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ABSTRACT Functional calcium channels present in purified skeletal muscle
transverse tubules were inserted into planar phospholipid bilayers composed of
the neutral lipid phosphatidylethanolamine (PE), the negatively charged lipid
phosphatidylserine (PS), and mixtures of both. The lengthening of the mean
open time and stabilization of single channel fluctuations under constant holding
potentials was accomplished by the use of the agonist Bay K8644. It was found
that the barium current carried through the channel saturates as a function of
the BaCl, concentration at a maximum current of 0.6 pA (at a holding potential
of 0 mV) and a half-saturation value of 40 mM. Under saturation, the slope
conductance of the channel is 20 pS at voltages more negative than —50 mV
and 13 pS at a holding potential of 0 mV. At barium concentrations above and
below the half-saturation point, the open channel currents were independent
of the bilayer mole fraction of PS from Xps = 0 (pure PE) to Xps = 1.0 (pure
PS). It is shown that in the absence of barium, the calcium channel transports
sodium or potassium ions (Pn,/Px = 1.4) at saturating rates higher than those
for barium alone. The sodium conductance in pure PE bilayers saturates as a
function of NaCl concentration, following a curve that can be described as a
rectangular hyperbola with a half-saturation value of 200 mM and a maximum
conductance of 68 pS (slope conductance at a holding potential of 0 mV). In
pure PS bilayers, the sodium conductance is about twice that measured in PE
at concentrations below 100 mM NaCl. The maximum channel conductance at
high ionic strength is unaffected by the lipid charge. This effect at low ionic
strength was analyzed according to J. Bell and C. Miller (1984. Biophysi-
cal Journal. 45:279-287) and interpreted as if the conduction pathway of
the calcium channel were separated from the bilayer lipid by ~20 A. This dis-
tance thereby effectively insulates the ion entry to the channel from the bulk
of the bilayer lipid surface charge. Current vs. voltage curves measured in NaCl
in pure PE and pure PS show that similarly small surface charge effects are
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present in both inward and outward currents. This suggests that the same
conduction insulation is present at both ends of the calcium channel.

INTRODUCTION

The electrical behavior of ion channels can be modulated by the bilayer phos-
pholipid composition in various ways. The most direct and physically testable
way is through interactions with the bilayer lipid surface charge. Studies of the
effect of surface charge on channels all follow the original interpretation given
by Frankenhaeuser and Hodgkin (1957) to the shifts induced by external calcium
ions on the activation curve of the sodium channel. More recent work in nerve
and neuron sodium, potassium, and calcium channels has shown that surface
charge effects can be conveniently interpreted within the framework provided
by the Gouy-Chapman theory of an electrified interphase (Gilbert and Ehren-
stein, 1969; Mozhayeva and Naumov, 1970; Begenisich, 1975; Hille et al., 1975;
Fohlmeister and Adelman, 1982; Kostyuk et al., 1982; Hahin and Campbell,
1983; Wilson et al., 1983; Cota and Stefani, 1984; Byerly et al., 1985).

In molluscan neurons (Kostyuk et al., 1982) and tunicate eggs (Ohmori and
Yoshii, 1977), calcium and sodium channel activation curves are shifted by
external divalents to the same extent. This suggests a common effect of surface
potential on both channels. The numbers for the charge densities near the
calcium channel “gates” range from one electronic charge per 100-240 A?
which is about the same as for sodium channels and for the composition of
charged lipids in plasma membranes. However, the question of how the effect
of surface charge contributes to calcium channel conduction is more complex,
and this issue has not been resolved (Byerly et al., 1985). Studies in whole cells
are severely limited because the only variable on hand, the ionic strength of
divalent solutions, simultaneously affects (a) the surface potential, (b) the single
channel current, and (c) the reversal potential. Thus, conduction measurements
in calcium channels have multiple interpretations. For example, the saturation
of calcium eurrent with increasing external calcium has received a dual interpre-
tation as either (a) a direct demonstration that surface potentials dominate ion
conduction in calcium channels, since the saturation of the divalent ion concen-
tration at the surface of a charged membrane is predicted by the Gouy-Chapman
theory (Ohmori and Yoshii, 1977; Wilson et al., 1983; Cota and Stefani, 1984),
or (b) a demonstration of a saturable binding site(s) for conducting ions inside
the calcium channel (Kostyuk et al., 1974; Hagiwara, 1975; Akaike et al., 1978;
see also Hess and Tsien, 1984; Almers and McCleskey, 1984).

This paper evaluates in detail the contribution of surface charge to ion
conduction in calcium channels of skeletal muscle using planar bilayer techniques
(Affolter and Coronado, 1985a—c; Coronado and Affolter, 1985a, b). Since in
planar bilayer experiments the phospholipid composition can be manipulated,
an effect of surface charge (or the lack of an effect) can be unambiguously
demonstrated. This was done here by imposing on the channel various mole
fractions of the negatively charged lipid phosphatidylserine (PS). Similarly, we
evaluated the contribution of local fixed charges present in the channel itself in
planar bilayers in which the bulk lipid is composed of the neutral zwitterionic
lipid phosphatidylethanolamine (PE). We found that the saturation of single
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channel currents with increasing bulk barium concentrations cannot be explained
by the phospholipid surface charge since the current amplitudes are independent
of the mole fraction of PS in the planar membrane. Small differences in the
channel current amplitudes found in pure PS bilayers when compared with
measurements in pure PE were revealed only after recording the sodium current
through the channel in the absence of barium. The results indicate that the
conduction pathway is not sensitive to the surface potential arising from the
bilayer phospholipid. One possible explanation that fits the data assumes that the
calcium channel conduction pathway is physically separated or insulated from
the bulk lipid surface by a distance of ~20 A.

