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Summary. A Ca-activated, K-selective channel from plasma 
membrane of rat skeletal muscle was studied in artificial lipid 
bilayers formed from either phosphatidylethanolamine (PE) or 
phosphatidylserine (PS). In PE, the single-channel conductance 
exhibited a complex dependence on symmetrical K + concentra- 
tion that could not be described by simple Michaelis-Menten 
saturation. At low K + concentrations the channel conductance 
was higher in PS membranes, but approached the same conduc- 
tance observed in PE above 0.4 M KCI. At the same Ca 2+ con- 
centration and voltage, the probability of channel opening was 
significantly greater in PS than PE. The differences in the con- 
duction and gating, observed in the two lipids, can be explained 
by the negative surface charge of PS compared to the neutral PE 
membrane. Model calculations of the expected concentrations of 
K + and Ca 2+ at various distances from a PS membrane surface, 
using Gouy-Chapman-Stern theory, suggest that the K+-conduc - 
tion and Ca2+-activation sites sense a similar fraction of the sur- 
face potential, equivalent to the local electrostatic potential at a 
distance of 9 .A from the surface. 
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Introduction 

The cell plasma membrane contains about 20% neg- 
atively charged phospholipids, such as phos- 
phatidylserine (PS), which produces a negative 
electrostatic surface potential in the aqueous phase 
adjacent to the membrane. This negative surface 
potential causes the local accumulation of cations 
and depletion of anions in solution and results in a 
diffuse double layer of charge at equilibrium 
(McLaughlin, 1977). An important question in 
membrane biology concerns the effect of surface 
charge on the function of proteins responsible for 
the transport of electrolytes. In particular, one as- 
pect of this problem that has received recent atten- 
tion is the effect of surface charge on the gating and 
conduction properties of Na +, K + and Ca 2+ chan- 

nels of electrically excitable membranes (Fohlmeis- 
ter & Adelman, 1982; Hahin & Campbell, 1983; 
Wilson et al., 1983). 

Frankenhauser and Hodgkin (1957) first in- 
voked surface charges and hence, surface potential, 
to explain the shift in the activation of Na + and K + 
currents of squid axon toward a more depolarizing 
voltage range when the external Ca 2+ concentration 
was increased. Thus, they attributed a possible 
physiological role to this membrane property. Since 
this early study, it has become apparent that the 
interpretation of such results requires the ability to 
distinguish between a variety of possible effects. 
For example, the total ionic current for a given 
channel in the membrane is determined by gating 
and conduction properties of the channel, which 
may be modulated by local ion activities and elec- 
trostatic potential in the vicinity of certain protein 
sites. Surface charge effects on conduction and gat- 
ing can be mediated by local fixed charges on the 
lipids or the channel protein itself and can be modi- 
fied by either direct binding of counterions to these 
sites or local screening by the unbound counterions 
in solution. One approach to resolving the individ- 
ual contribution of these variables is to measure sin- 
gle-channel currents in artificial membranes of well- 
defined lipid composition. Such an approach has 
shown that the conducting pore of the small peptide 
channel, gramicidin A, senses most of the surface 
potential of the lipid in a PS bilayer (Apell, Bamberg 
& L/iuger, 1979). In contrast to this finding, similar 
experiments with hemocyanin show that the con- 
ductance of this channel is insensitive to the surface 
potential (Cecchi, Alvarez & Latorre, 1981). Also, 
Bell and Miller (1984) have recently shown that con- 
duction of K + through the sarcoplasmic reticulum 
K + channel senses less than the full lipid surface 
potential, as expected if the pore mouth is located 
some distance away from the bulk lipid. 
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In this paper, we compare the K~-conduction 
and Ca2+-dependent gating characteristics of a 
CaZ+-activated K + channel (Latorre,  Vergara & Hi- 
dalgo, 1982) in bilayers formed from the zwitte- 
rionic lipid, phosphatidylethanolamine (PE) or the 
negatively charged lipid, PS. In PE bilayers we find 
that the conductance of the channel is not a simple 
saturable function of  K + concentration, expected 
for a one-site channel. The biphasic titration curve 
that we observe is consistent with several possibili- 
ties such as a conduction pathway with multiple 
occupancy sites for K +, or a single-site channel that 
can exist in multiple slowly relaxing conformations. 
We also find that both the K+-conduction and Ca 2+- 
activation processes are able to sense the lipid sur- 
face charge of a PS membrane.  These effects can be 
conveniently interpreted as an increased local K + 
a n d  C a  2+ concentrat ion in the vicinity of the con- 
duction and activation sites as predicted by the 
Gouy-Chapman double-layer theory. 

