A) rat brain and (B) rat skeletal muscle t ransverse  tubules.  
(A) The  dashed line shows  the corresponding relation for BTX-activated rat brain Na channels .  Insets  show single-channel  current  
records of VER-s t imula ted  rat brain Na  channels  at +60 mV (upper right) and - 6 0  mV (lower left). (B) Insets  show muscle  t ransverse  
tubule Na  channel  openings at +75 mV (uppe r right) and - 7 5  mV (lower left). Records  were filtered at 50 Hz. Rat brain Na channels  
were reconst i tuted from the HPLC size exclusion co lumn pooled fraction 
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Fig. 4. Effect o f  sea anemone (Anthopleura xanthogrammica) 
toxin (AxTx) on VER-st imulated Na channels .  V,,, = - 6 5  inV. 
Control P,, = 0.11; following addition of 200 nM AxTx,  Po = 0.32. 
Na channels  were reconsti tuted from WGA column pooled frac- 
tions (specific activity =400 pmol/mg).  Records filtered at 60 Hz 

trast, we observed two, and occasionally three, 
open-channel levels in the presence of AxTx. In the 
presence of LqTx (Fig. 5), the channels remained 
open 88 and 49% of the time at -55 and -85 mV, 
respectively. Figure 5 also shows block of the 
LqTx-modified Na channels by 3-riM STX. We esti- 
mate the K~ to be approximately 2 nM at --55 mV 
and 1 nM at -85 mV. 

There was a small increase in the apparent sin- 
gle-channel conductance of VER-activated Na 
channels following the addition of polypeptide tox- 
ins. In the presence of AxTx (Fig. 6A), the conduc- 
tance increased from 8.7 to 10.8 pS, while in the 
presence of LqTx (Fig. 6B) it increased to 10.4 pS. 
Overall, both toxins increased the apparent single- 
channel conductance by 19 -+ 1% (n = 7). This in- 
crease was highly significant (P < 0.001, paired Stu- 
dent's t test). 

Figures 7 and 8 show the effects of AxTx and 
LqTx on the probability of the channel being open 
(Po) as a function of membrane potential. In the 
absence of polypeptide toxins, the probability of 
channel opening decreased with hyperpolarization, 
with the channel rarely open (Po of 0.01 to 0.05) at 
potentials below -70 inV. Upon the addition of ex- 
tracellular AxTx (Fig. 7) or LqTx (Fig. 8), Po in- 
creased at each potential with the result that more 
negative potentials were required to fully close the 
channels. The data were fit to a Boltzmann relation 
with the assumption that at depolarized potentials, 
Po approached 1. In Fig. 7, the control data were fit 
with Vo.5 = -40 mV and a gating charge of approxi- 
mately 2; addition of AxTx shifted the curve such 
that V0.5 = -52 mV, while the gating charge re- 
mained constant. In Fig. 8, the V0.5 for the control 
curve was -49 mV and the gating charge was ap- 
proximately 1.4. Following addition of LqTx, the 
Vo.5 was shifted to -79 mV with no apparent effect 
on q. The gating charge determination should be 
considered a rough estimate since the data in our 
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Fig. 5. Effect of  scorpion (Leiurus quinquestriatus quinques- 
triatus) toxin (LqTx) on VER-s t imula ted  Na  channels .  Single- 
channel  current  records f rom VER-act ivated  Na channels  are 
shown in the absence  and presence  of  500 nM LqTx  at - 5 5  mV 
(control Po = 0.39, + L q T x  Po = 0.78) and - 8 5  mV (control Po = 
0.03; + LqTx  Po = 0.49). STX block following the addition of  the 
LqTx  is shown at both potentials with 3 nM external  STX. STX 
inhibited by 60% at - 5 5  mV (Ki = 2 riM) and by 84% at - 8 5  mV 
(Ki = 1 nM). Na  channels  were reconst i tuted from WGA column 
pooled fractions.  Records  were filtered at 50 Hz 

control curves did not exceed a Po of 0.5. Due to the 
small single-channel conductance under these ex- 
perimental conditions (symmetrical 250 mM NaCI), 
we were not able to study channel properties be- 
tween _+40 mV, where the driving force on Na + is 
small. 

