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ABSTRACT  Batrachotoxin-modified Na* channels from toad muscle were inserted into planar lipid bilayers composed of neutral phospho-
lipids. Single-channel conductances were measured for [Na*] ranging between 0.4 mM and 3 M. When membrane preparations were
made in the absence of protease inhibitors, two open conductance states were identified: a fully open state (16.6 pS in 200 mM
symmetrical NaCl) and a substate that was 71% of the full conductance. The substate was predominant at [Na*] >65 mM, whereas the
presence of the fully open state was predominant at [Na*] <15 mM. Addition of protease inhibitors during membrane preparation
stabilized the fully open state over the full range of [Na*] studied. In symmetrical Na* solutions and in biionic conditions, the ratio of
amplitudes remained constant and the two open states exhibited the same permeability ratios of P,;/Py, and Pg,/Pxa- The current-
voltage relations for both states showed inward rectification only at [Na*] <10 mM, suggesting the presence of asymmetric negative
charge densities at both channel entrances, with higher charge density in the external side. An energy barrier profile that includes double
ion occupancy and asymmetric charge densities at the channel entrances was required to fit the conductance-[Na*] relations and to
account for the rectification seen at low [Na*]. Energy barrier profiles differing only in the energy peaks can give account of the
differences between both conductance states. Estimation of the surface charge density at the channel entrances is very dependent on
the ion occupancy used and the range of [Na*] tested. Independent evidence for the existence of a charged external vestibule was

obtained at low external [Na*] by identical reduction of the outward current induced by micromolar additions of Mg?* and Ba?*.

INTRODUCTION

Many types of ionic channels exhibit more than one con-
ductance state (for a review see Fox, 1987; Meves and
Nagy, 1989). The structural bases underlying the transi-
tions between different conductance states are un-
known; however, in a few cases it has been possible to
induce subconductance states. For example, micromolar
addition of either Cs* or Rb" to the external side of the
inward rectifier K* channel induces the appearance of
substates that are one- or two-thirds of the main conduc-
tance (Matsuda et al., 1989). To explain these findings, it
has been proposed that the channel consists of three par-
allel conducting units each blocked independently by
Cs* or Rb*. A similar model was proposed for the Tor-
pedo Cl™ channel in which DIDS can block indepen-
dently one of two parallel pores (Miller, 1982).
Subconductance states have been observed for the un-
modified Na* channels from cardiac and skeletal muscle
(Cachelin et al., 1983; Patlak, 1988). However, their con-
tribution to the total Na* current is small due to infre-
quent occurrence and brief openings. Nevertheless, the
study of these subconductance states may provide useful
insights into the channel permeation structure. To pro-
long Na* channel openings, treatment by pharmacologi-
cal agents that remove or delay the inactivation process
in Na* channels facilitate the study of conductance
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states (Green et al., 1987; Recio-Pinto et al., 1987; Pat-
lak, 1988; Nilius et al., 1989; Schreibmayer et al., 1989;
Levinson et al., 1990; Schild et al., 1991).

Batrachotoxin (BTX) is an alkaloid that eliminates
both fast and slow inactivation of Na* channels, making
possible steady-state recording of Na* currents (Kho-
dorov, 1985). This toxin has proven useful to study iso-
lated channels in planar lipid bilayers in which control of
both the ionic and lipid environment surrounding the
channel protein is possible (see Miller, 1986; Latorre,
1986). BTX-modified Na* channels in planar lipid bi-
layers exhibit subconductance states when the ionic
strength is modified. For example, Green et al. (1987)
showed a “flickery” substate that becomes predominant
at [Na*] <20 mM. Similar results are reported by Recio-
Pinto et al. (1987).

In this study we compare the “fully open” and a sub-
conductance state of the BTX-modified Na* channel
from toad skeletal muscle incorporated into a planar
lipid bilayers. We show that under a wide variety of ionic
conditions the ratio between the conductances of both
states remains constant, suggesting that both states share
the same mechanism of ion transport. Part of this work
has been presented previously in abstract form (Naranjo
et al., 1989, 1990).

MATERIALS AND METHODS

Planar bilayers and channel
incorporation

Skeletal muscle membrane preparations from the Chilean toad Caudi-
verbera caudiverbera were performed as previously described (Hidalgo
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et al., 1986). When protease inhibitors were used, the homogenization
step was done in the presence of 1 mM phenylmethylsulfonyl fluoride,
0.4 ug/ml leupeptin, 0.4 ug/ml pepstatin, and 0.4 mM benzamidine.
Membrane suspensions (1-4 mg protein/ml) were stored as 30-ul por-
tions at —80°C.

Solutions used for bilayers containing brain phosphatidyletha-
nolamine (Avanti Polar Lipids, Inc., Birmingham, AL) dissolved in
n-decane at a final concentration of 10 mg/ml. Planar lipid bilayers
were formed across 300-um holes made in 17-um-thick Teflon parti-
tions (Cecchi et al., 1986). During bilayer formation, the capacitance
was monitored until a stable value of 100-400 pF was reached. Then,
BTX (gift from Dr. John Daly, NIH, Bethesda, MD) was added to the
aqueous solution to a final concentration of 100 nM. Single BTX-modi-
fied Na* channels were transferred to the planar bilayer using the “fu-
sion method” (Krueger et al., 1983). To facilitate fusion, a NaCl os-
motic gradient was used with the highest concentration corresponding
to the side where the vesicles were added (cis side). Sodium channels
were recognized by their selectivity, voltage dependence, and their sen-
sitivity to tetrodotoxin (TTX; Calbiochem Corp., La Jolla, CA) and
decarbamoylsaxitoxin (dc-STX; gift from Dr. Edward Moczydlowski,
Yale University School of Medicine). Channels inserted ~60% of the
time with the TTX receptor side facing the srans aqueous chamber.
After channel incorporation, the gradient was usually dissipated, add-
ing NaCl to the trans side from a concentrated stock solution. When
the channel conductance was measured at low [Na*], channels were
incorporated in the presence of a 200 mM NaCl/5 mM MOPS-NaOH,
pH 7.0, or a 200 mM NaCl/1 mM MOPS-NaOH gradient. After chan-
nel incorporation, the gradient was dissipated by perfusing the high-
concentration side with 10 times the volume of the chamber of either 5
mM MOPS-NaOH or | mM MOPS-NaOH buffer. Sodium concentra-
tion was incrementally increased by adding aliquots of a stock NaCl
solution to both sides of the chamber. At 5 mM MOPS-NaOH and |
mM MOPS-NaOH buffer, determination of [Na*] by atomic absorp-
tion spectrophotometry (360; Perkin-Elmer Corp., Norwalk, CT), gave
values of 2.2 mM (n = 3) and 0.4 mM (n = 2), respectively.