The relative probability of channel opening as a function of 
voltage was measured in symmetrical solutions of 100 mM K C I ,  

10 mM MOPS-KOH, pH 7, and various C a t [  2 concentrations. For 
single-channel membranes, the time-averaged probability of the 
open state Po was obtained from digitized records as the time 
spent in the open current level divided by the total time of the 
record, usually 20 sec. The discrimination level was set at half 
the amplitude of open current level. For membranes containing 
more than one channel, Po was obtained by recording the current 
directly on a chart recorder by heavily filtering channel fluctua- 
tions with 1 Hz R / C  passive circuit. Both methods of measuring 
Po gave similar activation curves. Total Ca 2+ concentrations 
were determined by atomic absorption spectroscopy. 

Bovine brain PE and PS were obtained from Avanti Polar 
Lipids (Birmingham, Ala.). Samples of PE were found to contain 
less than 1% PS or phosphatidic acid as analyzed by high pres- 
sure liquid chromatography. Decane was obtained from Eastman 
Organic Chemicals (Rochester, N.Y.). Ultrapure KCI was from 
Alfa Division, Ventron Corp. (Danvers, Mass.). 

ANALYSIS 

Materials and Methods 

EXPERIMENTAL 

Planar bilayers were formed from a 20 mg/ml solution of phos- 
phatidyIethanolamine (PE) or phosphatidylserine (PS) in decane 
by the technique of Mueller and Rudin (1969). The lipid solution 
was spread on a 200-p.m diameter hole in a polystyrene partition 
separating two aqueous compartments. Channel incorporation 
was observed after the addition of 10 to 100 k~g protein/ml of a rat 
muscle plasma membrane preparation to one side of the bilayer 
(c is) .  Incorporation at KCI concentrations lower than 50 mM 
required the use of at least a twofold KCI gradient across the 
planar bilayer, higher on the cis  side. After channel incorpora- 
tion, the c i s  chamber was extensively perfused with a KCI solu- 
tion identical to that of the t r a n s  chamber. The plasma mem- 
brane fraction was purified from rat muscle microsomes 
according to Moczydlowski and Latorre (1983a). 

The voltage-clamp circuit for measuring single-channel cur- 
rent was as previously described (Latorre et al., 1982). The sign 
of the applied voltage refers to the Ca2*-sensitive side of the 
channel and is the same convention as normally used for cells: 
positive (depolarizing voltages) favor the activation of CaZ§ - 
vated K* current. All measurements were made at ambient tem- 
perature, 20 to 22~ 

Single-channel conductance was measured as the slope of 
the current-voltage relation of the open channel at voltages less 
than 50 mV and at various symmetrical KC1 concentrations. 
Plots of current vs .  voltage were linear in this voltage range (e.g. 
Fig. 2). The K § concentration was varied by addition of a stock 
solution of 3 M KC1 to 5 mM MOPS-KOH, pH 7.0 buffer contain- 
ing various initial KC1 concentrations. For KCI concentrations 
below 0.2 M, the conductance was measured in the presence of 2 
~M symmetrical CaCI2. At higher KCI concentrations, up to 50 
/zM symmetrical CaCI2 was used. Single-channel current was 
measured either by hand from records on chart paper or from the 
amplitude distributions of records digitized by a pulse-height an- 
alyzer. Values obtained by either method were similar. 

The effect of lipid surface charge on channel conduction proper- 
ties was analyzed using the Gouy-Chapman-Stern double-layer 
theory (McLaughlin, 1977; McLaughlin et at., 1981). The pure 
PE bilayer is assumed to have no surface potential under the 
conditions we have studied? Ca z+ binding to PE membranes is 
negligible, since the reported binding association constant is 3 
M -~ (McLaughlin et al., 1981) and our experiments involve less 
than 1 mM Ca 2+. The surface potential of the PS bilayer was 
calculated at different bulk Ca 2+ and K * concentrations using the 
measured binding association constants of these ions to PS lipo- 
somes of K1 = 0.15 M E for the K+-PS- complex and Kz = 12 M-  1 

for the Ca2+-PS - complex (McLaughlin et al., 1981). The surface 
potential too may be calculated numerically from the relationship 
between tOo and the surface change density o-, using the following 
three sets of equations: 

o" = 2 e r e o R T E i C i [ e x p ( -  z iF too /RT)  - 1] I/2 (1) 