D i s c u s s i o n  

COMPARISON WITH PREVIOUS RESULTS 

In the absence of polypept ide toxin but in the pres- 
ence of  100/~M VER,  we observed an apparent  sin- 
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Fig. 6. Effect of polypeptide toxins on apparent single-channel conductance of VER-stimulated channels. Control single-channel 
current-voltage relation (O) corresponds to a conductance of approximately 9 pS. (A) Following the addition of 200 nM AxTx, the 
conductance (O) inc.reased to 10.8 pS. (B) After addition of 500 nM LqTx, the apparent single-channel conductance (O) increased to 
10.4 pS. Conditions are the same as in the legend to Fig. I. Data were fit with linear regression with correlation coefficients >0.995. Na 
channels were reconstituted from WGA pooled fractions 

gle-channel conductance of about 9 pS in symmetri- 
cal 250 mM NaC1 and <100 /XM calcium. This is 
nearly identical to that observed by Garber and 
Miller (1987) for muscle sarcolemmal Na channels 
reconstituted into planar lipid bilayers under similar 
conditions. Two other studies reported lower sin- 
gle-channel conductances (4-6 pS) in cell-attached 
patches of Xenopus oocytes injected with avian 
mRNA (Sigel, 1987) and neuroblastoma cells 
(Barnes & Hille, 1988). The lower conductance ob- 
served in these two cases was probably due to the 
high K + concentration on the intracellular side (el. 
Garber & Miller, 1987). Thus, the single-channel 
conductance we observed is consistent with that 
found for Na channels in other excitable tissues. 
We occasionally observed STX-blockable Na chan- 
nels with a smaller single-channel conductance (4-6 
pS) under our standard experimental conditions us- 
ing both crude brain membrane vesicles and par- 
tially purified and reconstituted STX-binding pro- 
teins (unpublished). We believe that these represent 
a distinct, less prevalent subtype of Na channels. 

In the absence of polypeptide toxins, the single- 
channel open probability (Po) in the presence of 100 
/zM VER was voltage dependent. Openings were 

brief and very rare (Po < 0.1) at -90  mV and the 
V0.5 was typically -40  to -50  mV. We were not able 
to study the voltage dependence of gating in the 
range of -+40 mV because, in symmetrical NaC1, the 
single-channel current is too small (<0.4 pA) to 
measure reliably. The V0.5 of VER-activated Na 
channels was substantially depolarized compared to 
that estimated for VER-activated Na channels in 
frog muscle ( ~ -  100 mV; Leibowitz, Sutro & Hille, 
1986) and raises the possibility that the voltage de- 
pendence of Po we observe reflects the voltage-de- 
pendent binding and unbinding of VER to unmodi- 
fied channels, rather than the voltage-dependent 
opening of VER-modified channels. This is consis- 
tent with the finding that, unlike BTX, the action of 
VER is rapidly reversible as demonstrated by a 
greatly reduced probability of opening when the 
VER concentration is lowered (Garber & Miller, 
1987). Also, in our experiments, the typical burst 
duration of 1 to 5 sec at -85  mV is consistent with 
the estimated dissociation time constant of 3 sec 
( -90  mV) for VER in frog muscle (Sutro, 1986) as 
determined from macroscopic tail current decay. 

