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Summary. We have investigated the ion permeability properties 
of sodium channels purified from eel electroplax and reconsti- 
tuted into liposomes. Under the influence of a depolarizing diffu- 
sion potential, these channels appear capable of occasional spon- 
taneous openings. Fluxes which result from these openings are 
sodium selective and blocked (from opposite sides of the mem- 
brane) by tetrodotoxin (TTX) and moderate concentrations of 
the lidocaine analogue QX-314. Low concentrations of QX-314 
paradoxically enhance this channel-mediated flux. N-bromoacet- 
amide (NBA) and N-bromosuccinimide (NBS), reagents which 
remove inactivation gating in physiological preparations, tran- 
siently stimulate the sodium permeability of inside-out facing 
channels to high levels. The rise and subsequent fall of perme- 
ability appear to result from consecutive covalent modifications 
of the protein. Titration of the protein with the more reactive 
NBS can be used to produce stable, chronically active forms of 
the protein. Low concentrations of QX-314 produce a net facili- 
tation of channel activation by NBA, while higher concentra- 
tions produce block of conductance. This suggests that rates of 
modifications by NBA which lead to the activation of permeabil- 
ity are influenced by conformational changes induced by QX-314 
binding. 
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ing �9 local anesthetic �9 chemical modification 

Introduction 

Most studies of the functional properties of purified 
sodium channels reconstituted into liposomes or 
planar bilayers have made use of alkaloid type neu- 
rotoxins (e.g., batrachotoxin (BTX), veratridine) to 
increase channel open probability (see Miller, 
1986). These are powerful toxins that strongly mod- 
ify the channel's biophysical and pharmacological 
properties (Khodorov, 1978). 

Chemical modification can also be used to acti- 
vate channel conductance. In electrophysiological 
studies, chemical modifiers and proteases eliminate 
sodium channel fast inactivation gating, but leave 

other biophysical and pharmacological properties 
essentially unchanged (Armstrong, Bezanilla & Ro- 
jas, 1973; Cahalan, 1978; Oxford, Yu & Narahashi, 
1978; Patlak & Horn, 1982; Horn, Vandenberg & 
Lange, 1984). We have recently used chemical re- 
agents and proteases to activate conductance by so- 
dium channels purified from Electrophorus electi- 
cus and reconstituted into liposomes (Cooper, 
Tomiko & Agnew, 1987; Agnew et al., 1988). 
N-bromoacetamide (NBA), N-bromosuccinimide 
(NBS), pronase and trypsin each stimulated ion-se- 
lective fluxes that were blocked by tetrodotoxin 
(TTX) and the lidocaine derivative QX-314. Our 
studies indicated that only those channels exposed 
to modification at their cytoplasmic surface were 
activated. More recently (Shenkel, et al., 1989), it 
was observed that NBS and trypsin-modified pro- 
teins incorporated into planar bilayers exhibit con- 
ductance, gating, and pharmacological properties 
resembling those of channels in native membranes 
modified by these reagents. 

We here focus on some unexpected observa- 
tions made with the reconstituted preparation. We 
observe that one component of background tracer 
uptake is markedly sodium selective and blocked by 
TTX and QX-314, suggesting that channel occasion- 
ally open spontaneously. NBA and NBS produce 
multiple effects, enhancing sodium-selective uptake 
in brief treatments, then abolishing it as time in- 
creases. NBS, which is active at 10 to 100-fold 
lower concentrations than NBA, can be used to ti- 
trate the reaction, leaving the channels in a chronic 
state of activation. This suggests that the rising and 
falling phases of the flux activation result from mul- 
tiple modification reactions; further, stable, con- 
ducting NBS modified preparations are suitable for 
characterization in planar bilayer or patch-clamp 
recording studies. We further observe that, under 
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some conditions, QX-314 paradoxically increases 
rather than decreases tracer flux. This lidocaine 
analogue, at low doses, stimulates TTX-sensitive 
tracer flux, in the absence of other channel activa- 
tors. Further, at low concentrations, QX-314 en- 
hances the rate at which NBA activates flux. This 
suggests that QX-314 binding produces a conforma- 
tional change in the channel protein, which results 
in altered sensitivity to NBA modification. 

Materials and Methods 

MATERIALS 

Live Electrophorus electricus were from World Wide Scientific 
Supply (Orlando, FL). TTX was from Y. Kishi (Harvard Univer- 
sity) and was tritiated, purified, and calibrated as previously de- 
scribed. BTX was the kind gift of J. Daly (NIH). QX-314, from 
Astra Pharmaceuticals, was the gift of R. Aldrich (Stanford Uni- 
versity). Radiotracer 22NaC1 and S6RbC1 was purchased from 
Amersham. Egg phosphatidylcholine from Sigma Chemical was 
added to buffers used in purification procedures. Phosphati- 
dylcholine, phosphatidylethanolamine, and phosphatidylserine 
from Avanti Polar Lipids (Birmingham, AL) was added to the 
purified channel suspension prior to detergent removal. Bio- 
beads SM2 were from Biorad. Other reagents were from Sigma. 