Electrical measurements and
data analysis

The current passing through the membrane was measured with a two-
electrode voltage clamp (Behrens et al., 1989). Single-channel currents
were stored in digital format on video tape for subsequent analysis of
channel conductance. Current amplitudes were determined by either
measuring the peak current from the amplitude histograms or by mea-
suring single-channel current amplitude from chart recordings. With
the histogram method and filtering to 8 Hz (—3 dB), it was possible to
resolve differences of 0.05 pA in channel current amplitudes (see Fig.
4). Single-channel conductances were determined from linear regres-
sion of the current over the range of voltages between +30 mV.

Barrier model

A three-barrier, two-well, double-occupancy channel model was used
to fit the current—voltage relations in symmetrical aqueous solutions,
the conductance-[Na*] data, and the current-voltage curves obtained
in biionic conditions (Alvarez et al., 1992). Single- or multiion occu-
pancy for Na* was modeled by changing the amount of electrostatic
repulsion (Ay,.n,) between the ions residing in the conduction system
of the channel (for further details see Alvarez et al., 1992). Minimiza-
tion of the summed squared differences between the experimental val-
ues and the values predicted by the barrier model was done using the
Gauss-Newton algorithm (Alvarez et al., 1992). Well depth, peak
height, the repulsion factor, and the surface charge density were vari-
ables. For simplicity, it was assumed that peaks and wells were symmet-
rically located at fixed position within the conduction system (see Fig.
6). To define the positions of the wells, by trial and error assays, we
concluded that for every model studied the best fits were obtained
when both wells were at 0.15 of the central barrier. Therefore, this last
value was used in all calculations. Although it is true that the solutions

obtained in this way may not be unique, as a general rule the fitting
routine converged consistently to the parameters values shown in Ta-
bles 1-3.

The electrical field is the algebraic sum of the electrical fields induced
by the applied voltage and the asymmetry of the surface potential. The
electrical field drops linearly through the energy profile and is added
point by point to compute the free energy of each peak and well. Thus,
a change in either the applied voltage or in the ionic strength promotes
a “tilt” in the potential energy profile for the permeant ion (MacKin-
non et al., 1989; Villarroel, 1989; Alvarez et al., 1992). The fixed sur-
face charge densities (¢ in e/nm?) at each vestibule are independent
adjustable parameters. They are calculated according to the Gouy-
Chapman double-layer theory (Grahame, 1947; McLaughlin, 1977);
thus, they represent charged planar surfaces. The surface potential, ®,,
at each vestibule is related to the bulk, C,, concentration of monova-
lent cations and ¢ through the relation:

®, = (2RT/F) arcsinh (1.364/YC,). nH

The calculations using this model are aimed at determining whether
this type of energy profile adequately describes the current-voltage re-
lations obtained in the different experimental conditions. They are fur-
ther useful in obtaining estimates of the vestibule charge density at very
low ion concentrations. It is clear that more complicated models that
do not assume equivalence of the three peak and well energies (a sim-
plifying assumption made to reduce the number of parameter in the
model) would fit the data as well. However, it is important to bear in
mind that to fit simultaneously the I-V relations and the channel con-
ductance versus [Na*] relations, independently of the number of pa-
rameters that are allowed to vary, the model needs to consider a
charged pore.

lon channel blockade and surface charge
The open channel current obtained in the presence of a blocking diva-

lent cation, /, was fit to the following relation (Smith-Maxwell and
Begenisich, 1987; MacKinnon et al., 1989),

I/ly = K/(C(P) + Ky), 2

where [, is the current in the absence of the blocking ion, C(®) is the
calculated blocking ion concentration at the channel entrances accord-
ing to ((®) = Cy exp(—zF®,/RT). Since Eq. 1 is only valid for the case
of symmetrical electrolytes, for mixtures of divalent and monovalent
cations with monovalent anions, ®, was solved numerically from the
Gouy-Chapman expression for mixed electrolytes (Grahame, 1947),

o = £[2RTeye,, > Ci(exp(—z;®/RT) — 1)]'2, (3)

where ¢, is the permittivity of the free space, ¢, is the dielectric constant
of water (78.5 at 24°C), and C; is the concentration of the species i (for
further details see Latorre et al., 1992).