Leibowitz et al. (1986) and Barnes and Hille 
(I988) have proposed that VER binds primarily, but 
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Fig. 7. Effect of AxTx on the voltage-dependent gating of VER- 
activated channels. Po is shown for VER-activated channels in 
the absence (O) and presence (0) of 200 nM AxTx. The data 
were fit to a Boltzmann relation (Eq. 1) with the assumption that 
the maximal Po was 1. The values for 1/o.5 and gating charge (q) 
were -40  mV and 2.0 in the absence and 52 mV and 2.3 in the 
presence of AxTx. Na channels were reconstituted from HPLC 
size exclusion column pooled fractions 
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Fig. 8. Effect of LqTx on the voltage-dependent gating of VER- 
activated channels. Po is shown for VER-activated channels in 
the absence (O) and presence (Q) of 500 nM LqTx. Data were fit 
as described in Materials and Methods and in the legend to Fig. 
7. The values for V0.5 and gating charge were -49 mV and 1.3 in 
the absence and -79 mV and 1.4 in the presence of LqTx. Na 
channels were reconstituted from WGA column pooled fractions 

not exclusively, to open Na channels; binding to 
closed or inactivated channels is much less likely. 
Our experiments were conducted in the steady state 
where unmodified channels would be expected to be 
nearly always in the closed (at hyperpolarized po- 
tentials) or inactivated (depolarized potentials) 
states and, thus, would have only a low probability 
of activation by VER. There should be a narrow 
voltage "window" within which a channel will have 
a finite probability of being open and a non-zero 
probability of being non-inactivated. Occasional 
brief openings in this voltage "window" may allow 
VER to bind and the voltage dependence of these 
openings may account for the apparent voltage de- 
pendence of opening we observe in the presence of 
VER. We have never observed single Na channel 
currents in the absence of VER or BTX probably 
because any opening of unmodified channels would 
be too brief to detect with our instrumentation. 

EFFECTS OF POLYPEPTIDE TOXINS ON 

V E R - A C T I V A T E D  N a  CHANNELS 

s-Scorpion and sea anemone polypeptide toxins act 
primarily to slow Na channel inactivation in the ab- 
sence of VER or other activating toxin (Meves et 
al., 1986; Strichartz et al., 1987). They also act syn- 
ergistically with activating toxins, increasing the ap- 
parent potency of BTX and increasing both the ap- 
parent potency and maximal effect of VER as 
measured by 22Na tracer influx into neuroblastoma 
and rat brain synaptosomes (Catterall, 1977a). The 
effects of the polypeptide toxins on VER-activated 
Na channels have not previously been studied at the 

single-channel level. In the present study, we found 
that both sea anemone and scorpion polypeptide 
toxins altered two single-channel parameters of 
VER-activated Na channels in planar bilayers, viz., 
the open probability (Po) was increased at all hyper- 
polarized potentials studied and the apparent single- 
channel conductance underwent a small but signifi- 
cant increase from 9 to 10.5 pS. 

The polypeptide toxin-induced increase in P, 
appears to be due both to an increase in the opening 
rate (shorter closed intervals between openings, of. 
Fig. 5B) and to a decrease in the closing rate (longer 
open or burst times, in some cases lasting 30 sec or 
more, ~f. Fig. 5A). We cannot unequivocally distin- 
guish between the kinetics of polypeptide toxin 
binding and the kinetics of VER binding and un- 
binding; however, the off-rate for J251-LqTx is less 
than 0.2 min -J (Catterall, 1977b), suggesting that 
the polypeptide toxin stays bound to the Na channel 
for relatively long periods of time compared to the 
mean open time of Na channels in the presence of 
VER and either LqTx or AxTx. Thus, in the pres- 
ence of VER and polypeptide toxins, the opening 
and closing events (Figs. 4 and 5) are probably due 
to binding and unbinding of VER or to the gating of 
VER + polypeptide-modified channels rather than 
to binding and unbinding of the polypeptide toxin. 