PURFICATION AND RECONSTITUTION METHODS 

Two purification strategies were used. The first, previously de- 
scribed in detail (Tomiko et al., 1986), used DEAE-sephadex ion 
exchange chromatography followed by size fractionation on 
Sepharose 6B. This yielded specific activities of 800-1300 Pm01 
[3H]TTX binding sites per mg protein, and purity by SDS- 
polyacrylamide gel electrophoresis was 80-90%. In the second 
method, lectin-affinity chromatography (James, Emerick & 
Agnew, 1989) was used after ion exchange, and gel filtration was 
omitted. This method resulted in a degree of purity similar to the 
first, but yield and specific activity were markedly increased. 
Reconstituted vesicles were formed by adding sonicated lipo- 
somes of PE : PS : PC (in a 5 : 4 : 1 weight ratio) to the purified 
channel solution, followed by detergent adsorbtion with Bio- 
beads SM2 (as previously described, Tomiko et al., 1986). Re- 
constitution was performed in 10 mM HEPES-NaOH, 84 m g  
Na2SO4, 1 m u  EGTA, pH 7.4. The osmolarity of the reconsti- 
tuted vesicle solution was -200  mOsmol, measured by vapor 
pressure osmometry. 

RADIOTRACER UPTAKE ASSAYS 

Aliquots of the reconstituted vesicle suspension were subjected 
to freeze-thaw-sonication (FTS) to produce large vesicles (see 
Agnew, Tomiko & Rosenberg, 1986). For experiments with 
BTX, TTX, or QX-314, vesicles were pre-incubated for 30 min at 
30~ with the toxin(s) or drug. Iso-osmolar Tris SO4 was pre- 
pared by titrating Tris base to pH 7.4 with H2SO4, and dilution to 
-200  mOsmol (-0.170 M Tris). 

Two tracer assay protocols were used. in the "uptake time 
course" protocol, vesicles were diluted 10- or 20-fold into iso- 
osmolar Tris SO4 containing either tracer 22Na alone, or both 
nNa and 86Rb. At intervals the uptake time course was sampled 
by passing aliquots of the diluted suspension over small columns 
of Dowex cation exchange resin (Rosenberg, Tomiko & Agnew, 
1984a). Preliminary experiments indicated that >99.99% of free 
2~-Na and S6Rb was bound by the resin; internalized tracer was 
eluted with the vesicles and measured by liquid scintillation 
counting. In the second "flux" protocol, l-min uptake experi- 
ments were conducted. Preincubated vesicles were diluted into 
iso-osmolar tris SO4 without radiotracers. Control experiments 
showed that after a small rundown in the first 5 rain after dilution, 
tracer flux into the vesicles was stable for > 1 hr. In experiments 
reported here, 10-20 rain were allowed for rundown, before be- 
ginning flux assays. For controls, two aliquots of diluted vesicles 
were transferred to tubes containing tracers. After 1 rain, the 
vesicles were passed over Dowex columns, and the internalized 
tracer was counted. The average of these two 1-min assays was 
taken as the control flux before chemical modification. These 
duplicates typically differed by 5-20%. Following the control 
assays, chemical reagents were added to the diluted vesicle 
stock, at intervals, aliquots of this mixture were assayed in l-rain 
flux assays. The time course of the permeability modification 
was followed by plotting the flux vs. the duration of modification. 

BASIS OF RADIOTRACER UPTAKE 

The radiotracer fluxes measured here occur as a result of electo- 
neutral cation exchange, as described in detail previously 
(Tomiko et al., 1986), and are only briefly commented on here. 

In the experiments reported here, liposomes were prepared 
in 84 mM NazSO4, 10 mM HEPES, NaOH, pH 7.4, and 1 mM 
EGTA, and diluted 10- or 20-fold into an iso-osmolar Tris SO4 
buffer. Under these conditions, diffusion potentials are expected 
to develop across the liposomal membranes that will reflect the 
concentration gradients and relative permeabilities of the per- 
meant ions. 

In " leaky" vesicles that are permeant to all ions, all con- 
centration gradients should dissipate quickly, diffusion poten- 
tials should be minimal, and tracer uptake should be rapid and 
nonselective. Sealed vesicles lacking channels should be rela- 
tively impermeable to all ions. Uptake of nNa and 86Rb will be 
slow and reflect the cation selectivity of the bare lipid membrane. 
Sealed vesicles containing open sodium channels will exhibit 
markedly selective permeability to sodium and will develop an 
inward-negative diffusion potential; this is simply given (in V) as: 

Em = 0.058 tog ([Nalo/[Na]~). (1) 

Channels oriented inside-out in the liposomal membranes 
would experience this potential as a strong depolarization 
(E,~.channeJ > 0), and outside-out oriented channels would experi- 
ence an equal, but opposite potential (Em.ch,n~ > 0).These vesi- 
cles, containing open channels, should exhibit high permeability 
to tracer -nNa. Uptake of other cation tracers relative to 2ZNa will 
reflect channel selectivity. Such diffusion potentials have previ- 
ously been measured with voltage-sensitive dyes in liposomes 
treated with batrachotoxin, and the permeation selectivity of the 
potentials demonstrated (Agnew et al., 1988). Net tracer uptake 
should continue until the ratio of internal to external tracer con- 
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Scheme 1. Proposed mechanism of NBA or NBS 
side chain modification and peptide cleavage (after 
Witcop, 1961) 

centration equals [Na]#[Na]o. Because [Na]i/[NaJo is initially I0 
to 20, uptake of all ions should plateau when the ratio of internal 
to external tracer concentration is 10 to 20 times a factor reflect- 
ing dissipation of the concentration gradient. 