RESULTS

BTX-modified Na channels from
toad muscle exhibit two open
conductance states

Two open states of different amplitude were observed in
lipid bilayers prepared from muscle membrane frac-
tions. Both states were observed when membrane was
prepared in absence of protease inhibitors (API prepara-
tions). In the presence of 100 nM BTX and 200 mM
symmetric NaCl, BTX-modified Na* channels fluc-
tuated between a fully closed state (Fig. 1 4, broken line)
and either an intermediate open state (vy,) with a conduc-
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FIGURE 1

Characteristics of toad BTX-modified Na* channels. (4) Current fluctuations of a Na* channel recorded at —90 mV in symmetrical 200

mM NaCl, 5 mM MOPS-NaOH, pH 7.0. Broken lines indicate the closed-state current, and solid lines denote the current levels for the v, (fully
open) and v, conductance states. Arrows mark direct transitions from v, to the closed state. Filtering, 100 Hz. (B) Current fluctuations of a Na*
channel obtained at —40 mV, in symmetrical 400 mM NaCl, 5 mM MOPS-NaOH, pH 7.0, and 33 nM external TTX. The horizontal line at the top

of the record denotes the expanded region shown in C. Filtering, 50 Hz.

tance of 11.4 pS or a fully open state (v,) with a conduc-
tance of 16 pS. Both states are perfectly selective to Na*
relative to Cl~ (data not shown), and tetrodotoxin in-
duces long-lived closing events without affecting v, and
v, states (Fig. 1 B). Both open states were also observed
in the presence of dc-STX (Fig. 2 4). However, the mean
blocked time induced by this toxin is briefer than those
produced by TTX, permitting current amplitudes to be
measured for a reasonable number of transitions.

The v, and v, open states are not two Na channels
with different conductances; rather, they reflect the com-
plex behavior of a single class of channel. This is based
on the observation that only two open levels were ob-
served, corresponding to v, and +v,. No openings to a

level equivalent to v, + vy, were observed as might be
expected if the states represented openings by two inde-
pendent channels (Fig. 1). A second line of evidence is
that direct transitions to both open states were frequently
observed. In the case of a two-channel membrane, simul-
taneous openings or closings by two independent chan-
nels are expected to be very infrequent (Fox, 1987).
Openings to v, were favored in the [Na*] range of
0.4-15 mM (Fig. 2). By contrast, less frequent openings
to the v, level were observed at higher [Na*]. At [Na*]
>65 mM, v, comprises only a very small fraction of the
channel openings. From 46 bilayers containing either
one or two channels, openings to the v, state were ob-
served in only two bilayers precluding measurement of
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- FIGURE 2 Low [Na*] stabilize the fully open state. (4) Current traces taken at —35 mV in symmetrical 3 mM NaCl. dc-STX was added to the
external side only to a final concentration of 0.6 nM. The short horizontal line on the top of the trace indicates the fragment of the record expanded
in B. Broken lines indicate the closed state. Filtering, 10 Hz. (C) Current trace obtained in the same membrane as in B, but after 10 min of
continuous recording, one of the two BTX-modified Na* channels present in the bilayer disappeared from the record. Note that during the ~4 min
of recording the current trace showed in C lasted, only one conductance level can be appreciated corresponding to +,. Filtering, 5 Hz.

slope conductance at higher [Na*]. The average conduc-
tance in symmetrical 200 mM Na(l for the v, state of
Na* channels from API membrane preparations was
11.4 + 1.2 pS (n = 7 experiments).

Protease inhibitors stabilize the v,
conductance state

Different results were obtained when membrane prepara-
tions were made in the presence of protease inhibitors
(PPI preparations). Fig. 3 4 shows two consecutive
current records of a bilayer containing three BTX-modi-
fied Na* channels from a PPI membrane preparation. As
with the API preparation, transitions to two different

open levels were observed. Given the ionic conditions
under which these records were obtained (200 mM NacCl
internal/5 mM MOPS-NaOH external), these transi-
tions could be due to either a jump to a Na* channel
substate or to the additional opening of a Cl~ channel.
Fig. 3 B shows the current—voltage relationships for the
fully open state and for the substate. Both conductances
tend to negative reversal potentials, ruling out the possi-
bility for a Cl~ channel transition. Therefore, the small
conductance events correspond to a substate of a Na*
channel. In PPI membrane preparations, transitions to
v, were observed in only 3 out of 55 bilayers containing
one to three BTX-modified Na* channels precluding
measurement of slope conductance. The average chan-

Naranjo and Latorre

lon Conduction in Na* Channe! Substates



W

Ss
B
o 74 TpA
I,yz
4 2.0

I T T 1

-50 0 50
mV

FIGURE3 BTX-modified Na* channels from PPl membrane prepara-
tions also show a small conductance substate. (4) Channel current
fluctuations at 0 mV in the presence of 200 mM NaCl, 5 mM MOPS-
NaOH, pH 7, in the internal side and 5 mM MOPS-NaOH, pH 7, in
the external side of the channel. The small horizontal lines at the right
of the record indicate current levels corresponding to zero, one, two, or
three channels open. Asterisks mark channel transitions from v, to v,.
Filtering, 20 Hz. (B) Current-voltage relationships for v, and v,. Exper-
imental conditions are as in 4.

nel conductance in symmetrical 200 mM NacCl for v,
was 16.6 + 1.5 pS (n = 5 experiments). This value for
Na™* channel conductance was 46% larger than that mea-
sured for v, channels present in the API preparations.
Two findings indicate that the higher conductance
states of both membrane preparations are identical, and
therefore the lower conductance states of both prepara-
tions are indistinguishable. First, current-voltage rela-
tionships obtained at 2 mM for the higher conductance
state of channels from API membranes and for the main
conductance state of channels from PPI preparations are
indistinguishable (see Fig. S A4). Second, the ratio of
currents between the main state and the substate of PPI
preparations (Fig. 3) is 1.51, which is very similar to the

conductanceratio v,/v, = 1.47 obtained from API prepa-
rations (Fig. 1, 4 and C).

Channel conductance as a function of
voltage and [NaCl]

At low [Na*], it is possible to measure unitary currents
for both conductance states using API membrane prepa-
rations. For this purpose, event amplitude histograms
were constructed over a range of voltages (Fig. 4). This
method resolved current differences of ~0.05 pA. The
conductances for v, and v, measured in 3 mM Na* were
7.9 and 5.5 pS, respectively. These values, compared
with 16.6 and 11.4 pS measured in 200 mM Na* for v,
and v,, represent only a twofold change in conductance
for a 67-fold change in [Na™*].