MATERIALS AND METHODS

Muscle Membranes

Transverse tubules (t-tubules) from rat back and leg muscle were fractionated and purified
according to the procedure of Rosemblatt et al. (1981) with slight modifications. Briefly,
homogenization was carried out in 0.25 M sucrose (ultra-pure reagent, Bethesda Research
Laboratories, Inc., Gaithersburg, MD), 20 mM histidine-Tris pH 7.4, and 0.4 mM
phenylmethylsuifonyifluoride (Sigma Chemical Co., St. Louis, MO). The light microsomal
fraction (surface membrane [SM]), without the Ca** phosphate loading step, was used in
all experiments. Vesicles were stored at —80°C in 0.5 M sucrose, 10 mM HEPES-Tris,
pH 7.2, at a protein concentration of 10-20 mg/ml.

Bilayers and Lipids

Experiments were carried out in Mueller-Rudin bilayers formed from 50 mg/ml lipid
solutions in decane (Aldrich Chemical Co., Milwaukee, WI). Membranes were painted in
Lexan partitions with apertures of 300 um. Bilayer capacitances were in the range 200~
300 pF. Lipids were purchased from Avanti Polar Lipids (Birmingham, AL) and used
without further purification. Lipids were stored at all times in chloroform at —80°C. The
PE and PS (Avanti Polar Lipid catalog nos. 840022 and 850032, respectively) used in all
experiments correspond to natural lipid purified from brain. The standard protocol for
recording channels was as follows. Bilayers were formed in cis and trans (virtual ground
side) symmetrical solutions of 50 mM NaCl, 10 mM HEPES-Tris, pH 7.0, 0.1 mM EDTA;
after thinning, 100 mM BaCl; plus 1-5 uM Bay K8644 was added to the cis side under
constant stirring and later 50-100 ug of vesicular t-tubule protein was added to the same
solution. The holding potential (HP) was maintained constant at 0 mV until single channel
fluctuations emerged on the record, usually within 15 min. The insertion of channels was
aided in some cases by vigorous stirring and in others by the breakdown and reformation
of the bilayer in the presence of t-tubule protein. Channels insert into the planar bilayer
with the cytoplasmic end on the cis chamber and the extracellular end on the trans
chamber (Affolter and Coronado, 1985¢). We have found that t-tubules added to the cis
side fuse readily in high-cis barium. Thus, in most experiments (but not in Figs. 3 and
6C), barium current was measured as flowing outward through the channel. The molar
ratios of PE and PS given in the figure legends correspond to those of the lipid-decane
solutions used to form bilayers.

Solutions and Activity Coefficients

In planar bilayer experiments, monovalent salts were reagent grade (Fisher Scientific,
Fair Lawn, NJ) and divalent salts were analytical grade (JMC, Hertfordshire, England).
Solutions were prepared from solid salts using all-glass twice-distilled water. Unless



936 THE JOURNAL OF GENERAL PHYSIOLOGY - VOLUME 87 . 1986

otherwise specified, solutions were buffered with 0.1 mM EDTA, 10 mM HEPES-Tris,
pH 7.0-7.4. The mean activity coefficients for BaCl; in the range 0.01-0.1 molal were
obtained from the best-fitted curve of the values given by Harned and Owen (1950, Table
13-1-1). The mean activity coefficients for BaCls solutions were as follows: 0.01 M, 0.723;
0.02 M, 0.655; 0.03 M, 0.605; 0.04 M, 0.570; 0.05 M, 0.559; 0.06 M, 0.525; 0.07 M,
0.505; 0.08 M, 0.500; 0.09 M, 0.495; 0.10 M, 0.492. The values are the molal concen-
tration followed by the 25°C mean activity coefficient at that concentration. Single-ion
activity coefficients for Ba** were obtained by taking the square of the mean activity
coefficient for BaCl; (Butler, 1968). Activity coefficients were used without correction for
the temperature of the experiments, which was 21-22°C. The sodium activity was
calculated using mean activity coefficients for NaCl; the latter were obtained from standard
tables.