CHEMICAL MODIFICATIONS 

N-bromoacetamide and N-bromosuccinimide are oxidizing re- 
agents, whose mechanism and reaction products differ from 
those of the familiar haloacetamide alkylating reagents. NBA 
and NBS are sources of highly electrophilic bromonium ions 
(Br+), that are capable of interacting with side chains of tryp- 
tophan (Scheme I), tyrosine, histidine, and sulfur containing 
amino acids (Witkop, 1961; Ramachandran & Witkop, 1967). 

Under appropriate conditions (pH 3-4, 70% acetic acid), 
selective modification of tryptophan residues is observed, which 
may be followed by rearrangement and peptide cleavage (Rama- 
chandian & Witkop, 1967). At neutral pH, however, the reagents 
are less selective for tryptophan, and peptide cleavage is not 
seen (Spande et al., 1966; Shechter, Patchornik & Burnstein, 
1976). 

Results 

C H A N N E L - M E D I A T E D  FLUXES IN THE PRESENCE 

AND ABSENCE OF ACTIVATING NEUROTOXINS 

It is readily possible to measure sodium channel- 
mediated flux stimulated by activating neurotoxins.  
Figure 1 illustrates the time course of 22Na and 86Rb 
uptake by a reconstituted vesicle preparation. 
Freeze-thawed-sonicated (FTS) vesicles were incu- 
bated for 30 rain at 30~ with 2.5 p~M BTX (Fig. 1B 
and D) or 1% EtOH vehicle (Fig. 1A and C), and 
then diluted 10-fold into iso-osmolar Tris SO4 buffer 
containing the two radiotracers. The first minutes of 
tracer accumulation are illustrated in Fig. 1A and B. 
BTX stimulated a large increase in the rate of 22Na 
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Fig. 1. Effect of BTX on 22Na and 86Rb uptake. Freeze-thaw- 
sonicated (FTS) vesicles were pre-incubated with 2.5 /xM BTX 
(B, D) or ethanol vehicle (A, C) for 30 rain at 30~ then diluted 
10-fold into iso-osmolar Tris SO4 buffer containing 22Na (O) and 
S6Rb ((2)). At the indicated times, aliquots were removed, and 
internalized tracer was determined as described in Materials and 
Methods 
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Fig. 2. Sensitivity of tracer uptake to TTX and QX-314. (A-C) 
Reconstituted vesicles were subjected to FTS; aliquots were 
then pre-incubated for 30 rain at 30~ either alone or with TTX or 
QX-314. Afterwards, each aliquot was diluted 20-fold into iso- 
osmolar Tris SO4 containing radiotracers, and, where indicated, 
TTX or QX-314. Uptake of 22Na (0)  and ~Rb (O) by (A) control 
vesicle, (B) by vesicles treated with external 1 /zM TTX and (C) 
by vesicles treated with 3 mM QX-314. (D) In a separate experi- 
ment, two aliquots of vesicles were subjected to FTS either with 
([3) or without (O) 1 /~M TTX added. Each aliquot was then 
diluted 20-fold into iso-osmolar Tris SO4 containing 2ZNa 

uptake over untreated controls. BTX also stimu- 
lated 86RB uptake, though to a much lesser degree. 
When BTX-stimulated tracer uptake in 1 min was 
taken as an initial rate, PNa/PRb was estimated to be 
-40  for this experiment. 

At longer times, the tracer uptake exhibited the 
biphasic course discussed in Methods (Fig. 1C and 
D). In the BTX-activated sample, 22Na uptake 
reached a level of >3.5% within minutes, plateaued 
at this high level, and then declined to < 1.0% with a 
time constant of several hours. The rapid 22Na up- 
take resulted from the selective permeability of 
BTX-activated channels. The slow decline is the 
expected consequence of gradually dissipating gra- 
dients of the less permeant Tris and SO4 ions, and 
net efflux of Na. 

It was also evident that 2ZNa uptake exceeded 
86Rb uptake, even in the control samples not treated 
with BTX (Fig. 1A). This suggested, as previously 
concluded by Duch and Levinson (1987), that re- 
constituted channels are capable of occasional 
spontaneous openings. At longer times, it became 
clear that the sodium-selective "background" up- 
take proceeded with very slow kinetics (Fig. 1C). 
Furthermore, after several hours this background 
uptake approached levels reached in the first rain- 

utes by the BTX-treated sample, suggesting that a 
large fraction of the channel-containing vesicles ex- 
perienced this slow equilibration. 

Additional experiments provided evidence that 
the slow, sodium-selective background uptake was 
mediated by inside-out oriented sodium channels. 
For the experiment illustrated in Fig. 2A-C ,  ali- 
quots of a FTS vesicle preparation were incubated 
either alone, or with external TTX or QX-314, then 
were given uptake assays. The control sample (Fig. 
2A) exhibited typical sodium-selective uptake. The 
sample pre-incubated with 1 /zM TTX (Fig. 2B) ex- 
hibited permeability identical to the control: Nei- 
ther 22Na or 86Rb uptake appeared sensitive to this 
high external TTX concentration. In the sample in- 
cubated with external 3 mM QX-314 (Fig. 2C), up- 
take of 22Na was reduced, so that uptake of 86Rb 
exceeded uptake of 22Na slightly. (Pure liposomes 
of PE/PC/PS, lacking the sodium channel protein, 
were also observed to be slightly more permeable to 
86Rb than 22Na; data not shown.)  Although uptake 
by the reconstituted vesicles was insensitive to ex- 
ternal TTX, 1 /xM TTX added before FTS reduced 
22Na uptake about the same extent as external QX- 
314 (Fig. 2D). 