Current-voltage relations for v, and v, were nearly
linear over the range of potentials between +45 mV (Fig.
5). The slope conductances for v, obtained over this
range were 7.3, 16.8, and 29 pS in 2, 200, and 3,000 mM
Na*, respectively. For v,, single-channel conductances
under the same conditions were 5.5, 10.7, and 23.1 pS.
Thus, the conductance ratio +,/v, was nearly indepen-
dent of [Na*], measuring 1.33, 1.57, and 1.25 at 2, 200,
and 3,000 mM Na*, respectively.

However, at [Na*] <10 mM and at potentials more
positive than +45 mV, the current-voltage relations are
sublinear. For v,, the current measured at —75 mV (Fig.
5 A; 2-mM Na* curve) was —0.62 pA and at +75 mV was
0.45 pA. This 0.17-pA difference in current is well above
the 0.05-pA error of the current determination (see Mate-
rials and Methods and Fig. 4). For v, (Fig. 5 B), the
rectification amounts to a difference 0f 0.28 pA when the

- 0.4
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a7V
nY
! 1
-50 50 mV
16r -23 mv +37 mV
12
2
§ 8
_—
0
-0.30 -0.15 0.00 0.15 0.30
4 -0.4 Amplitude, pA

FIGURE 4 Current-voltage relations obtained from current amplitude
histograms. The amplitude of 12-72 transitions lasting > 100 ms were
measured to build the histograms shown in the inset. The open and
closed squares represent the mean of the corresponding Gaussian fitted
to the current histograms. Solid lines are predicted curves obtained by
using the charged-vestibule-3B2S model for v, and v, with the parame-
ters given in Table 1 (two-ions and surface charge). APl membrane
preparation. Other experimental conditions are as in Fig. 2.
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FIGURE 5 Current-voltage relations for BTX-modified Na* channels
in symmetrical Na* solutions. (4) Open symbols correspond to data
obtained using Na* channels contained in a API muscle membrane
preparation (v,). The filled circles are the channel currents measured
for v, of a Na* channel from PPI muscle membrane preparation. (B)
Open symbols are data taken for v, of Na* channels contained in a API
muscle membrane preparation. The solid lines are the predicted
current-voltage relationships from the charged-vestibule-3B2S model.

current amplitudes were measured at +120 mV. This
inward rectification of the I-V relationship may indicate
the presence of asymmetrically distributed negative
charges at the two channel entrances (Dani and Eisen-
man, 1987; Villarroel, 1989; Latorre et al., 1992).

The conductance measured for v, and v, departs sig-
nificantly from a simple Langmuir isotherm (Fig. 6).
Moreover, conductances at low [Na*] are larger than ex-
pected for a channel that follows a Michaelis—-Menten
type of saturation. On the other hand, data for v, and v,

show a biphasic shape, suggesting multiple ion occu-
pancy (Naranjo et al.,, 1990; Ravindran et al., 1992).
Thus, comparison of the ionic conduction properties of
v, and +,, required greater complexity than Michaelis—
Menten conduction systems.

To account for excess of conductance at low [Na*], we
considered the possibility of fixed negative charges at the
channel entrances giving rise to a local electrostatic po-
tential that would be expected to increase the local Na*
concentration, thereby increasing channel conductance.
When conductance versus [Na*] data were fitted by an
energy barrier model that assumed both single-ion occu-
pancy and charged vestibules, a poor correspondence
was observed over the whole range of [Na*] (Fig. 6, 4
and B, short dashed lines). The double occupancy model
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FIGURE 6 Conductance versus [Na*] relations for the conductance
substates of the toad muscle BTX-modified Na* channel. (4) Conduc-
tance~[Na*] relation for v,. Open squares, Na* channel from API
membrane preparation. Closed circles, Na* channel from PPI mem-
brane preparation. (B) Conductance-[Na*] relation for v,. All data
were obtained using Na* channels from API membrane preparations.
The solid lines are the predicted curves obtained from the fit of all the
current-voltage relations using the two-ion, charged-vestibule-3B2S
model. The parameters used in the fittings of v, and v, are given in
Table 1. The long dashed line is a fit to the data using a two-ion 3B2S
model with uncharged vestibules, and the short dashed line is a fit to the
data using a one-ion, charged-vestibule-3B2S model. Inset, a three-
barrier two sites energy profile representing the total electrostatic en-
ergy to move one (solid line) or two ions (broken line) from the bulk
solution into a model pore for the BTX-modified Na* channel. The
profile shown correspond to the v, substate. The profile does not in-
clude surface charge effects.

Naranjo and Latorre

lon Conduction in Na* Channel Substates 1043



TABLE 1 Energy parameters for the vestibules-3B2S energy barrier model under different ion occupancy and surface charge conditions

Peaks Wells ANa-Na Oin Oex SMSQ
kT kT kT —e/nm? —e/nm?
"
One ion and
surface charges 11.21 £ 0.75 —-1.17 £ 0.84 0 0.090 + 0.007 0.124 + 0.007 0.350
Two ions 7.00 £0.03 —6.10 £ 0.04 10.16 £ 0.33 — — 0.105
Two ions and
surface charges 8.96 + 0.09 —4.04 +£0.12 7.00 £ 0.53 0.022 + 0.001 0.041 £+ 0.002 0.091
Y2
One ion and
surface charges 12.24 + 0.05 —0.24 £ 0.06 0 0.129 + 0.005 0.157 + 0.005 0.152
Two ions 7.69 + 0.09 -5.69 £0.13 9.43 +0.91 — —_ 0.947
Two ions and
surface charges 9.30 £0.15 —-3.98 £0.24 6.90 = 1.70 0.022 + 0.002 0.041 + 0.004 0.073