The slowing of inactivation induced by poly- 
peptide toxins may account, in part, for the in- 
creased open probability (Po) observed in the pres- 
ence of LqTx or AxTx if, like N-bromoacetamide 
(Patlak & Horn, 1982), the polypeptide toxins in- 
crease the duration of channel openings and, thus, 
the probability of VER binding (Nagy, 1988). In ad- 
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dition, in the presence of VER, the open-channel 
lifetimes are increased by polypeptide toxins, indi- 
cating either a lower probability of VER unbinding 
or a decreased closing probability of VER + poly- 
peptide toxin-modified channels. We have never 
observed single Na channel openings in the pres- 
ence of polypeptide toxins without VER or BTX, 
probably because, even with a decreased inactiva- 
tion rate, openings in the steady state are still rare 
and too brief to detect at our recording bandwidth. 

Regardless of the mechanism, both LqTx and 
AxTx cause hyperpolarizing shifts in the Po vs. Vm 
relation for VER-activated Na channels. Polypep- 
tide toxins appear to primarily affect the midpoint 
(V0z) rather than the steepness (q) of the gating 
curve. Thus, polypeptide toxins do not affect the 
apparent gating charge required to move to open the 
channel. Instead, the channels behave as if they are 
exposed to a depolarizing bias potential of 10 to 30 
mV. We have observed considerable channel-to- 
channel variation in both Vo.5 and q for VER-acti- 
vated channels (e.g., V0.5 and q were -45  mV and 
2.2 in Fig. 7 and -50  mV and 1.4 in Fig. 8). These 
values for q are lower than those reported for un- 
modified and BTX-activated Na channels, how- 
ever, comparable measurements in the presence of 
VER have not previously been reported. The varia- 
tion among individual channels has also been ob- 
served for both purified (Hartshorne et al., 1985) 
and unpurified (Cukierman et al., 1988) BTX-acti- 
vated Na channels in planar bilayers and, thus, is 
not an artifact of solubilization and purification. 

A second effect of polypeptide toxins was to 
increase the apparent single-channel conductance 
of VER-activated Na channels by about 20%. This 
small increase was reproducible and highly signifi- 
cant, and may be due to a change in the ion perme- 
ation pathway through the channel or to an altera- 
tion in the kinetics of a fast gating process that is 
heavily filtered at our recording bandwidth. An ex- 
ample of the latter mechanism is the decrease in the 
apparent single-channel conductance of VER-acti- 
rated rat brain Na channels we observed at depolar- 
ized potentials (Fig. 3A) that is accompanied by 
increased open-channel noise, suggesting rapid 
flickering that is too fast to resolve. Barnes and 
Hille (1988) also reported increased open-channel 
flickering in single VER-activated Na channel re- 
cordings from neuroblastoma cells. Clarification of 
the mechanism for this polypeptide toxin-induced 
increase in apparent single-channel conductance 
will have to await the capability of experiments at 
considerably higher bandwidth. 

It is of interest that in the presence of both VER 
and LqTx or AxTx, the voltage-dependent gating is 
similar to that of BTX-activated Na channels. How- 

ever, in the presence of AxTx or LqTx, VER- 
activated channels still differ from BTX-activated 
channels in that the apparent single-channel con- 
ductance (10-11 pS) is less than half that of purified 
BTX-activated channels (22-25 pS, see Fig. 3A). 

The effects of polypeptide toxins on the single- 
channel properties of VER-activated Na channels 
are, in general, consistent with previously reported 
effects on VER-stimulated tracer Na influx in syn- 
aptosomes and neuroblastoma cells and on macro- 
scopic Na current inactivation in several excitable 
cells. Polypeptide toxin binding to the Na channel 
may result in a longer VER residency in its binding 
site and longer burst durations as observed in our 
ex~periments. The decreased probability of inacti- 
vating may provide a greater opportunity for VER 
binding and thus shorter, interburst intervals. Over- 
all, the net result is a hyperpolarizing shift in the Po 
vs. Vm relation (Figs. 7 and 8) and an increased 
apparent single-channel conductance (Fig. 6) in- 
duced by polypeptide toxins, resulting in a potentia- 
tion of VER action. 
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