Handling of Single Channel Data

Records filtered at 0.05-0.1 kHz (—3-dB point from an eight-pole Bessel filter) were
taken on-line and digitized at 0.5-2.0 points/ms. Records were fed into an IBM PC
computer with the baseline current at a lower value than the unitary open current. The
mean duration and amplitude of open events were defined using computer programs with
two threshold detectors placed between the baseline and open peak current. One detector,
discr 1, was placed at 1 standard deviation (SD) above the mean of the baseline current
(1 SDy); the second detector, discr 2, was placed at 1 SD below the mean of the single
channel unitary current (1 SD,). Open events are defined as transitions starting from
below discr 1 that cross discr 1 and discr 2 and remain above discr 2 for two or more
consecutive points. The mean amplitude of a threshold-defined open event corresponds
to the arithmetic mean of all points above discr 2 minus the mean amplitude of the
baseline. The filter and threshold settings given above were chosen to prevent high levels
of noise spikes from crossing discr 2 and generating false events. The following consid-
erations were made. The filter setting was selected after inspection of the degree of
overlap between the unitary current and baseline current distributions on a given record.
The unitary current peak and baseline current peak were fitted to a Gaussian curve to
determine the standard deviations of the mean baseline current, SDy, and unitary current,
SD.. Typical values encountered were SDy, = SD, = 0.06-0.1 pA. An optimal filter setting
was considered one in which the mean of the unitary current peak was 4 SD,, away from
the mean of the baseline current peak. Within the noise levels of our records, this
condition was satisfied by filtering at corner frequencies of 0.05-0.1 kHz in all experi-
ments. The location of discr 1 (the threshold that initiates the count of an open transition)
at 1 SD, was roughly coincident, in most cases, with the 3 SD,, point above the baseline.
From this equivalence, it is possible to calculate the rate at which noise spikes cross discr
2 and are captured as an “event.” The rate of false events, A, can be evaluated according
to A = kf.exp(—¢°/20,%), where ¢ is the threshold setting measured as a distance from the
baseline; ¢, is the rms baseline noise; f. is the corner frequency; and £ is a parameter that
depends on the filter and baseline noise characteristics and was taken as k = 1 (see
Colquhoun and Sigworth, 1983). With our typical noise rms value of 0.07 pA at 0.1 kHyg,
the maximum expected rate of false events is As = 0.0025 s™'. Considering that long open
events occurred at rates of ~0.1 s™', the highest figure for the ratio of capture of a false
event to a true event is 0.025. Mean amplitudes were sorted into 256 bins (0.0195-
0.0039 pA/bin) and fitted to a Gaussian distribution. Curve-fitting was aided by a standard
run test and by choosing parameters that minimized the sum of the squared deviations.
All single points and bars in current amplitude vs. voltage, current amplitude vs. PS mole
fraction, and conductance vs. activity curves correspond to the mean and SD of the
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Gaussian-fitted population of open events. The number of individual open events used in
these fittings was in the range of 400-1,500.

Calibration of Surface Charge Density of Bare Bilayers

The bulk negative surface charge of bilayers formed from a lipid solution containing a
given mole fraction of PS was determined by the nonactin carrier conductance method
of McLaughlin et al. (1971). The surface potential, ¥(0), is obtained from the cationic
conductance of the ion carrier nonactin measured before, Gx+, and after, Gx+pa**}
addition of BaCl; to both bulk solutions:

G/ Gxrpat) = exp —[\(0)F/RT], (1)

where RT/F = 25.3 mV. Bilayers were formed from lipid solutions containing the mole
fraction of negatively charged PS under test, in symmetrical 0.1 M KCI, 10 mM HEPES-
Tris, pH 7.2. Nonactin was added with stirring in both chambers until the conductance
stabilized at 107*~10~* S/cm®. BaCl, was then added to both sides in the concentration
range 107°-10"' M and conductance measurements were made after each addition.
Conductance curves were normalized by plotting AlogG vs. log{divalent], where

A]OgG = lOgG[K"'] - lOgG[K‘_Ba**]. (2)

Eq. 2 corresponds to the decimal log form of the left-hand side of Eq. 1. The nonactin
conductance described by Eq. 2 was fitted with surface potential curves derived from the
Grahame equation for the case in which monovalent and divalent electrolytes are present
in the bulk solution according to (McLaughlin et al., 1971):

¢ = 2e, RTZCil[exp — z:FY(0)/RT] — 1}%, (3)

where o is the surface charge density in electronic charges per A% ¢ was corrected for
barium-PS binding (McLaughlin et al., 1981) using an association constant of 12 M7’ ¢
and ¢, are the dielectric constant and the permitivity of free space; C; is the concentration
of the ith species in bulk solution in moles per liter; and z; is the valence of the ith ion.
The surface charge density of bilayers containing a test mole fraction of PS was estimated
by superimposing the nonactin conductance data on Grahame curves in which ¥(0) appears
in a dimensionless form, Ay(0):

AY(0) = Y(0)™*F/2.3RT — (0)F/2.3RT, (4)

where ¥(0)™* is the surface potential in the limit of zero divalent, and ¥(0) is the surface
potential at a given divalent concentration. Eq. 4 corresponds to the decimal log form of
the right-hand side of Eq. 1. In our hands, the nonactin conductance method yielded a
surface charge density of 1 electronic charge per 2,000 A? for 100% PE and 1 charge
per 50 A? for 100% PS at pH 7.0 (Table I). At face value, these determinations are
assumed to be correct since they agree with the results of Bell and Miller (1984) and the
original results of McLaughlin et al. (1971). The calibrated data of the mole fraction PS
in the planar bilayer vs. the mole fraction of PS in the lipid-decane painting solution are
given in Table I.

Calculation of Sodium Concentration Near the Membrane Surface

The concentration of monovalent electrolyte at a given distance from the membrane
surface was calculated after solving ¥(x), the electrostatic potential at a distance, x, with a
knowledge of the surface potential and the surface charge density as described by Bell
and Miller (1984):

¥(x) = [2RT/F] In{[1 + a exp(—=Dx)]/[1 — a exp(—Dx)]}; (5a)
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TABLE 1
Calibration of Surface Charge Density

Lipid Surface charge density Mole fraction, Xps
charges/100 A®
PE,pH 7.0 0.05 (0.04 SD) 0.025 (0.034)
PS, pH 7.0 2.0 (0.3 SD) 1.000 (1.400)
2:1 PE/PS 0.1 (0.1SD) 0.075 (0.070)
pH 7.0
1:1 PE/PS 0.3 (0.12SD) 0.175 (0.210)
pH 7.0
1:2 PE/PS 0.75 (0.13 SD) 0.40 (0.520)
pH 7.0

Charge density was calculated with the nonactin K* method using Eqs. 1-4. Xps = 1.0
was taken as the charge density obtained in 100% PS. The mole fractions estimated
from the measured charge density assuming a molecular area of 70 A? per phospholipid
are given in parentheses (Loosely-Millman et al., 1982).