Ana-na 1S the electrostatic repulsion factor as defined in Materials and Methods. ¢;, and ¢, are the surface charge density in the internal and external
vestibules, respectively. Data are means + SD of the estimations. SMSQ is the summed squares of the differences between experimental data and the

values predicted by the barrier model.

with neutral vestibule similar to that used by Ravindran
et al. (1992) for rat muscle Na* channel gave a poor fit at
low [Na*] (long dashed lines). The best fit to the data was
obtained using the 3B2S-charged-vestibule model that
allowed double-ion occupancy (Table 1, solid lines).
This model predicts limiting conductances at very low
[Na*] of 5.9 and 4.2 pS for v, and v,, respectively.! The
3B2S-charged-vestibules model indicates (Table 1) that
the main difference between the v, and v, states resides
in the energy of peaks (peak energy difference = 0.40 kT)
rather than in the wells (~0.1 kT) or in the surface
charge density. ‘

The I-V relations for v, and v, were best fitted when
the surface charge density (¢) in the external vestibule
was about twofold that of the inner vestibule (Table 1
and Fig. 5). Thus, the asymmetric transport properties
that appear at low 1on concentrations can be explained
by a difference in the charge density of the vestibules.

lon selectivity

Na* channels are highly permeable to Li* and relatively
impermeant to Cs*. If the difference in ion conduction
between v, and v, resides only on differences in the en-
ergy barriers, then both conductances are predicted to
show the same permeability ratios Py;/Py, and P.y/Py,.
By contrast, if the differences between v, and v, are due
to a change in any other ion conduction parameters, we
would expect a difference in those permeability ratios.

! At very low bulk [Na*], the Gouy—Chapman theory predicts that the
concentration of [Na*] at the surface (C,) becomes constant and inde-
pendent of the bulk electrolyte concentration. In this low [Na*] con-
centration limit, Cy = ¢%/2RTeye, (McLaughlin, 1989; Latorre et al.,
1992). To calculate the limiting conductances for the substates, ¢ was
taken as 0.026 e/nm?, and hence the limiting concentration C, is 6.32
mM. However, as pointed out by Green et al. (1987), the determina-
tion of the limiting conductance is affected by the series resistance due
to the aqueous phases.

Under biionic conditions, with Na* in the external
side of the membrane and Li* on the cytoplasmic side,
the determined reversal potentials were 3.7 and 2.5 mV,
respectively, giving P;,/Py, = 0.80 for v, and 0.84 for v,
after appropriate compensation for junction potentials
(Fig. 7 A). Despite the fact that the permeability ratios for
Na* and Li* were close to unity, the chord conductances
measured at +75 mV differed by a factor of 1.8-fold.
This finding suggests the presence of a site(s) in the Na™*
channel conduction system that binds Li* more tightly
than Na*. We were unable to determine v, and v, rever-
sal potentials for Cs*/Na™ biionic case (Fig. 7 B). How-
ever, a fit to the data using the 3B2S-charge-vestibule
model (solid line) predicts a Pc/Py, = 0.026 for both v,
and «,. This latter value should be taken as an upper
limit since even at positive potentials as high as 120 mV,
currents are too small to be measured. These data sug-
gest that the selectivity of the fully open and the substate
of the toad muscle Na* channel is similar to the one
found for other BTX-modified Na* (e.g., Behrens et al.,
1989) and that both states discriminate ions roughly in
the same manner.

Further evidence of the presence of
fixed charges in the channel vestibules

The biphasic shape of the conductance versus [Na‘]
curve, suggestive of multiion occupancy seen for both
conductance states (Fig. 6), is in agreement with what
has been observed for the BTX-modified Na* channel
from rat skeletal muscle (Ravindran et al., 1992). How-
ever, these authors did not require the incorporation of
surface charge effects to fit their data. Thus, additional
experiments were performed to test for the presence of
surface charges effects on the toad Na* channel.
Externally added impermeant cations to aqueous
phases can provide independent evidence on the exis-
tence of fixed charges in the channel vestibules. In princi-
ple, the increase in ionic strength promoted by the im-
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FIGURE 7 Ion selectivity of the channel. (4) BTX-modified Na* chan-
nels under biionic conditions with 200 mM LiCl, 5 mM MOPS-LiOH,
pH 7, in the internal side and 200 mM NaCl, 5 mM MOPS-NaOH, pH
7, in the internal side of the channel. Symbols are data compiled from
three experiments. Points and error bars refer to the mean + SD. (B)
BTX-modified Na* channels under biionic conditions with 200 mM
CsCl, 5 mM MOPS-CsOH, pH 7, in the internal side and 200 mM
NaCl, 5 mM MOPS-NaOH, pH 7, in the external side of the channel.
71, data compiled from a single experiment; v,, data compiled from
two experiments. Standard errors of data points are smaller than sym-
bols. The solid lines are predictions from the charged-vestibules 3B2S
barrier profiles for Na*, Li*, and Cs*. Energy parameters (v,) are (in
units of kT): Li*, peaks 9.11; wells —5.08; 4, ,; = 2.36; surface charge is
as in Table 1. Cs*, peaks 12.44; wells —1.64; Ac, o, = 0.64. For v, the
energy parameters are Li*, peaks 9.58; wells —4.82; 4,,,; = 2.36 and
Cs*, peaks 12.97; wells —2.10; Ag,.c, = 0.75.

permeant cation would electrostatically induce a de-
crease in channel current because the screening of the
surface charges. When impermeant cations Ba** or Mg?*