Thus, it appeared that baseline radiotracer up- 
take by the reconstituted vesicles included two 
components. The first, a true background leak, was 
nonselective or slightly Rb selective, and was not 
sensitive to TTX or QX-314. The second was so- 
dium selective, and sensitive to external QX-314 
and internal TTX, and therefore seemed likely to 
result from the openings of inside-out-facing sodium 
channels. These channels appeared to open infre- 
quently, because the sodium-selective component 
of the background uptake was very slow compared 
to that stimulated by BTX (Fig. 1). Because inside- 
out oriented channels would experience a strongly 
depolarized membrane potential throughout the as- 
say period, they might be expected to be inactivated 
and nonconducting. The high peak level of the 
background sodium-selective uptake seen in Fig. 
IC suggested, however, that a significant fraction of 
the inside-out channels were occasionally opening 
spontaneously. 

MULTIPLE EFFECTS OF N B A  AND N B S  

As described previously (Cooper et al., 1987), treat- 
ment of the reconstituted preparation with mg  con- 
centrations of NBA or NBS rapidly increased so- 
dium-selective flux, but prolonged treatment had 
additional effects. For example, Fig. 3 illustrates 
the time dependence of treatment with 1.1 mM 
NBA. Before NBA addition, =Na flux exceeded 
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Fig. 3. Effect of different periods of NBA treatment on 22Na (0) 
and S6Rb (O) flux. FTS vesicles were diluted 20-fold into iso- 
osmolar Tris SO4. One-minute tracer uptake assays were per- 
formed before or at intervals after the addition of 1.1 mM NBA, 
as described in Materials and Methods 

A 
0.10, 

O 0.08 

0.06 
._= 

0.04 

0.02 

-I 

0 4 8 0 4 8 

C 

.,,.. 
-Q  

i 

Z ~  -O~ 

I ~ l ~ l  
0 4 8 

minutes of NBA treatment 

Fig. 4. Effect of tryptophanyl alanine (TA) on NBA flux activa- 
tion. Vesicles were diluted 20-fold, then subjected to 1 min 22Na 
(0) and S6Rb (�9 flux assays, before and after the addition of 1.1 
mM NBA. (A) No TA was added. (B) 5 mM TA was added before 
the control uptake time points were taken. (C) TA was added 15 
sec after the addition of NBA 

86Rb flux by 70%. During the first 2 min of NBA 
treatment, 22Na flux more than doubled, while 86Rb 
flux remained near control levels. During minutes 3 
to 6, 22Na flux declined, and 86Rb flux rose slowly, 
so that at 6 min, flux was nonselective and at a level 
intermediate between control levels for the two 
tracers. Further treatment resulted in slow in- 
creases in nonselective flux. 

TITRATION OF F L U X  ACTIVATION 

Additional experiments suggested that the late 
phases of the NBA treatment time course, which 
abolished sodium-selective flux, were due to further 
covalent modification of the channel protein. First, 
we attempted to stop the NBA reaction abruptly by 
quenching with the model substrate, tryptophanyl 
alanine (Fig. 4). Each panel shows the 22Na and 86Rb 
uptake before and after addition of 1.1 mM NBA. In 
Fig. 4A, tryptophanyl alanine (TA) was not added. 
In Fig. 4B and C, 5 mM TA was added either before 
NBA (B) or 15 sec after NBA (C). In the absence of 
TA (Fig. 4A), NBA elicited the expected three 
phases of flux activation. Prequenching with TA 
(Fig. 4B) abolished all effects of NBA. When TA 
was added very early after initiating the reaction 
(i.e., 15 sec after NBA, Fig. 4C), all three phases 
were significantly inhibited. TA quenched later 
phases of the reaction more effectively than the 
early phase: peak 22Na uptake at 2 rain was reduced 
only slightly but the slower decline in 22Na and in- 
crease in 86Rb uptake were more completely inhib- 
ited. These results suggested that each of the three 
effects of NBA were due to successive reactions 

with the channel protein. It was also apparent that 
quenching with Ta was too slow for precise control 
of the extent of the reaction. 

With micromolar concentrations of N-bromo- 
succinimide (NBS), it was possible to limit the ex- 
tent of modification much more successfully (Fig. 
5). NBA and NBS are thought to have identical 
reaction mechanisms and specificity, but NBS re- 
acts much more rapidly (Ramachandran & Witkop, 
1967; Spande et al., 1966). Both reagents selectively 
remove inactivation gating from sodium channels in 
squid axon; NBA has been more often used because 
it is more soluble in saline solutions (Oxford et al., 
1978; D. Eaton, personal communication). Figure 
5A shows that the activation of 22Na flux could be 
titrated with 1-5 /XM NBS. At 4.8 r NBS, 22Na 
flux was nearly fully activated by 6 min, and re- 
mained at peak levels for the following 10 min ob- 
served. At higher concentrations, rapid activation 
of 22Na flux was followed by decline as with NBA 
(Fig. 5B). 