[e-]~O~[l _ K~C'; +] 
cr = 1 + K I C  + + K2C,2, + (2) 

C + = C ;  e x p ( - F t o o / R T )  (3a) 

C2o + = CZb + e x p ( -  ZFtOo/RT).  (3b) 

Equation (1) is the Grahame (1947) equation for solutions of 
mixed salts where Ci is the concentration of ions of valence zi in 
the bulk aqueous phase, er is the dielectric constant of water, eo 
is the permittivity of free space, R is the gas constant, F is the 
Faraday and T is the absolute temperature. Equation (2) relates 
the net surface density of negative charge to the total surface 
density ofPS ([P ]t~ the Ca 2+ and K + binding constants (/s and 
K~, respectively) and the surface concentrations of Ca 2+ and K + 

Bell and Miller (1984) found that bilayers and monolayers 
made from a mixture of 80% PE and 20% phosphatidylcholine 
have a slight negative charge (-4%). Our own measurements 
indicate that pure PE monolayers contain - 3 %  negative charge 
at pH 7. For the purpose of the present study, this amount of 
charge is negligible. 
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Fig. 1. Steady-state current fluctuations of single Ca2+-activated K* channels in a neutral and negatively charged bilayer. Either PE (A) 
or PS (B) was used to form the bilayer, The buffer on both sides of the membrane was 5 mM MOPS-KOH, 100 mM KCI, 12/*M CaCI2, 
pH 7.0. The arrow to the left of each record indicates the zero current level. The holding voltage was as indicated above each record. 1 
kHz filter 

(C 2+ and Co +, respectively). The total surface density of the PS 
bilayer is calculated by assuming an area of 70 ~2 per phospholi- 
pid (Loosley-Millman, Rand & Parsegian, 1982). The Boltzmann 
relations of Eqs. (3) must be used in Eq. (2) to relate the bulk 
aqueous concentrations of K + and Ca z+ (C2 and C~ +) to their 
surface concentrations (Co + and CoZ+). Once the surface potential 
is known, the electrostatic potential at a distance x from the 
membrane can be estimated from: 

1 + a exp(-DX) 
qJ(x) = (2RT/F) In 1 - a exp(-DX) (4) 

[exp(F~o/2RT)-  1] 
a = [exp(F6o/2RT) + 1] (5) 

where D in Eq. (4) is the reciprocal of the Debye length. Lastly, 
the local K § or Ca 2+ concentration at a distance x from the mem- 
brane can be calculated by: 

C+(x) = Cg exp( -F$(x) /RT)  

Ca+(x) = cZf exp(-2FqKx)/RT). 

(6a) 

(6b) 

Equation (4) applies strictly to the case where the solution only 
contains monovalent ions. For cases we consider, bulk calcium 
concentrations are generally less than 0.1 mM and the counter- 
ions in the double layer are mainly potassium. In this situation, 
Eq. (4) provides a valid estimate of the decay of potential with 
distance. 

Results  

Figures  1A and  1B show records  at var ious  applied 
vol tages  of  s ing le -channe l  f luc tua t ions  measu red  in 
a PE  and  PS b i layer  u n d e r  ident ica l  ionic condi t ions  
(0.1 M KC1, 12 /XM CaCI2). These  records  summa-  
rize our  ma in  f indings regarding the behav io r  of the 
Ca2*-act ivated K + c ha nne l  in a neut ra l  vs .  a nega-  
t ively charged phospho l ip id  e n v i r o n m e n t .  At  the 
same Ca 2+ c o n c e n t r a t i o n  and  vol tage,  the channe l  
exhibi ts  a greater  p robab i l i ty  of the open  state in PS 
c o m p a r e d  to PE.  Also  at KC1 concen t r a t i ons  be low 
0.4 M, we find that  the s ing le -channe l  c o n d u c t a n c e  
is higher  in PS vs .  PE  bi layers .  F o r  example ,  the 
channe l  c o n d u c t a n c e  is 340 pS in PS and  240 pS in 
PE  in the e x p e r i m e n t s  of  Fig. 1 at 0. I M KC1. Figure  
2 shows cu r ren t  vs .  vol tage curves  for the same 
single channe l s  of Fig. 1, showing  that  unde r  these 
cond i t ions  the c ha nne l  is ohmic  in the range of volt- 
age s tudied ( - 6 0  to +60  mV).  