a = {exp[ FY(0)/2RT] — 1}/{exp[ FY{0)/2RT] + 1}, (56)

where D = [2F?Na*(b)/ee, RT)]" is the reciprocal of the Debye length, which varies with
the bulk sodium concentration, Na*(b). Na*(x), the concentration of Na* at a distance x,
is calculated from a Boltzmann distribution in the electrostatic potential:

Na*(x) = Na*(b)exp[—Fy(x)/RT). (6)
The surface potential, ¥(0), in Eq. 54 was calculated from the measured surface charge
density and the bulk sodium activity, as in Eq. 3. Na*(x) was calculated from Eq. 6 after
solving ¥(x) (Egs. 3, ba, and 5b) by an iterative procedure.
RESULTS
Amplitude Distributions of Barium Currents

Fig. 1 shows barium current through single Bay K8644-activated calcium chan-
nels inserted into lipid bilayers composed of pure PE, pure PS, and a 1:1 mixture
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FIGURE 1. Barium current through t-tubule calcium channels inserted in neutral
and negatively charged planar bilayers. Records at HP = 0 mV of barium current
in bilayers formed from pure PE (A4), a 1:1 mixture of PE/PS (B), or pure PS (C).
cis 0.05 M NaCl, 0.1 M BaCly; trans 0.05 M NaCl. Calibration bars for all records
are 0.8 pA (vertical), 800 ms (horizontal).
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of both (mole fraction in bilayer-forming solution). The channel amplitudes in
all lipid mixtures were found to be remarkably similar. However, there are
considerable differences in kinetics since the openings in PE are ~30% shorter
than those in PS or PE/PS (1:1) (not shown). The traces shown are noncontiguous
and representative of the quality of data collected for analysis. The use of Bay
K8644 in the present work serves two purposes. First, the agonist permits a
pharmacological separation of the barium (or sodium) current carried through
calcium channels from the agonist-insensitive residual barium (or sodium) cur-
rent, which could in principle be carried by other channels present in the same
preparation (see Coronado and Affolter, 19855). Second, the use of the agonist
solves in part the inherent bandwidth limitations associated with recordings in
large planar bilayers, inasmuch as 35% of Bay K8644-~induced events have a
lifetime longer than 150 ms (Affolter and Coronado, 1985b). Fig. 2 (left panel)
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FIGURE 2. Duration-amplitude characteristics of unitary barium currents. Left
panel: mean amplitude and mean duration of 855 openings at HP = 0 mV, a 1:1
mixture of PE/PS in cis 40 mM BaCl,. Each opening is a single point. Right panel:
1,155 events (as above) are plotted as occurrences (y-axis) vs. current amplitude (x-
axis). Events shorter than 20 ms are not included. The smooth curve corresponds
to a Gaussian fit with a peak amplitude of 0.44 pA and a standard deviation (SD) of
0.07 pA.

shows openings plotted as amplitude (y-axis) vs. duration (x-axis). Each point in
this plot is a single event collected using the filter settings and threshold crossing
points described in Materials and Methods. After calculation of the mean ampli-
tude at each duration, it was possible to set a cutoff that would eliminate the
unresolved short openings without a loss of large numbers of nonattenuated
samples. This cutoff was arbitrarily set at 20 ms because events at 20 ms always
had the same mean amplitude as events of =100 ms. An amplitude distribution
of unitary events above the 20-ms cutoff is given in the right panel of Fig. 2 for
40 mM BaCl; in PE/PS. The fitted Gaussian curve (solid line) shows that in
mixed lipid conditions or pure lipid (not shown), the population of channels is
described by a single unitary current level. Inasmuch as the samples above and
below the mean are roughly even, the 20-ms cutoff appears to be satisfactory.
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Sublevel currents, lower than the unitary current, have been observed in ~1 of
every 50 openings. In the present analysis, the subunitary events were rejected
when they were present below the threshold detectors. Those slightly above
threshold generated in some cases a shoulder in the amplitude distribution (see
Fig. 2, right panel).

Fig. 3 shows the current-voltage curve for the channel conducting inward
barium current (negative current) in the range of +100 to —100 mV. A few
points of the outward barium current around HP = 0 mV (positive current) are
also shown. The internal and external sides of the channel are always found in
the cis and trans bilayer chambers, respectively (Affolter and Coronado, 1985¢).
The slope conductance at 0.1 M Ba** is 20 pS at voltages more negative than
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FIGURE 3. Inward and outward barium currents at saturation. Negative (inward)
currents are given in trans (external) 0.1 M BaCls, cis (internal) 0.25 M NaCl. The
reversal is at +61 mV. Six data points of positive (outward) current around 0 mV
were measured in trans (external) 0.25 M NaCl, cis (internal) 0.1 M BaCl,. Bilayers
correspond to 1:1 PE:PS; bars correspond to 1 SD.

~50mV, 13 pS at HP = 0 mV, and 8 pS close to reversal (+61 mV). This voltage
dependence is probably due to the asymmetry of the solutions chosen in this
experiment since the current-voltage curve is approximately linear in near-
symmetrical conditions (see Fig. 9). When measured separately, under equivalent
ionic conditions, the inward and outward barium currents appear to have the
same amplitude and slope conductance at HP = 0 mV.