The flux stimulated by NBS, like that stimu- 
lated by brief NBA treatment was strongly sodium 
selective (Fig. 5C). The 86Rb fluxes stimulated by 
NBA and NBS were too small to compare quantita- 
tively with 22Na. This suggested that the chemically 
modified channels were more sodium selective than 
those treated with BTX. 

INTERACTIONS WITH QX-314 

Many local anesthetics and related compounds 
block sodium currents and alter channel gating 
(Strichartz, 1973; Hille, 1977; Yeh & Narahashi, 
1977; Cahalan, 1978; Cahalan & Almers, 1979; Ca- 
halan et al., 1980; Yeh & Tangey, 1985; Moc- 
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Fig. 5. NBS activates sodium-selective tracer flux. 
(A) FTS vesicles were diluted 20-fold into Tris SO4. 
One-minute flux assays were conducted either before 
or after the addition of 1.0 txM NBS ( I ) ,  2.5 txM 
NBS (A), or 4.8 /xM NBS (1). (B) FTS vesicles from 
a different reconstitution preparation than shown in 
A were diluted 10-fold into Tris SO4 buffer. After 20 
rain tracer uptake was assayed before or after the 
addition of 150 b~M NBS (T) or 15 /xM NBS (V). (C) 
Effect of 5 b~M NBS on 22Na (0) and 86Rb (�9 fluxes. 
Vesicles were diluted 20-fold prior to assay 

zydlowski, Uehara & Hall, 1986; Green, Weiss & 
Anderson, 1987). Previously, we and others have 
used the membrane impermeant lidocaine deriva- 
tives QX-314 and QX-222, at saturating concentra- 
tions, to block purified reconstituted channels that 
were activated by BTX or chemical modifiers (Ro- 
senberg et al., 1984a, Cooper et al., 1987). Results 
were consistent with the simple model of block re- 
sulting from binding to a single type of cytoplasmic 
site: when QX-314 or QX-222 was added to the vesi- 
cle exterior, a component of tracer uptake that was 
insensitive to external TTX was inhibited. As we 
will describe, further studies with QX-314 yielded 
results that could not be explained as simple, open 
channel block. 

QX-314 Enhances Flux Activation by NBA 

At concentrations of 10 to 100 /XM, QX-314 mark- 
edly increased the rate at which NBA stimulated 

22Na flUX. For the experiments illustrated in Fig. 6, 
aliquots of reconstituted vesicles were pre-incu- 
bated either without QX-314 (Fig. 6A), or with 10 
tXM to 3 mM QX-314 (Fig. 6B). After pre-incubation, 
each sample was diluted into Tris SO4 buffer con- 
taining =Na, 86Rb, QX-314 (at the concentrations 
present during pre-incubation), and except for con- 
trols, 500/XM NBA. 

In samples pre-incubated without QX-314 (Fig. 
6A), NBA. stimulated a twofold increase in 22Na up- 
take by 90 sec, but had little effect o n  86Rb uptake. 
In the presence of 10-100/XM QX-314, NBA-stimu- 
l a t e d  22Na uptake exceeded that produced by NBA 
alone; at higher concentrations of QX-314, 22Na up- 
take was reduced in a dose-dependent manner (Fig. 
6B, C) .  86Rb uptake was not significantly altered by 
NBA, regardless of the QX-314 concentration (Fig. 
6C). These effects are seen most clearly in Fig. 6C, 
where the uptake of 22Na and 86Rb, at 90 sec, are 
shown for all QX-314 concentrations; complete 
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86Rb, QX-314 at the concentrations present during pre-incubation, and 500/xM NBA. At intervals afterward, internalized tracer was 
determined. Time courses of Z2Na uptake at QX-314 concentrations of 0.01 mM (IlL 0.03 mM (E3), 0.10 mM (Y), 0.30 mM (A), 1 mM (O), 
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each QX-314 concentration (90 sec) can be compared with uptake in the absence of drug (NO QX) 

time courses of 22Na uptake are shown in Fig. 6B. 
Again, 3 mM QX-314 reduced 22Na uptake to below 
control levels, so that uptake was nonselective. 

Two hypotheses might explain the enhanced 
uptake produced by co-incubation with NBA and 
low concentrations of QX-314. First, QX-314 might 
alter, by a conformational mechanism or by protec- 
tion, the rate at which sites on the channel react 
with NBA. Alternatively, reversible QX-314 bind- 
ing might itself promote the open state. Further ex- 
periments were conducted to test these hypotheses. 

In the experiment illustrated in Fig. 7, the time 
dependence of flux activation by 500/XM NBA was 
studied, using vesicles pre-incubated with or with- 
out 25 /xM QX-314. Before the addition of NBA, 
QX-314 caused a slight increase in uptake (dis- 
cussed below). The initial rising phase of the NBA 
time course was strongly enhanced by QX-314, but 
the slower declining phase was not much affected. 
As a result, peak stimulation was increased. The 
fact that the rising, but not the falling, phase of 
NBA modification was affected by QX-314 sug- 
gested that the drug selectively increases the rate of 
a reaction responsible for flux activation. 