The  effects shown  in Figs.  1 and 2 may be ex- 
p la ined  by  the fact  tha t  the K + and Ca 2+ concen t ra -  
t ion nea r  the surface  of  a nega t ive ly  charged mem-  
b r a ne  is grea ter  than  the c o n c e n t r a t i o n  of these  ions 
in the bu lk  solut ion.  If  the b ind ing  sites for these  
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Fig, 2. Current-voltage relation of the open channel in PE and 
PS bilayers. The measured current for the same channels studied 
in the experiment of Fig. 1A and 1B is plotted at different applied 
voltages. The unit conductance corresponding to the slope of  the 
solid lines is 244 pS for PE and 337 pS for PS 
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Fig. 3. Single-channel conductance as a function of KCI concen- 
tration. Unit conductance was measured for channels incorpo- 
rated into PE (O) or PS (O) bilayers as described in Materials and 
Methods and as shown in Figs. 1 and 2. The solid lines are 
computer  fits to Eq. (7) for the curve labeled "PE," which as- 
sumes that there are no surface charge effects in this lipid. The 
solid lines labeled "0 ~ "  to "15 A"  are computer  fits using Eqs. 
(1) to (7), which allow K + concentration in Eq. (7) to be ex- 
pressed as the local K + concentration at various distances from 
the surface of  a PS bilayer, according to Gouy-Chapman-Stern 
theory 

ions on the channel protein are located in the region 
of this increased concentration, then the gating 
equilibrium will be shifted toward open states by the 
higher Ca 2+, and the K + current through the open 
channel will be larger if the pore is not saturated 
with K +. In order to determine whether this simple 
interpretation is adequate, we measured the con- 
ductance as a function of K + concentration and the 
probability of opening as a function of Ca 2+ and 
voltage in PE and PS bilayers. 

C O N D U C T A N C E  B EHAVIOR  

In a previous discussion of the conductance vs .  K 

concentration behavior of the CaX+-activated K + 
channel in bilayers, Latorre and Miller (1983) sug- 
gested that this channel operates by a simple, sin- 
gle-ion mechanism based on the "Michaelis-Men- 
ten" behavior of the unit conductance. However, 
we have since found that the cited experiments 
were complicated by the presence of trishydroxy- 
methylaminomethane as a buffer, which is a blocker 
of the channel and gives rise to artifactual Mi- 
chaelis-Menten behavior with respect to K + 
(Vergara, 1983). To avoid this artifact in the present 
study, we measured the single-channel conductance 
in solutions where K + is the only cation, besides the 
2-50 ~M Ca 2+ needed for channel activation. The 
results for pure PE bilayers (Fig. 3) depart markedly 
from a single-site saturation curve, as noted previ- 
ously in a preliminary report (Vergara, Moc- 
zydlowski & Latorre, 1984). The PE data exhibits 
biphasic behavior, showing a high-affinity region at 
tow concentration, where the conductance rises 
steeply as a function of K +, and a low affinity re- 
gion, where the conductance increases in a gradual 
fashion. In the present context, we are not con- 
cerned with the mechanism responsible for this be- 
havior, although several possible explanations are 
given in the Discussion. Rather, we address the ef- 
fect of negatively charged phospholipids, indicated 
by the increased conductance in PS vs .  PE observed 
at low K + concentrations (Fig. 3). Such an effect is 
expected according to the Gouy-Chapman theory of 
surface charge, since the negative surface potential 
of a PS membrane increases as the ionic strength is 
lowered. 

To apply this theory, the results in PE (neutral) 
membranes were first fit empirically as a sum of two 
Langmuir isotherms: 

G~ G2 
+ (7) 

g - 1 + KI/[K*] 1 + K2/[K+]" 
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Equation (7) expresses the observed conductance g 
as a function of K + concentration, where the maxi- 
mum conductance and concentration at half-satura- 
tion are GI, KI and G2, K2 for the respective high- 
affinity and low-affinity terms. The PE data of Fig. 3 
were fit to Eq. (7) by a nonlinear least-squares 
method and the following best-fit parameters were 
obtained: Gj = 206 pS, Kl = 2.5 raN, GR = 404 pS 
and K2 = 500 mM. The behavior of Eq. (7) using 
these values is shown as a solid line in Fig. 3 that 
closely follows the PE results. 