Absence of Surface Charge Effects on Barium Currents

In bilayers composed of a 1:1 mixture of PE/PS (=1 /333 A% see Table I),
outward barium currents saturate with increasing cis BaCl; (Fig. 4). The maxi-
mum current at HP = 0 mV is 0.66 pA at 0.6 M, and the half-saturating BaCl,
concentration is ~40 mM. The shape of the saturation curve was analyzed by
plotting data in the Langmuir form, as ¢ (current) vs. Ba (barium activity) (Fig.
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FiGURE 4. Saturation of barium current as a function of cis BaCly;. Mean and 2
SD of currents are given at HP = 0 mV in 1:1 PE/PS. Solutions were trans 50 mM
NaCl, ¢is 50 mM NaCl plus the indicated activity of Ba™ (chloride salt). Plots
correspond to (A) i (channel current) vs. Ba (barium activity), and (B) 1/i vs. 1/Ba.
Parameters of fitted curves are: solid line: i = 0.89 pA, K = 22 mM, r = 0.90;
dotted line 1: i = 2.12 pA, K = 72 mM, r = 0.96; dotted line 2: i,.x = 0.65, K =
3.5 mM, r = 0.97. K is the half-saturation constant, r is the linear regression
coefficient. Dotted line 1 was fitted to the first four points (open circles) and dotted
line 2 to the last four points (solid circles) of the saturation curve. The solid line was
fitted to all points.

4A)and as 1/i vs. 1/Ba or in double-reciprocal Lineweaver-Burk form (Fig. 4 B).
The barium activity at each molar concentration was calculated by taking the
square of the mean activity coefficient for BaCl; (see Materials and Methods).
There are two observations suggesting that saturation does not follow a single
Langmuir isotherm. First, the double-reciprocal data below 0.1 M (open circles)
are best fit by a straight line (dotted line 1), which has parameters different from
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that used to fit the data at 0.1 M and above (solid circles, dotted line 2). The
solid line is a fit to the complete set of data. The saturation parameters obtained
from the slope and intercept of lines 1 and 2 are given in the Langmuir plots
(Fig. 4A) as dotted curves 1 and 2, respectively. We have found that any attempt
to fit the low-concentration part of the curve leaves the high-concentration points
at 5 SD or more away from the isotherm. The same happens to the low-
concentration points when the high-concentration points are fit first. Thus, it
appears that saturation is best described by two rather than one isotherm. Second,
the least-squares line for the complete set of data gives a correlation coefficient
that is lower than that of line 1 or 2 (see the legend to Fig. 4).

The contribution of negative surface charge to barium currents was examined
in Fig. 5 by recording calcium channels in bilayers with known amounts of PS.
Measurements were made at three bulk BaCl; activities (calculated from mean
salt coefficients): that representing the saturating current (49 mM, top panel), a
nonsaturating current above the half-saturation point (27 mM, middle panel),
and a current below the half-saturation point (15 mM, bottom panel). The
amplitudes at each barium activity are independent of the molar fraction of PS,
Xps. The latter was experimentally changed at the expense of the neutral lipid,
PE. In each panel, the only variable is Xps while barium activity and the holding
potential are maintained constant. In order to keep the same signal-to-noise ratio
at the three barium activities, the holding potential was adjusted to a different
value in each panel. In spite of the fact that the surface potential on the divalent
side is changed in all three cases by ~40 mV when Xps is varied from 0 to 1 and
the surface divalent concentration is raised above the bulk concentration by a
Boltzman factor of 25, the measured single channel currents remain the same in
all lipid mixtures. In the top panel, the two most different means have a 20%
overlap in SD. In the middle and bottom panels, the overlap is 250%. Equally
significant is the fact that the currents seem to have no consistent trend either
to increase or decrease when PS or PE becomes the dominant lipid.

Sodium Current Through Calcium Channels in the Absence of Barium Ions

Sodium current can be transported through single t-tubule calcium channels
under conditions of low divalent and high monovalent concentrations (Fig. 6).
Previous work has shown that the monovalent current is similar to the divalent
current in that it can be blocked by micromolar nitrendipine (K; = 0.7 uM) and
by D600 (K; < 20 uM) (Coronado and Affolter, 1985a, ). Fig. 6 A shows records
of outward channel currents with NaCI-EDTA (0.1 mM) solutions as the only
current carrier. Unitary currents in sodium exceed 1 pA, at concentrations in
which the pure barium current (Fig. 4) or the mixed sodium-plus-barium current
(Fig. 6 B, triangles) is <0.5 pA. Fig. 6 B compares side by side the amplitudes of
currents carried by Na* (squares) or by the same molar concentrations of Na*
and Ba** added together (triangles). The mixed Na*-Ba** current saturates at
~0.5 pA, whereas the Na* current alone may be as high as 2 pA at 1 M cis
(internal) NaCl. Thus, the monovalent and divalent currents transported through
the channel are not additive. Fig. 6 C shows that the sodium and barium currents
display an anomalous mole fraction behavior. In this experiment, the cis (internal)
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FIGURE 5. Absence of surface charge effects on Ba*™ single channel currents.
Mean current and 2 SD are given at HP = 0 mV and 49 mM barium activity (4),
HP = +10 mV and 27 mM barium activity (B), and HP = +50 mV and 15 mM
barium activity (C) (calculated from mean salt activity coefficients), and the indicated
mole fraction of PS. Xps = 0 corresponds to bilayers formed from 100% PE. The
mole fraction corresponds to that present in the lipid-decane solution at the moment
of forming the bilayer. The solid lines connecting means have no theoretical
significance.
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FIGURE 6. Sodium current through the t-tubule calcium channel. (A) Contiguous
records of Na* current at HP = 0 mV in trans 0.05 M NaCl, c¢is 1 M NaCl.
Calibration bars are 3 pA and 400 ms. (B) Amplitude of single channel currents at
HP = 0 mV measured in constant cis-trans 0.05 M NaCl, and a variable cis {BaCly)
given by the triangles, or in constant ¢rans 0.05 M NaCl, ¢is 0.01 M BaCly, and a
variable [NaCl] given by the squares. Concentrations are not corrected for ionic
activities. The bars indicate the largest SD. (C) Effect of molar fraction of trans
(external) Na*-Ba** solutions on current amplitudes. Currents are at HP = 0 mV
in cis 0.25 M NaCl, ¢rans 0.1 M [BaCl; + NaClj. trans BaCl; was varied between
107* and 107" M, maintaining a constant [BaCl; + NaCl] of 0.1 M. (D) Current-
voltage curve under bi-ionic Na*-K* conditions containing ¢trans 0.125 M KCl, cis
0.25 M NaCl. The reversal occurred at —22.5 mV. The single bars indicate the
largest SD.