Figure 8A-B illustrates an experiment in which 
the NBA concentration was lowered to highlight the 
effects of QX-314. Aliquots of vesicles were pre- 
incubated with or without 25 /XM QX-314. Uptake 
time courses were then conducted with and without 
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Fig. 7. Effect of 25/xM QX-314 on NBA treatment time course. 
FTS vesicles were diluted 20-fold into Tris SO4 buffer, with (�9 
or without (0) 25/~M QX-314. One-minute 22Na flux assays per- 
formed, either before or at intervals after the addition of 500 b~M 
QX-314 

100/XM NBA. As indicated (Fig. 8A), 100/XM NBA 
alone produced only a slight, delayed increase in 
TTX-sensitive 22Na uptake. In the sample treated 
with both 25 ~M QX-314 and NBA, 22Na uptake was 
markedly enhanced. These effects of NBA and QX- 
314 were not seen when vesicles were incubated 
with 1 /XM TTX before freeze-thaw-sonication (Fig. 
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Fig. 8. (,4, B) Qx-314 enhancement of NBA-stimulated 22Na uptake is TTX sensitive. Vesicles were subjected to FTS, either without 
(A) or with (B) 1/xM TTX added before the freeze step. After sonication, aliquots of the TTX-treated and nontreated vesicles were pre- 
incubated for 30 rain at 30~ with and without 25/~M QX-314. Aliquots were then diluted 20-fold into Tris SO4 buffer containing 2ZNa 
and, where indicated, 100/.~M NBA, 1 /~M TTX, and/or QX-314. Uptake time courses were conducted for each incubation condition: 
(V) no QX-314, no NBA; (0) QXG 14 only; (�9 NBA only; (+) both N BA and QX-314. (C) Transient stimulation of tracer uptake by 
QX-314 alone. Vesicles were subjected to FTS with and without 1/J,M TTX. Aliquots of the TTX + and TTX treated vesicles were then 
pre-incubated with or without 400/xM QX-314 for 30 min at 30~ Each aliquot was then diluted 20-fold into Tris~SO4 buffer containing 
22Na, 1 /xM TTX (for samples treated with TTX prior to FTS) but no additional QX-314. At 20-sec intervals, uptake of 22Na was 
determined as described in Materials and Methods. 22Na uptake vs. time for each condition: (0) TTX alone; (�9 TTX and QX-314; (V) 
no TTX, no QX-314; (I) QX-314 only 

8B). The level of uptake exhibited by all TTX- 
treated samples was about half the control uptake 
(no TTX, QX-314, or NBA, inverted triangles in 
Fig. 8A), indicating that the untreated channels 
were spontaneously opening. 

QX-314 Activates Sodium Channel Flux 

Vesicles exposed to 25 /xM QX-314 alone consis- 
tently exhibited higher 22Na uptake than controls 
(e,g., Fig. 8A). This small effect was abolished 
when 1 /XN TTX was equilibrated with the vesicle 
interior by freeze-thaw-sonication (Fig. 8B). In or- 
der to test for more pronounced channel-opening 
activity at higher concentrat ions,  that might be 
masked by QX-314's rapid blocking activity, a non- 
equilibrium assay was used (Fig. 8C). Aliquots of 
vesicles were subjected to FTS either with or with- 
out 1 /d,M TTX, preincubated with 400/,~g QX-314, 
then diluted 20-fold into Tris SO4 buffer containing 
22Na, but no QX-314. As in Fig. 8A-B, the total QX- 
314 concentrat ion during the uptake assay was - 2 0  
/xg, but in Fig. 8C, drug binding was not at equilib- 
rium at the beginning of the time course. TTX-sen- 
sitive uptake was much more strongly increased un- 
der nonequilibrium binding conditions (Fig. 8C) 
than under equilibrium binding conditions (Fig. 
8A,B). Nearly all of  the increase elicited by QX-314 
in Fig. 8C occurred during the first 20 sec after dilu- 
tion into buffer-containing tracers. In subsequent 
20-sec periods, flux in the presence of QX-314 re- 
turned to a level only slightly above control, as re- 

vealed by comparing the slopes of QX-314 and con- 
trol time courses.  The effects illustrated in Fig. 8C 
may be explained by invoking two or more distinct 
binding sites for QX-314, with similar affinities but 
different dissociation kinetics, and opposing effects 
on permeability. Alternatively, dissociation of the 
drug from channels in a blocked state (under 
strongly depolarized membrane voltage) might 
leave them in an open state that inactivates slowly 
(cf. Armstrong & Bezanilla, 1977; Oxford & Yeh, 
1985; Yeh et al., 1986; see Discussion). 

QX-314 Causes Simple Dose-Dependent Block 
of NBA-Activated Channels 

From the previous experiments it appeared that 
QX-314 may itself promote the open state and en- 
hance the rate at which the channels react with 
NBA. Additional experiments showed that QX-314 
did not enhance flux through channels after chemi- 
cal activation. In the experiment illustrated in Fig. 
9, vesicles were first t reated with 5 / x g  NBS for 15 
rain, in the absence of QX-314. As previously 
shown (Fig. 6A), this concentrat ion of NBS pro- 
duced stable, peak activation of  flux. Aliquots of 
the NBS-treated vesicles were next incubated for 2 
min with various concentrat ions of  local anesthet- 
ics, then subjected to l-rain tracter uptake assays. 
As shown, QX-314 block of the activated channels 
followed simple, monophasic dose dependence,  
with an ICs0 of - 0 . 3  mM. At no concentrat ion did 
uptake exceed control levels. 
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Fig. 9. Concentration dependence of QX-314 inhibition of NBS- 
stimulated 22Na uptake. FTS vesicles were diluted 20-fold into 
Tris SO4 buffer. Tracer uptake assays were performed in dupli- 
cate before or 15 rain after beginning treatment with 5/J,M NBS. 
QX-314 was then added to aliquots of the NBS-treated vesicles 
at concentrations between 1 /xM and 3 mM. After 2 min, 22Na 
uptake assays were performed for each QX-314 concentration. 
Data shown is the average of two determinations. Uptake in the 
presence of 3 mM QX-314, which was taken as an estimate of 
complete inhibition of"channel-mediated" flux, equalled 56% of 
control (no QX-314, no NBS) uptake in both experiments. Up- 
take in the presence of each QX-314 concentration is expressed 
as a percentage of"channel-meditated" uptake observed in the 
absence of the drug 