1.5

O‘O 1 . I
0.0 2.0 4.0 6.0

[DTT], mM

FIGURE 8 Reduction of outward current by external impermeant
ions. The internal solution contained 200 mM NaCl, and the external
solution was initially S mM MOPS-NaOH, pH 7.0. The applied voltage
was 0 mV. MgCl, or BaCl, was added to the external solution to the
indicated concentrations. The solid line corresponds to Egs. 2 and 3,
and the dashed line is the best fit to the data using Eq. 2 and assumes
uncharged vestibules. The parameters describing the solid line are as
follows: I, = 1.26 pA, Ky = 22 mM, and ¢ = —0.041 ¢/nm?.

were added at varying concentration to the external
aqueous solution, a decrease in the current was observed
(Fig. 8). However, the decrease in channel conductance
can also result from a fast blockade of the channel by the
impermeant cation. In this case, a simple Langmuir iso-
therm for the open channel current versus the imper-
meant ion concentration curve is predicted (Eq. 2). How-
ever, the observed decrease in the current did not follow
a Langmuir-type of behavior, showing at low imper-
meant ion concentrations a decrease larger than the one
expected from a simple type of ion blockade mechanism
(Fig. 8, dashed line). A reasonable fit to the data was
obtained when it assumed the presence of a fixed charge
near the permeation pathway (Fig. 8, solid line). The best
fit was obtained by fixing o in —0.041 ¢/nm? and leaving
K, as the only adjustable parameter yielding K; = 22
mM. In the case of noncharged entrances, the K, value
converged to 3.2 mM. One of the consequences of the
Gouy-Chapman theory is that charge screening only de-
pends on the valence of the screening ion and not on the
particular species used. This prediction is fulfilled by the
fact that at the low concentrations, reduction of Na*
currents was identical for both divalent cations. Thus,
these results support the idea that surface charges in the
channel entrances affect permeation through the Na™*
channel.
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DISCUSSION

Multiple conductance states of the
Na* channel

Our findings indicate that frog muscle Na* channels ex-
hibit at least two open conductance states. The stability
of either state depends on the [Na*] in the aqueous
phases and the presence or absence of protease inhibitors
during the process of membrane purification. Stabiliza-
tion of a given open conductance state at a specific range
of [Na*] has been reported by Green et al. (1987). They
observed at [Na*] <500 mM, a “noisy” substate, with a
conductance of ~50% of that of the fully open state.
This noisy conductance state becomes more prominent
as the [Na*] is reduced, such that the only open conduc-
tance state observed is at [Na*] <20 mM. Recio-Pinto et
al. (1987) also noticed that the eel electroplax Na* chan-
nel shows a substate when [Na*] is 20 mM or lower.

The ratio of conductances v,/v, remained constant
over the very wide range of [Na*] studied and under the
biionic Li/Na and Cs/Na conditions. This type of behav-
ior has been found in several cationic and anionic chan-
nels (reviewed in Fox, 1987). At present, we do not know
the structural changes responsible for the different con-
ductance states. However, two simple models are com-
patible with the data. In one physical model, parallel
conduction units share very similar ion conduction prop-
erties, like the mechanism proposed for the Torpedo
electroplax chloride channel (Miller, 1982) and the car-
diac inward rectifier (Matsuda et al., 1989). Although
evidence supporting this structural model is not conclu-
sive yet, this type of structure has been proposed for the
Na* channel (Meves and Nagy, 1989; Schreibmayer et
al., 1989). In a second physical model, the observed sub-
conductance state could be due to a partial closure of the
channel resulting from a segment of the protein that
moves to partially occlude the pore (Fox, 1987). This
segment could be loosened or released by proteases dur-
ing the membrane preparation process.

Multiion conduction in BTX-modified
Na* channels

Until recently, BTX-modified Na* channel data have
been interpreted using single-ion conduction models
(but see Begenisich and Cahalan, 1980a, b; Naranjo et
al., 1990). Recently, Ravindran et al. (1992) found a bi-
phasic relationship between unitary conductance and
[Na*], suggestive of multiple occupancy. This biphasic
behavior is apparent when electrostatic repulsion be-
tween ions occupying the channel exists (Hille and
Schwarz, 1978). Thus, introduction of an electrostatic
repulsion factor in a channel containing two identical
sites along with double occupancy results in both sites
saturating at different ion concentration. The biphasic
shape of the conductance versus [Na*] data for v, and v,
(Fig. 6) indicates that, for example, the dissociation con-
stant (K,,,) for the occupancy of the first site of v, is 18

mM (—4 kT) and for the second site K, is 47 M. At the
latter concentration, a decrease in the conductance is
expected because the rate of entry for the second ion
exceeds the rate of exit. It is not possible to test this pre-
diction due to the solubility limitations for sodium salts.

Origins of the surface charge
heterogeneity between Na* channels

The conductance-[Na*] relation have been obtained for
several different BT X-modified [Na*] channels incorpo-
rated into planar lipid bilayers (Table 2). Data from dog
brain, eel electroplax, lobster peripheral nerve, and toad
muscle Na* channels (Green et al., 1987; Recio-Pinto et
al., 1987; Castillo et al., 1992; and present results) sug-
gest the presence of charge at the channel entrances. On
the other hand, rat brain, rat muscle, and squid optic
nerve Na* channels (French et al., 1986; Moczydlowski
et al., 1984; Behrens et al., 1989; Ravindran et al., 1992)
show negligible surface charge density in the pore vesti-
bules. These diverse estimates of surface charge density
can have at least three different origins: (a) channel modi-
fication due to the biochemical treatment of the different
membrane preparations similar to the protease effects
observed in our study, (b) actual structural differences
between channel types, and (c) small differences in
charge exaggerated as a result of the use of single ion
models to describe a multiion conduction system over
narrow ranges of [Na*] (Ravindran et al., 1992). Al-
though we cannot evaluate the effect of alternative g, in
the two following sections we present arguments that
support b and c.