Na* was maintained constant at 0.25 M and the trans (external) molar fraction
of BaCly was varied between Xg, = 1.0 and Xg, = 1077 at the expense of NaCl.
When BaCl; was =<1 gM, currents were outward and the current carrier was
Na*. Chloride is impermeant, since the reversal of currents in NaCl was at En,
(Fig. 9). BaCl; above 1 uM progressively reduced the amplitude of the sodium
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currents, which disappear from the records at ~0.5 mM BaCl,. At concentrations
above 10 mM BaCls, channel currents re-emerge, but as inward currents that
saturate at ~0.5 pA and have reversal potentials closer to Ep, and away from
Exa (not shown). Thus, the sodium current measured here is transported via
calcium channels. Fig. 6D clarifies that what we refer to as sodium current
through the channel is only nominally so, given that potassium ions are almost
equally permeable. The Goldman permeability ratio, Pn./Px, i1s 1.4. Hence, in
the absence of divalent cations, the calcium channel is cation selective with low
selectivity between Na* and K*.

Small Surface Charge Effects on Sodium Current

The monovalent current through calcium channels was used to measure the
contribution of lipid surface potential to conduction. Fig. 7 shows conductance-
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FIGURE 7. Saturation of sodium current in neutral and charged bilayers. The
slope conductance was measured in the range of +10 to —10 mV in bilayers
composed of 100% PE (open cirles) or 100% PS (solid circles). Solutions were
symmetrical trans and cis 0.1 mM EDTA plus the NaCl activity indicated on the x-
axis. The dotted lines were calculated from Eqs. 5a, 5, 6, and 7 using the surface
charge density of PS given in Table 1 (0.02 e/A?%). The distances separating the
entryway from the bilayer surface are indicated in angstroms next to each curve.

sodium activity relationships under symmetrical NaCl for channels inserted in
pure PE or pure PS bilayers. In PE, the data are well described by a rectangular
hyperbola of the form g = gma/[1 + K/Na*(b)] (Eq. 7), with a maximum
conductance gmax = 68 pS, and a half-saturation bulk activity K = 0.2 M (see the
linear fit in Fig. 8). In PS, the amplitudes below 0.1 M activity were consistently
higher than those in PE. At 48 mM, the PS and PE data differed by a factor of
1.8. At high ionic strength, the PE and PS data are indistinguishable. We have
interpreted the differences at low ionic strength in terms of a local increase in
sodium ion activity that PS may generate near the entry to the channel. The
questions of whether (a) deviations in PS are consistent with a description of
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surface charge as in the Gouy-Chapman theory, and (») how much of the negative
surface potential contributes to conduction, were answered by fitting simulta-
neously the conductance-activity curves in PE and PS as follows. The term
corresponding to bulk sodium activity, Na*(b), in the Langmuir isotherm (Eq. 7)
was replaced by Na™(x), the sodium concentration existing at a distance, x,
normal to the surface of a charged membrane. The rationale here is that the ion
concentration relevant to conduction is not that given by the bulk solution but
by the concentration near the entryway or mouth; in this model, the mouth is
separated from the lipid by distance, x. The latter can be estimated by solving
Na®(x) and by using the Langmuir isotherm to describe conduction in the
channel. The results of these calculations are shown in Fig. 7 and are given by

500

[pS/M1

250 1

CONDUCTANCE/ACTIVITY

0 40 80
CHANNEL CONDUCTANCE I[pS3

FiGURE 8. Eadie-Hofstee representation of sodium saturation. The conductance
saturation in NaCl given in Fig. 7 is plotted as conductance/[NaCl] vs. conductance
for PE (open circles) and PS (solid circles). The vertical and horizontal bars
correspond to the SD of the PE data. The solid line was drawn with a slope —1/K
=5 M~ and an x-intercept gmax = 68 pS.

the dotted lines. Each curve corresponds to a Langmuir-type saturation at a fixed
distance, x, indicated in angstroms in each curve. In pure PS, the channel
conductance senses less than the full surface potential given by the 0-A curve
but is well described by the curve at 20 A. Hence, the channel is insulated from
the bulk of the lipid surface charge. In pure PE, conductance may be equally
well described by curves with x = 50 or 1,000 A. This shows that in channels in
PE there is practically no effect of surface charge. The Langmuir isotherm
chosen in this analysis is justified by the Eadie-Hofstee plot in Fig. 8. In PE, this
representation gives a straight line from 0.05 to 0.8 M, a concentration range
that spans four half-saturation constants (K = 0.2 M). Thus, when no lipid
charges are imposed on the channel, conductance becomes a simple function of
bulk activity. By comparison, the PS data in the same plot (solid circles) bend
upward at low ionic strength. Fig. 9 compares under identical conditions Na*
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current-voltage curves in PE and PS. Both the inward and outward currents
appear to be largely insensitive to lipid charge. By implication, then, both ends
of the channel are insulated. Curves were taken at low ionic strength in order to
increase the surface potential on both sides of the bilayer and thus make the
effect of PS noticeable to inward and outward currents. No differences in PE vs.
PS at voltages near reversal are discernible. At 30 mV above and below reversal,
measurements in PS exceed those in PE by a factor of <1.5.
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FIGURE 9. Open channel current vs. voltage curve in PE and PS bilayers. The
mean and 2 SD (vertical bars) of current amplitudes in 100% PE (open circles) or
100% PS (solid circles) are given. trans 0.02 M NaCl, cis 0.08 M NaCl. The reversal
was at —35.5 mV (En, = —35 mV).