The expected behavior including the additional 
effect of surface charge was explored by calculating 
the predicted K + concentration at a distance x from 
the membrane surface as described in Materials and 
Methods. The bulk K + concentration in Eq. (7) is 
multiplied by the Boltzmann factors of Eq. (6a), 
which makes Eq. (7) a function of the surface poten- 
tial at distance x, t0(x). It is worthwhile to note that 
this procedure is equivalent to replacing the K1 and 
K2 Michaelis constants of Eq. (7) by apparent con- 
stants which are functions of the surface potential. 
Thus, we may consider the rate enhancement 
caused by PS as due either to an increase in the 
local K + concentration from a microscopic view- 
point or due to a K + binding constant that is a func- 
tion of surface potential from a macroscopic view- 
point. 

The results of these calculations are presented 
in Fig. 3 as solid lines given for various distances 0, 
5, 9 and 15 A from the membrane. It is clear from 
this approach that the channel conductance senses 
less than the full surface potential indicated by the 0 

curve. The PS data corresponds fairly well to the 
predicted behavior at a distance of 8 to 10 A from 
the surface of the membrane as indicated by the 9 
curve. This treatment provides no indication of the 
spatial relationship of the channel mouth to the 
membrane surface, other than to suggest that the 
mouth is insulated from the charged surface by a 
perpendicular or lateral distance of this magnitude. 
This insulation is presumably part of the structure 
of the channel protein. 

GATING BEHAVIOR 

An inherent difficulty in studying the gating behav- 
ior of the Ca2+-activated K + channel is heteroge- 
neity of the Ca 2+ sensitivity among individual chan- 
nels. This is indicated by the variation in the 
probability of the open state Po at fixed Ca 2+ and 
voltage for different bilayers shown in Fig. 4. This 
heterogeneity is observed both in PS (Fig. 4A, B) 
and PE bilayers (Fig. 4C, D). The spread of data 

along the voltage axis is as large as 50 mV for differ- 
ent channels. However, any single channel we have 
examined has a similar voltage dependence of the 
probability of opening which corresponds to an e- 
fold change in Po per 10 • 2 mV. Despite this diffi- 
culty, we do observe a significant increase in the 
Ca 2+ sensitivity in PS compared to PE by compar- 
ing the average data compiled from many different 
bilayers. This effect is shown by comparison of Fig. 
4B with Fig. 4D. The PS data at 2 ~M Ca 2+ appears 
to be shifted along the voltage axis to more negative 
voltages by about 30 to 40 mV compared to the PE 
data. A similar effect is seen at 100 tXM Ca 2+ for Fig. 
4A vs. 4C. 

To analyze such data, we measured the voltage 
at half-saturation, Vo, where Po = 0.5, for many 
bilayers at different fixed Ca 2+ concentrations. The 
results of this comparison are presented in Fig. 5. In 
this figure, the filled circles and error bars represent 
the mean Vo and its standard deviation for 6 to 9 
different PE bilayers at 2, I00 and 1000/zM CaC12, 
while the open circles correspond to the same mea- 
surement for PS bilayers at 2, 15 and 100/xM CaCI2. 
These results show that the average gating behavior 
in PS exhibits about 10-fold higher Ca 2+ sensitivity 
than that in PE. Figure 4 also shows the measured 
Vo for two experiments in PE bilayers for which the 
Ca 2+ concentration was varied from 1 /xM tO 1 mM 
for two different single-channel channels (filled tri- 
angles and squares). These data agree well with the 
experiments of Fig. 4 at fixed Ca 2+ concentration 
and show that the channel exhibits a 35-mV change 
in Vo per 10-fold change in Ca 2+ concentration. 