Heterogeneity due to actual
differences in Na* channels
charge density

We found that it is necessary to invoke surface charge
effects to account for both, the observed conductance
(Fig. 6) and channel current rectification, seen at low
[Na*] (Fig. 5). Furthermore, because ion valence is the
only factor that determines the screening properties of
ions, the identical reduction of the current induced by
Ba?* and Mg?* at the low limit of divalent concentration
(Fig. 8) is indicative of a charge screening effect. By con-
trast, data from rat muscle Na* channel indicate a negligi-
ble effect of surface charges on ion conduction (Ravin-
dran et al., 1992). At low [Na*}, this channel does not
show rectification in the current-voltage relation and ex-
hibits a drop in the conductance at the low limit of
[Na*]. These differences may be due to differences in the
density of the surface charges present in these two chan-
nels.

Single ion occupancy yields to high
heterogeneity in the estimation
of K, and o

A second source of potential variation in the available
estimates of the Na* channel surface charge density
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TABLE 2 Apparent dissociation constants (K,,,), maximal conductance (v...), and vestibule surface charge () for different Na* channeis

Channel Koo Vmax 4 [Na*] Reference
M pS —e/nm’ M

Eel electroplax 2.200 37 0.39 0.020-1.00 Recio-Pinto et al., 1987
Dog brain 1.500 45 0.38 0.020-3.50 Green et al., 1987
Squid giant axon 0.214 11 0.26 0.015-1.00 Correa et al., 1991
Lobster walking leg 0.101 19 0.08 0.015-1.00 Castillo et al., 1992
Rat brain 0.037 31 — 0.025-1.00 French et al., 1986
Squid optic nerve 0.011 23 — 0.005-0.54 Behrens et al., 1989
Rat skeletal muscle 0.007 21 — 0.003-0.48 Moczydlowski et al., 1984
Low [Na*]

" 0.028 + 0.004 17.0 £ 0.5 0.034 + 0.003 0.0004-0.50 Present work

v 0.029 + 0.002 123+ 1.3 0.033 + 0.002 0.0004-0.50 Present work
Rat skeletal muscle 0.031 £ 0.005 223+3.0 0.021 + 0.002 0.0005-0.50 Ravindran et al., 1992
High [Na*]

£ 1.270 + 0.230 360 +3.0 0.210 + 0.022 0.0100-3.00 Present work

Y2 1.820 + 0.500 290+ 1.4 0.220 = 0.022 0.0100-3.00 Present work
Rat skeletal muscle 1.450 £+ 0.002 388 5.0 0.240 £ 0.002 0.0100-3.00 Ravindran et al., 1992

For the squid Na* channel, X, was obtained from the depth of the energy wells of the barrier model proposed by Correa et al. (1991). Data from el
electroplax Na* channel were obtained by us from the Recio-Pinto et al. (1987) v versus [Na*] relation. Data are means + SD of the estimations. (—)
The authors did not consider surface charge effects in their calculations. All fits assume single-ion channel behavior.

arises from the ion occupancy model used to fit the data
(see Table 1). When single-ion occupancy has been as-
sumed, large variations in K,,, as well as the surface
charge estimation have been observed (Table 2). Values
for K,,, ranging from 7 to 2,200 mM have been ob-
tained, with higher charge densities being associated with
larger values for K,,. Such variability in the values for
the dissociation constant and ¢ would not be expected
for the Na* channels types cloned thus far. The high
homology existing for the pore-forming region of differ-
ent Na* channel types suggests that the interaction be-
tween Na* and the pore is a conserved feature among
Na™* channels (Guy and Conti, 1990). Thus, the observed
variability in K, for different Na* channels may not be
indicative of actual differences in the energy of interac-
tion between Na* and the channel pore. Instead, it may
represent the application of a simplified single-ion
model whose ability to fit the conductance versus [Na*]
data depends on the range of [Na*] studied (Table 2).
Thus, in those cases in which this relation has been ob-
tained in a range displaced toward low [Na*], the values
for K., were low and, conversely, large values for K,
were obtained when the range was displaced toward
higher [Na*]. To further test this idea and to stress the
importancy of the data collected at [Na*] >500 mM and
<10 mM, we used a single-ion model incorporating sur-
face charge effects (Green et al., 1987; Castillo et al.,
1992) to fit Ravindran et al. (1992) data and ours over
two widely overlapping [Na*] ranges: a range including
all experimental points obtained <500 mM Na* (0.4~
500 mM; low [Na*] range) and a second range including
all experimental points >10 mM (10-3,000 mM; high
[Na*] range). The fit of the data over these two [Na*]
ranges yielded quite different values for X,,, and ¢ and
agreed with previously published estimates for other Na*

channels (Table 2, see above). The obtained values for
K,,, and ¢ at the high concentration range approached
values very similar to those obtained by Green et al.
(1987), whereas at the low concentration range they ap-
proached the values obtained by Behrens et al. (1989)
and Moczydlowski et al. (1984). Thus, the observed wide
range of K,,, estimates between different Na* channels
may not be due to structural disparity in the permeation
structure that interacts intimately with Na*, but, rather,
it is result of the application of single-ion occupancy
models to describe a multiion channel under very differ-
ent ranges of [Na*).

Multiion models reduce heterogeneity
in the estimation of K, and ¢

For the sake of comparison, let us assume that all BTX-
modified Na* channels are two-site, multiion channels.
Let us further assume that the differences between Na*
channels reside in the surface charge density present in
the vestibules. If this is the case, then it is possible to fit
the conductance versus [Na*] data for all BTX-modified
Na* channels with quite similar values for K,,, (Table 3).
We kept constant the energy wells (—4.0 kT [18 mM])
and the electrostatic repulsion factor. The only adjust-
able parameters were o and the energy barriers. The stan-
dard deviations of the estimates are quite small, indicat-
ing that the fit is very good for all the channels consid-
ered. The only data set that did not provide a reasonably
good fit was rat brain sodium channel (French et al.,
1986). Fitting these data required us to make the energy
wells an adjustable parameter also (see Table 3). In con-
clusion, determinations of the surface charge density
from conductance-permeant ion concentration rela-
tions depend on the degree of occupancy of the model
used to describe the data.
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TABLE3 Energy parameters for the charged-vestibules-382S model for different BTX-modified Na* channels

Channel Peaks o Reference
kT —e/nm?