DISCUSSION
Absence of Contribution of Phospholipid Surface Charge to Barium Conduction

Since gating characteristics of calcium channels change with surface potential, it
has been assumed that the same surface potential contributes to ion conduction.
This assumption has been made for practically all calcium channels, including
those of skeletal muscle (Cota and Stefani, 1984). In the present work, we tested
this hypothesis in a direct manner by reconstituting calcium channels in planar
bilayers composed of neutral and charged phospholipids. Because the area of a
planar bilayer is about five orders of magnitude larger than the average area of
a single purified t-tubule vesicle (Rosemblatt et al., 1981), when a vesicle fuses
to a planar bilayer, channels are effectively transferred into a vast excess of
exogenous lipid. This drastically modifies the bulk lipid charge environment but
leaves the ionic strength of solutions constant. Obviously, these manipulations
cannot be performed in vivo. However, they are crucial for testing the contri-
bution of lipid charge to channel conduction. The data demonstrates that barium
conduction is independent of bilayer surface charge. This was shown by measur-
ing barium unitary currents at three different activities above and below the
midpoint of the conductance-activity curve (Fig. 5). The latter is important since
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an absence of an effect of PS on a chanrtel driven into saturation by high barium
is less meaningful in this case. The observation that the ion entryways are
probably located several Debye lengths away from the membrane surface is
sufficient to explain why the effects of PS are measurable in Na* (Fig. 9) but not
in Ba™ (Fig. 5). For a 100% PS bilayer bathed in 0.1 M monovalent salt. ¥ (x =
20 A), the electrostatic potential at a distance of 20 A (Egs. 5a and 5b) is about
—12 mV and the monovalent cation concentration at that distance, C* (x = 20
A), is 0.16 M (Eq. 6). The same calculation for 0.1 M divalent salt shows,
however, that ¢ (x = 20 A) is approximately ~2 mV (Carnie and McLaughlin,
1983) and C** (x = 20 A)is 0.117 M. The expected single channel conductance
ratio in neutral and charged bilayers, g(PS)/g(PE), then becomes 1.33 for 0.1 M
Na* but only 1.04 for 0.1 M Ba*™". Thus, changes in barium current of this
magnitude could not be detected, since in the amplitude distributions, 1 SD was
typically within 10-15% of the mean (Fig. 2). These calculations also point to
fact that, in vivo, the lipid surface charge probably does not contribute to calcium
channel conduction at all. Using a charge density of 0.003 e/AZ, which corre-
sponds to 17.5% PS (Table I) and agrees with the acidic lipid content of t-tubules
(Rosemblatt et al., 1981), and a mixed monovalent-divalent solution composed
of 0.1 Na*, 0.01 M Ca** (Almers and McCleskey, 1984), the surface potential
calculated from the Grahame expression (Eq. 3) is ~40 mV. An upper limit for
¥ (x = 20 A) can be obtained by neglecting divalents. This value is close to ~5
mV; hence, neither monovalent nor divalent currents would appear to be
sensitive to surface charge.

The question of charges present at the channel’s mouth can be answered in
some detail by the Eadie-Hofstee representation of the sodium conductance data
in neutral PE membranes (Fig. 8). When the bulk of the lipid was made neutral,
we expected to see conductance changes caused by surface potentials surrounding
the entryways of the channel. When present, these local fields perturb the
concentration profile of ions close to the ion binding site(s) involved in conduction
(Apell et al., 1979). Any significant deviation from linearity in the Eadie-Hofstee
representation may thus arise from electrostatic fields surrounding these sites.
The plot shows, however, a strict linearity down to 40 mM NaCl. The sensitivity
of this plot to weak electrostatic fields is thoroughly justified by the conductance
in PS bilayers. At low ionic strength, the PS data take a noticeable upward
bending in spite of the fact that the negative charges of PS are 20 A away from
the mouth of the channel. Thus, the absence of measurable deviations in pure
PE argues that the sodium binding site(s) and the closest net charge in the
channel’s mouth are probably separated by much more than 20 A. Based on the
effective distance that is necessary to fit conductance saturation in PE, this
distance is likely to be >50 A (Fig. 7). The density of these charges would be <1
e/250 A% However, since what is measured is an effective distance, the equations
do not rigorously distinguish between a single charge of z = —1 or two charges
of z = —1/2, etc. Hence, the density of partial charges or dipoles lining the
mouths of the pore could probably be higher. If in reality the entryways had a
density of 1 charge per 250 A% this would probably amount to one charge or
less per entryway. This is because the largest molecule that can fit into the
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calcium channel has been shown to be tetramethylammonium (TMA), which has
a diameter of ~6 A (McCleskey and Almers, 1985; McCleskey et al., 1985). The
smallest conceivable entryway would be a cavity that can completely surround
TMA on all sides. Such an entryway would have an area of ~150 A2, which is
smaller than the estimated area per charge. The symmetry of the current-voltage
curve in sodium (Fig. 9), however, argues that regardless of the actual number
of dipoles and partial charges at the mouths, the intracellular and extracellular
ends of the channel are equally insulated.