Discussion 

In native membranes, sodium current inactivation 
can be eliminated selectively by controlled modifi- 
cation of the intracellular surface with various pro- 
teases and chemical reagents (Armstrong et al., 
1973; Rojas & Rudy, 1976; Bezanilla & Armstrong, 
1977; Oxford et al., 1978). We have previously 
screened four such agents, NBA, NBS, pronase 
and trypsin, with reconstituted sodium channels pu- 
rified from eel electroplax, to attempt to reproduce 
these observations in vitro. The ultimate aim is to 
identify sites of covalent modification associated 
with specific changes in channel function. Here we 
describe in detail several properties of the reconsti- 
tuted preparation influenced by binding of the lido- 
caine analogue QX-314 and by reaction with NBS 
and NBA. 

We conclude that electroplax sodium channels, 
reincorporated into liposomes and under the influ- 
ence of strong depolarizing diffusion potentials, ap- 
pear capable of occasional spontaneous openings. 
Progressive modification of the cytoplasmic surface 
of the protein with NBA and NBS produces, in se- 
quence, a chronically opened form of the protein, a 
closed form, and perhaps a form which is nonselec- 

tively permeable to cations. These modified states 
appear to result from multiple reactions with the 
reagents, and the more reactive NBS can be used 
to prepare stable, chronically opened preparations 
of the channel. We also observe that QX-3t4, at 
low concentrations, stimulates a small increase in 
premeability of the sodium channel. At these con- 
centrations, QX-314 markedly stimulates the 
rates at which NBA activates sodium channel- 
mediated flux. This suggests that the reactivity of 
sites involved in flux activation is increased by 
conformational changes attending local anesthetic 
binding. 

EVIDENCE FOR RARE, SPONTANEOUS OPENINGS 

In dual label radiotracer flux experiments, we found 
evidence that reconstituted E. electricus sodium 
channels open spontaneously during maintained de- 
polarizations (e.g., Fig. 2). Uptake of tracer 22Na 
exceeded that of 42K, 86Rb, or ~37Cs (Cooper et al., 
1987). Such 22Na-selective uptake was blocked by 3 
mM external QX-314, but not by 1/J,M external TTX 
(Fig. 3). Thus, inside-out oriented channels appear 
to have a small, nonzero probability of opening un- 
der our experimental conditions. The sodium-selec- 
tive uptake resulting from spontaneous openings is 
extremely slow, but peak levels are about the same 
as those resulting from maximal activation by BTX 
(Fig. 2C,D). This suggests that the flux results from 
rare openings by nearly all of the channels rather 
than by frequent openings by a small population of 
damaged or partially denatured channels. This was 
somewhat unexpected because, usually, inactiva- 
tion mechanisms are thought to reduce sodium 
channel opening proability to zero during main- 
tained depolarizations (Hodgkin & Huxley, 1952). 
Nevertheless, under some conditions steady-state 
inactivation may be incomplete (Shoukimas & 
French, 1980; Oxford & Yeh, 1985; Patlak & Ortiz, 
1985, 1986). 

These observations are in good agreement with 
the findings of Duch and Levinson (1987), despite 
many differences in purification, reconstitution, and 
tracer assay methods. Several factors may contrib- 
ute to the background, channel-mediated fluxes. 
Duch and Levinson found that these fluxes were 
affected by temperature and the lipid composition 
of the reconstituted vesicles. Ionic conditions may 
play a role: both studies used internal cations (high 
[Tris] and high [Na]) that have been shown to par- 
tially prevent inactivation in squid giant axon (Ox- 
ford & Yeh 1979, 1985). In the present study, only 
inside-out channels contributed to the background 
flux, suggesting that strong membrane depolariza- 
tion is also required. 
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N B A  AND N B S  HAVE MULTIPLE EFFECTS AND 
APPEAR TO ACT AT MULTIPLE SITES 