To evaluate the effect of surface charge, we 
calculated the surface potential at a distance x from 
the membrane necessary to result in a ten-fold 
higher local CaCI2 concentration at different bulk 
Ca 2+ concentrations of 2, 15 and 100 /zM. These 
calculations used the Gouy-Chapman-Stern treat- 
ment described in Materials and Methods to take. 
into account both binding of Ca 2+ and K + to PS and 
the screening effect of these ions. The results of 
these calculations indicate that the distance from 
the membrane surface at which the local Ca 2+ con- 
centration is ten times higher than the bulk Ca 2+ is 
8.8, 8.2 and 7.0 A for 2, 15 and 100/XM bulk Ca. At 
higher Ca 2+ concentrations, one would eventually 
expect Ca 2+ binding by PS to result in convergence 
of the PS data to that of a neutral PE bilayer. How- 
ever, at less than 100 p,M CaCI2 this effect is not 
severe. Also, the data of Fig. 5 have too large a 
standard deviation to determine if Vo is shifted sig- 
nificantly less at 100/xM Ca 2+ than at 2 ~M Ca 2+. 

A different method of predicting the effect of 
surface potential was examined by including sur- 
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Fig. 4. Voltage dependence of 
gating behavior in PE and PS 
bilayers. The buffer was 10 mM 
MOPS-KOH, pH 7.4, 0,1 M KCI 
and either 2/*M (B, D) or 100 
tim (A, C) CaC> After I to 4 
channels had incorporated in 
either PS (A, B) or PE (C, D) 
bilayers, the time-average cur- 
rent at various holding voltages 
was measured using I Hz filter- 
ing. The ordinate parameter Po 
was calculated as the ratio of the 
measured current to the current 
expected if all channels in the 
membrane were fully open. Data 
points are indicated by numerals 
corresponding to different bilay- 
ers. Solid lines are drawn for 
purpose of comparison 

face potential in the gating model of Moczydlowski 
and Latorre (1983b). This model proposed that the 
voltage dependence of gating is determined by two 
voltage-dependent Ca > binding reactions ex- 
pressed by equilibrium dissociation constants K1 
and K2, where the equilibrium probability of chan- 
nel opening is given by: 

ICa] 2 + lCa}K2 
P,,([CaI,V) = [Ca] 2 + [CalK2(1 + cd//) + KiKz(ou~) (8) 

To include the effect of surface potential in this gat- 
ing model, we expressed KI and K2 by the following 
relation: 
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KD = KD(O) exp[-zSF(V + tO)/RT] (9) 

where the observed Ca e+ dissociation binding con- 
stant KD depends on an intrinsic binding constant 
Ko(0) and a Boltzmann factor composed of the va- 
lence (z) of the Ca 2+ ion, the fraction of the applied 
field that is sensed by Ca>(8), the applied potential 
(V) and the electrostatic potential (0). To relate this 
model to Fig. 5, Eq. (8) was solved for the Ca 2+ 
concentration at which the probability of opening is 
equal to 0.5. At this probability, V is equal to V,,, 
referred to in Fig. 5. For the PE membrane, tO -- 0, 
and Ca 2+ concentrations were calculated as a func- 
tion of Vo from Eq. (8) using the average of gating 
parameters in Table II of Moczydlowski and La- 
torre (1983b) that were previously obtained by sto- 
chastic analysis of individual channels in PE bilay- 
ers. The results of the predicted dependence of V,, 
on Ca :+ for tO = 0 and tO = -35 mV are shown in 
Fig. 5. It can be seen that the prediction for zero 
surface potential is a reasonable fit to the PE data 
and the prediction for tO = -35 mV corresponds 
closely to the PS data. Thus, a simple model of the 
gating behavior of the channel based on voltage- 
and surface potential-dependent Ca 2+ binding con- 
stants can be used to predict the observed behavior 
in PE and PS. Both the Gouy-Chapmann calcula- 
tion and the gating model approach suggest that the 
Ca 2+ activation process senses less than the full sur- 
face potential of a PS membrane. By our analysis, 
the gating responds to only -30 to -40 mV of elec- 
trostatic potential, while the value at the surface of 
the membrane is expected to be about -70 to - 100 
m V .  