Squid giant axon 10.06 + 0.04 0.266 + 0.024 Correa et al., 1991
Eel electroplax 9.08 = 0.02 0.230 £ 0.014 Recio-Pinto et al., 1987
Dog brain 8.92 + 0.01 0.157 + 0.035 Green et al., 1987
Rat skeletal muscle 8.89 + 0.03 0.020 + 0.001 Moczydlowsky et al., 1984
Rat skeletal muscle 8.93 +0.03 0.009 + 0.001 Ravindran et al., 1992
Squid optic nerve 8.76 £ 0.03 0.006 £+ 0.006 Behrens et al., 1989
Rat brain 9.36 £ 0.05 0.003 + 0.001 French et al., 1986
Lobster walking leg 9.17 + 0.01 0.004 + 0.001 Castillo et al., 1992

The fit to the v versus [Na*] data was done using an energy barrier model similar to that shown in Fig. 6. Only the peak energies and the surface
charge density were let to vary; the well depth and the repulsion factor were kept constant. With the expression K, = exp(—Energy,./kT), we fix
K,ppin 18 mM in all cases by setting Energy,,; to —4.0 kT. This fitting procedure was successful in all cases except data from French et al. (1986) and
Ravindran et al. (1992). For data from French et al. (1986), we also let vary the well depth, and the best fit was obtained with wells of —3.1 kT, giving
K.pp = 45 mM. For data from Ravindran et al. (1992), in the extreme low concentration range the theoretical values were consistently higher than

experimental values. Data are mean + SD of the estimations.

A planar geometry of the charged
surface

In the lack of structural information regarding the exact
location of the charges involved in the process of ion
conduction, we have used the Gouy—Chapman theory to
extract the surface charge density in the channel mouths.
For an ion channel protein, the main caveat of this sim-
plified model is the assumption that the protein-water
interface constitutes a plane of homogeneously distrib-
uted surface charge. Dani (1986) and Cai and Jordan
(1990) have attempted to deal with more realistic charge
distributions in the vestibules by solving numerically the
nonlinear Poisson-Boltzmann equation. Contrary to the
Gouy-Chapman theory prediction, the numerical solu-
tions for point charges located in the vestibules indicates
that the conductance should approach zero as the [Na*]
is reduced to zero. Using this theory, Cai and Jordan
(1990) fitted the data of Green et al. (1987) obtained over
the [Na*] range of 20 mM to 3.5 M. They concluded that
the pore must have an hour-glass shape and the charges
must be located near the constriction entrance to explain
Green et al. (1987) data. For this particular geometry of
charge distribution, [Na*] in the vestibule and hence
channel conductance should start falling off abruptly at
[Na*] <100 mM. However, our results for v, and v,
obtained over a wider [Na*] range clearly indicate a
small variation of the conductance in the 0.4-10 mM
[Na*] range (Fig. 6, 4 and B) and that the fitting to
Gouy-Chapman theory is reasonable. Consequently,
our data suggest a more planar geometry for charge dis-
tribution than that proposed by Cai and Jordan (1990)
for the BTX-modified Na* channel from dog brain.

It is important to note that because the surface poten-
tial does not approach to —co as bulk [Na*] approaches
to zero, the Gouy—Chapman theory should break down
at sufficiently low ionic strength. Cai and Jordan (1990)

have proposed that this breakdown occurs when the De-
bye length is larger than the radius of the circumference
over which the fixed charge is spread. The range of bulk
[Na*] at which the ion concentration at the channel en-
trances is predicted to approach zero is a function of
both the fixed charge density and their geometrical dis-
tribution. The charge density estimation is model depen-
dent (Tables 1-3) and the geometrical distribution un-
known.

The Stokes radius for the sodium channel is 9.5 nm
(Agnew et al., 1978). Assuming that this figure represents
the radius of the channel protein in which the negative
charges are spread and according to Cai and Jordan
(1990), at [Na*] = 1 mM, when the Debye length is 9.6
nm, the conductance should start to fall toward zero.
This is the lower theoretical limit at which [Na*] should
start dropping. Our data show a small reduction of the
conductance at [Na*] <1 mM (Fig. 6, 4 and B); however,
to study conduction at bulk [Na*] <400 uM becomes
technically difficult. The low pH buffer concentration
needed to achieve lower [Na*] renders pH hard to con-
trol. Also, as surface potential increases with the reduc-
tion of the ionic strength, [H*], as well as [Na*], is in-
creased in the vestibules, whereas the anionic concentra-
tion (MOPS") is decreased.? Thus, the local pH may
change in an unknown manner, making results obtained
at very low ionic strength difficult to interpret.

2 As a result of the fixed charges located in the channel entrances, the
[H*], as well as every other cation concentration, is increased. When
the [Na*]is 0.4 mM, the proton concentration in the channel vestibules
is ~10-fold larger than in the bulk. Since we do not know at present the
PKs of the charged groups in the vestibules, it is not possible to calculate
in which amount the fixed charge density is underestimated. However,
there is good evidence for the existence of a glutamic acid residue in the
external vestibule (Noda et al., 1989). If this residue has the same pK as
glutamic acid (4.7), a decrease in the external pH from 7 to 6 should not
affect greatly the ionization state of this residue.
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