Origin of the Sodium Current Through Calcium Channels

The observations that (a) the saturating conductance in Na* is 68 pS, whereas
that in Ba*™ at HP = 0 mV is 13 pS, (b) the Goldman permeability ratio favors
Ba** (Fig. 3), and (c) currents in Ba*™* and Na™ give rise to an anomalous mole
fraction effect (Fig. 6C) suggest that conduction in this channel proceeds via
multiple interacting sites. In vivo, this has been demonstrated for both skeletal
and cardiac calcium channels (Almers and McCleskey, 1984; Hess and Tsien,
1984). Single-site, single-ion conduction can be directly ruled out in this case by
evaluating the conductance affinity permeability condition for Na* and Ba** in
mixed solutions. In one-ion pores, the saturating conductance ratio for any two
permeating ions (X, ¥), g(¥)/g(X), and the binding affinity ratio or ratio of haif-
saturation constants, K(X)/K(Y), and the Goldman permeability ratio, P(X)/
P(Y), are all linked by the relation (Coronado et al., 1980):

g(V)/g(X)K(X)/K(Y)P(X)/P(Y) = 1. (8)

In this case, Eq. 8 has a low limit of 13.7-19.5, given a conductance ratio g(Na)/
g(Ba) = 5.2, a permeability ratio P(Ba)/P(Na) = 25 (Affolter and Coronado,
1985b), and a binding affinity ratio K(Ba)/K(Na) = 0.11 or 0.15, depending on
whether single ion activity coefficients of mean salt coefficients are used (Fig. 4).
This means that one ratio of variables is at least 10-fold larger or smaller than
can be expected for conduction as in single-ion channels. For true single-ion
channels, Eq. 8 varies between 1.0 and 1.6 for several ion pairs (Coronado et al.,
1980).

The anomalous mole fraction behavior is perhaps the most convincing evidence
that the bilayer channels are the same as those recorded macroscopically by
Almers and McCleskey (1984) in frog skeletal muscle. This phenomenon can be
explained, as done in vivo, by postulating (a) a tighter binding of barium over
sodium inside the calcium channel, which would explain the inhibition for the
sodium current by micromolar barium (Fig. 6 C), and would ensure a high rate
of sodium flow when barium is not present (Fig. 6B); (b) adherence of the
channel to the laws of ion occupancy and translocation described for multi-ion
single-file pores; and (c) ion-ion repulsion inside the pore to boost the single
channel conductance. The last would explain the reappearance of current when
barium is increased in the millimolar range (Fig. 6C). There are quantitative
differences between bilayer and in vivo that should be pointed out. The half-
blocking constant for Ba** in Fig. 6 C is ~100 uM, whereas the blocking constant
for Ca*™ in frog is ~1 pM. This may be related to the observation in snail calcium
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channels (Kostyuk et al., 1983) that Ba™ block of sodium current has a 100-
fold-lower affinity than Ca** block.

T-Tubule Calcium Channels Are Probably Large Macromolecules

Because many different geometries of channels can generate the same answer,
the physical interpretation of the insulating distances is still fuzzy. Inferred
distances for several channels are given in Table I and correspond to ~10 A
for K* channels but =20 A for Ca** and Na* channels. The electrostatic nature
of the measurement is confirmed in Table II by the dependence of the conduct-
ance ratio PS/PE on ionic strength, being much more prominent at 50 mM than
at 500 mM. This appears to hold for all cases analyzed. In terms of models,
insulation can be interpreted as a vertical distance (normal to the plane of the

TABLE II
Conduction Parameters of Channels in Neuiral and Charged Bilayers

Channel conductance

PS/PE, PS/PE,

PE 50 mM 500 mM d
S A
SR K channel (Bell and Miller, 1984) 220 2.8 1.2 10
Ca-activated K channel (Moczydlowski et 404 2.2
al., 1985)
Ca channel sodium current (present data) 68 1.8 1.0 20
Batrachotoxin-activated Na channel (Wor- 31 1.2 1.1 >20

ley, J. F., B. K. Krueger, and R. J.
French, personal communication)

PE corresponds to the saturating channel conductance in pure PE bilayers; PS/PE corresponds to the
conductance ratio in pure PE and pure PS at 50 or 500 mM ion concentration; d is the fitted insulation
distance from the channel entryway to the plane of the lipid charges (Egs. 5a, 5b, and 6).

lipid), but equally well as an horizontal distance (parallel to the plane of the
lipid). In the vertical model, insulation from the lipid is given by the protrusion
of the mouth of the channel out into bulk solution (Bell and Miller, 1984). In
the horizontal model, insulation is given by the thickness of the channel wall,
while the mouths of the channel are set at the bilayer surface (Apell et al., 1979).
Obviously, a combination of these two limiting cases is also possible and is
probably more realistic. Regardless of the final interpretation, it is clear that the
distances given in Table II can only be physically realized by proteins of large
dimensions. An already classic example is the acetylcholine receptor with M,
280,000, extending ~55 A into the synaptic space and 15 A into the cytoplasmic
space (Kistler et al., 1982). In such a massive structure, the ion entryways at the
ends of the protein appear to be completely insensitive to electrostatic surface
phenomena (Criado et al., 1984). Similar arguments can be raised for the sodium
channel, a predominant polypeptide of M, 260,000 (Weigele and Barchi, 1982),
and for the nitrendipine-binding complex associated to the calcium channel
(Ferry et al., 1983; Curtis and Catterall, 1984; Borsotto et al., 1984).
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