Discussion 

The purpose of this report is to document the differ- 
ent conductance and gating behavior of the Ca 2+- 
activated K + channel in planar bilayers formed from 
PE or PS. The observation of a lipid dependence for 
these two channel properties in an artificial mem- 
brane is evidence that the natural lipids surrounding 
the channel in native vesicles are replaced upon di- 
lution by the exogenous planar bilayer lipids after 
channel incorporation. This is to be expected since 
the translational diffusion coefficients of lipids in 
biological and artificial membranes range between 
10 -8 to 10 -7 cm2/sec (Edidin, 1974). Although vari- 
ous physical techniques have detected a less mobile 
domain of lipids surrounding integral membrane 
proteins (Jost et al., 1973; Thomas et al., 1982), 
these boundary lipids are not bound so tightly that 
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Fig. 5. Ca 2+ dependence  of gating behavior  in PE and PS bilay- 
ers. The ordinale parameter  V,, is the voltage at which channels  
are open half of  the time. V,, was determined for each bilayer 
from a plot of  lnl P, /  I P,,]vs. V. Circles (O) PE, (O) PS, are the 
mean V,, from macroscopic exper iments  as described in Fig. 3. 
Error bars on these  points indicate the s tandard deviation of  V,, 
for a sample of  6 to 9 "Jifferent bilayers. The filled points lk, �9 are 
V,, values from two different single-channel PE membranes .  
where the Ca :+ concentrat ion was varied for the same channel  as 
described in Moczydlowski  and Latorre (1983b). Other  symbols  
are data taken from (x )  Methfessel  and Boheim (1982) and (+)  
Barrett et al. (1982) using patch-clamp recording in rat myotubes .  
Solid lines are theoretical fits using the gating model of  Moc- 
zydlowski and Latorre (1983b) as described in the text 

they cannot be removed and exchanged with exoge- 
nously added lipids (Warren et al., 1974). Our inter- 
pretation of the lipid effects is based only on the 
difference of surface charge of a PE and PS mem- 
brane. We caution that this interpretation assumes 
that there are no specific lipid-protein interactions 
due either to differences in the acyl chains or the 
headgroups of the lipids. We also assume that the 
observed lipid effects are mediated strictly by 
charge effects and that they are not due to differ- 
ences in dipole potential between the two lipids. 

The gating data of Figs. 4 and 5 in two different 
lipids provides a substantial body of information 
that may be compared with the results of other 
groups studying a similar channel by patch-clamp 
recording of rat myotubes in culture. We have pre- 
viously noted the similarity in the voltage depen- 
dence of this Ca2+--activated channel measured by 
the bilayer and patch-clamp methods (Moc- 
zydlowski & Latorre, 1983b), but here we focus 
more clearly on the Ca 2+ dependence. In Fig. 5, we 
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have also plotted the observed V,, at Ca e~ concen- 
trations between 1 and 10 /,M reported by Barrett, 
Magleby and Pallota (1982) (+) and Methfessel and 
Boheim (1982) (x)  for the myotube channel. This 
comparison shows that the Ca 2. sensitivity of the 
native myotube channel falls in between that of PE 
and PS bilayers. The slope of Vo vs. Ca 2§ for the 
two methods is similar within the scatter of the ex- 
perimental points. This comparison raises the possi- 
bility that negatively charged lipids are partly re- 
sponsible for the greater Ca 2+ sensitivity observed 
in biological membranes compared to pure PE bi- 
layers. 

The finding of a non-Langmuir shape of the con- 
ductance vs. [K +] data in a pure PE bilayer for both 
the rat and the rabbit channel (Vergara et al., 1984), 
raises new questions regarding the structure and 
mechanism of the channel. Specifically, we wonder 
whether this channel can still be regarded as having 
single-ion occupancy of its conducting pore, since a 
multi-site K§ mechanism could easily 
give rise to the observed shape of the conductance- 
concentration curve. For instance, if a pore can 
contain two K § ions simultaneously, electrostatic 
repulsion between the two ions could result in a 
lower binding affinity of the second ion (Levitt, 
1978). Previous results on the blocking behavior of 
the channel by Ba 2+ (Vergara & Latorre, 1983) led 
us to believe that this channel could only contain 
one ion at a time, since the competition of the Ba 2§ 
block by K-  was consistent with single-site occu- 
pancy. However, recent results for other blocking 
ions tend to contradict this simple view. We have 
observed that the voltage dependence of Cs § block 
from the trans side (extracellular) of a similar chan- 
nel from smooth muscle is up to twofold greater 
than the maximum voltage dependence expected 
for a single monovalent ion (Cecchi, Wolf, Alvarez 
& Latorre, unpubl i shed  results). This may imply 
that two Cs + ions are able to occupy the channel. 
Also, in an independent study of the blocking reac- 
tion by Na + from the intracellular side of a similar 
channel from pituitary cells, Yellen (1984) found 
that K + competition from the extracellular side ex- 
hibits "knock-off"  behavior, characteristic of a 
multi-ion pore. The final answer to the question of 
multi-ion occupancy must await more detailed anal- 
ysis, but evidence appears to be mounting that large 
conductance Ca2+-activated K + channels do not op- 
erate by a one-site mechanism. 