The effects of NBA and NBS on tracer uptake by 
the reconstituted vesicles depended strongly on 
time and reagent concentration (Figs. 3 and 5; see 
also Cooper et al., 1987). With both reagents, dis- 
tinct phases were observed during the modification 
time course experiments. We wanted to determine 
whether the observed phases resulted from cova- 
lent modification, or whether noncovalent interac- 
tions (for example, block by reactions products; see 
Huang, Tanguy & Yeh, 1987) or processes intrinsic 
to the protein (e.g., slow inactivation) played a role. 
It appeared that block by reaction products was not 
involved, since incubation of vesicles with NBA 
and excess tryptophanyl alanine, an alternative sub- 
strate, abolished all effects on tracer flux. Experi- 
ments with the more reactive NBS provided the 
most direct evidence that the effects were due to 
covalent modifications. When limiting concentra- 
tions of NBS were used, only the rapid increase in 
22Na uptake was observed. At higher concentra- 
tions of NBS, 22Na uptake rose and declined as with 
NBA. Thus, additional chemical modifications 
seemed necessary to elicit the declining phase of the 
time course. These results suggested that NBA and 
NBS were capable of reacting with several different 
sites on the sodium channel protein, and that reac- 
tion at different sites had different effects on chan- 
nel behavior. The NBS treatment appears to be se- 
lective in that permeation selectivity (Na > Rb) and 
sensitivity to TTX and QX-314 blockade were main- 
tained during the initial phases of the reactions. 
This is consistent with the expectation that sites 
involved in conductance regulation (e.g., inactiva- 
tion) were specifically modified. 

The ability to produce chemically-stable, func- 
tionally-altered channels with limiting, defined con- 
centrations of NBS permits more detailed bio- 
chemical and biophysical characterization of the 
modified protein. As previously reported (Cooper et 
al., 1987), get electrophoresis indicates that NBS 
does not cleave the Na channel peptide. More re- 
cently, the gating, conductance, and pharmacologi- 
cal properties of NBS-modified, purfied, reconsti- 
tuted channels have been studied in planar bilayer 
(Shenkel et al., 1989). 

INTERACTIONS WITH QX-314 

We observed three distinct effects of QX-314: block 
of activated channels, flux enhancement, and en- 
hancement of the effects of NBA. 

When channels were activated to peak levels 
with NBS and then exposed to QX-314, monopha- 

sic dose-dependent block of tracer flux, with an ICso 
of -0.3 mM was observed (Fig. 9). These results 
were as expected for rapid blockade of opened so- 
dium channels. 

When unmodified reconstituted channels were 
exposed to low QX-314 concentrations (-25 gM), a 
slight, TTX-sensitive enhancement of 22Na flux was 
observed (Figs. 7 and 8A,B).  This effect was quite 
unexpected. QX-314 might be expected to bind to 
spontaneously opening, inside-out channels, but 
such binding was expected to result only in reduced 
uptake. Even if QX-314 binding increased the frac- 
tion of channels in the open state by mass action, 
the additional "open"  channels should be blocked 
and nonconducting. The slight enhancement in flux 
we observed at low QX-314 concentrations might be 
expected if the channel possessed a second, longer- 
lived open state, and if QX-314 enhanced the proba- 
bility of entering this second open state. Yeh and 
coworkers (1986) obtained evidence for such an ef- 
fect in studies of the action of QX-314 on single 
sodium channels in membrane patches from neuro- 
blastoma cells. In controls, open times were distrib- 
uted with a mean of 2-3 msec at a test potential of 
-50 mV. In the presence of 100 ~M QX-314, overall 
open probability was reduced, but openings were 
distributed bimodally, with one mean about the 
same as control, and a second about fivefold longer 
(Yeh et al., 1986). The voltage and concentration 
dependence of this effect on single channel kinetics 
has not as yet been described. 

The enhancement of flux by QX-314 was not 
seen when uptake was measured in the presence of 
high QX-314 concentrations (e.g., Fig. 2C). It ap- 
peared that free drug rapidly blocked the open 
channels; at saturating concentrations, the in- 
creased open probability caused by QX-314 was 
masked. To separate the two effects, we pre-equili- 
brated vesicles with a high QX-314 concentration, 
then measured uptake after rapidly diluting the vesi- 
cles (and free QX-314) in the flux assay medium 
(Fig. 8C). Uptake in this nonequilibrium assay was 
strongly enhanced: the level of stimulation in the 
first 20 sec was five times higher than in a control 
(Fig. 8A) equilibrated at steady state with essen- 
tially the same final concentration of QX-314. This 
suggests that local anesthetic binding may induce a 
significant and long-lived change in the conforma- 
tion of elements of the protein involved in gating. 

QX-314 also appeared to increase the rate at 
which NBA covalently modified certain sites on the 
cytoplasmic surface of the channel. When a low 
concentration of QX-314 was present during treat- 
ment with NBA, the rate of flux activation was in- 
creased. The stimulation by QX-314 and NBA to- 
gether was markedly greater than the sum of the 
effects of the two agents acting alone. QX-314 did 
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not affect the rate at which NBA caused reductions 
in uptake during prolonged incubations. Thus, QX- 
314 may shift the conformation of the sodium chan- 
nel so that covalent reactions that produce flux acti- 
vation are more rapid, without affecting secondary 
modifications that close the conductance pathway. 
It is tempting to speculate that this conformational 
shift is from an inactivated to an open (or open but 
blocked) state. In voltage-clamp experiments, weak 
membrane depolarization sufficient to inactivate 
most channels slowed the rate at which NBA elimi- 
nated sodium current inactivation (Salgado, Yeh & 
Narahashi, 1985). Thus, the site or sites of modifica- 
tion associated with inactivation removal may be 
partially protected in the inactivated state. The in- 
side-out oriented reconstituted channels sensitive 
to NBA modification are likely to be inactivated. By 
promoting opening (or opening and block), QX-314 
may increase susceptibility to modification by 
NBA. 
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