In this report, we have chosen to fit the conduc- 
tance data in PE using an empirical model that re- 
quires a minimum number of four free parameters. 
A model of two independent pores can give origin to 
this type of behavior, but it is probably unrealistic. 
Several alternative explanations could also account 

for the results. For instance, slow conformational 
transitions of a single-ion channel could result in a 
conductance-concentration relation similar to tha* 
of Eq. (7) (L~uger, Stephan & Frehland, 1980). Al- 
ternatively, local negative charge on the protein in 
the vicinity of the pore could explain the abnor- 
mally high conductance at low ionic strength. This 
type of behavior has been reported for a negatively 
charge derivative of gramicidin (Apell et al., 1979). 
As another example, we might propose a mecha- 
nism involving a low affinity modulation site for K +, 
which is not involved in permeation, but exerts an 
allosteric effect. The simplest model of single pore 
with two identical, but interacting ion-binding sites 
has a similar theoretical expression for conductance 
vs. concentration as that of Eq. (7), except that it 
contains a cubed term in K + concentration in the 
denominator and includes an additional fifth con- 
stant (Finkelstein & Andersen, 1981). Although it is 
known that such models predict a decrease in the 
conductance at high concentrations, we have not 
observed such an effect up to 3 m KCI. This would 
imply that the fraction of the doubly occupied state 
of the channel is small if such a mechanism applies. 
Inasmuch as we have not observed a decrease in 
conductance at high K + concentrations this model 
cannot be used to fit the present data. Actually, we 
tried to use this model to fit the conductance-con- 
centration data and the result was undetermined be- 
cause of the excess of adjustable parameters. 

If we accept the present results at face value, 
we would conclude that the K + conduction and 
Ca 2+ gating sites of the channel experience a similar 
electrostatic potential in a PS bilayer. This may 
mean that these sites are located in the same do- 
main of the channel protein as proposed in one hy- 
pothetical model of the channel (Moczydlowski & 
Latorre, 1983b). The distance estimates that we cal- 
culated have little meaning in the absence of struc- 
tural information regarding the location of ion bind- 
ing sites with respect to membrane surface. It is 
perhaps not surprising that the conduction and gat- 
ing properties do not sense the full value of the 
surface potential in PS. The dimensions of integral 
membrane proteins can be larger than the 40-A 
thickness of the hydrocarbon region of the bilayer 
and binding sites could be insulated from the mem- 
brane lipid head groups, either by a distance lateral 
or normal to the membrane. For example, the avail- 
able structural information on the acetylcholine re- 
ceptor channel from electron microscopy (Kistler et 
al., 1982) indicates that the protein extends past the 
bilayer by 55 A on one side and 15 A on the other 
side of the membrane. The diameter of this protein 
in the plane of the membrane is as large as 85 A. If 
the pore extends down the center of this structure, 
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we would expect the conduction pathway to be far 
enough from the surface to be insensitive to lipid 
surface charge down to salt concentrations as low 
as 50 raM. If these dimensions are typical of biologi- 
cal ion channels, one might expect conductance to 
be rather insensitive to surface charge effects. In- 
deed, this expectation has been the finding for bio- 
logical channels that have been studied in native 
membranes. Previous studies of voltage-dependent 
Na + and K + currents indicated that the conduc- 
tance of these channels sense very little surface po- 
tential (Begenisich, 1975; Fohlmeister & Adelman, 
1982). On the other hand, the gating processes of 
these same channels appear to be quite sensitive to 
surface charge (Frankenhaueser & Hodgkin, 1957; 
Gilbert & Ehrenstein, 1969; Mozhayeva & 
Naumov, 1970; Begenisich, 1975; Hille, Woodhull 
& Shapio, 1975; Fohlmeister & Adelman, 1982). 
Until very recently, it has been difficult to distin- 
guish whether these surface charge effects in cells 
originate from charge on the proteins or the lipids. 
With the present technique of transferring the chan- 
nel to different lipid environments, it should be pos- 
sible to answer this question. 
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