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ABSTRACT: The charybdotoxin (ChTX) receptor has been purified from bovine aortic smooth muscle using 
conventional chromatographic techniques and sucrose gradient centrifugation. Fractions from the final 
sucrose gradient purification were enriched in specific binding of monoiodinated ChTX ('251-ChTX) 
approximately 2000-fold over native sarcolemmal membranes. The ChTX binding activity correlated 
with the presence of two polypeptides of 65 (a)  and 31 @) kDa. Using the cross-linking reagent, 
disuccinimidyl suberate, 1251-ChTX was specifically incorporated into a polypeptide of approximately 3 1 
kDa. Cross-linking and binding of '251-ChTX to the purified ChTX receptor was inhibited by ChTX, 
iberiotoxin (IbTX), and tetraethylammonium (TEA). Liposomes containing the purified ChTX receptor 
were incorporated into planar lipid bilayers. In symmetric 150 mM KCl, the channels observed were 
'20-fold more selective for potassium over sodium and exhibited a large, single-channel conductance of 
323 f 2.5 pS in charged lipids and 249 f 7 pS in neutral lipids. Depolarizing membrane potentials 
increased the open probability of the purified channels e-fold per 11.5 k 0.3 mV, while intracellular 
calcium increased the open probability according to a third power (2.9 f 0.2) relationship. Mean channel 
closed durations decreased while mean open times slightly increased as membrane potential and calcium 
concentration were elevated. The distributions of open and closed durations were well described by the 
sums of three and five to six exponential components, respectively. Purified maxi-K channels were blocked 
with micromolar affinity by external TEA and with nanomolar affinity by extracellular IbTX and ChTX. 
Kinetics of ChTX block of the purified channel revealed an equilibrium dissociation constant for toxin 
block of 4.6 f 0.7 nM under conditions of physiological ionic strength. The purified maxi-K channel 
displays many of the biophysical and pharmacological properties of maxi-K channels derived from native 
tissue. 

Potassium channels are integral membrane proteins that 
catalyze the passive transmembrane flow of potassium ions. 
Opening potassium channels tends to lower the excitability 
of a cell by hyperpolarizing the membrane potential. 
Calcium-activated potassium (Kca)l channels are a special 
class of potassium channel that couples membrane excit- 
ability to intracellular calcium levels. These channels are 
found in numerous cell types and may regulate a broad range 
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of functions. They regulate neurotransmitter release, secre- 
tion in endocrine and exocrine cells (Maruyama et al., 
1983a,b; Petersen & Maruyama, 1984), myogenic tone in 
arterial smooth muscle (Brayden & Nelson, 1992), and 
contraction of tracheal (Brayden & Nelson, 1992; Jones et 
al., 1990, 1993) and taenia coli (Banks et al., 1979; Maas & 
Den Hertog, 1979) smooth muscle. The specific roles of 
different Kca channels are determined by how rapidly 
potassium ions diffuse through the channel and how this 
movement of potassium is regulated or gated. Some Kca 
channels are gated only by intracellular calcium while others 
are synergistically gated by calcium and voltage. 

Large-conductance calcium-activated potassium (maxi-K) 
channels are a large group of Kca channels whose gating is 
regulated by both calcium and voltage (Barrett et al., 1982). 
Both depolarizing membrane potentials and high levels of 
intracellular calcium open maxi-K channels. Maxi-K chan- 
nels must, therefore, contain structures that underlie both 
voltage-dependent and ligand-activated channel gating. This 
dual regulation of maxi-K channels by calcium and voltage 
distinguishes them from many other potassium channels and 
suggests that they may regulate membrane excitability in cells 
where calcium enters the cell through voltage-operated 
pathways. 

0 1995 American Chemical Society 
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Electrophysiological studies have revealed substantial 
diversity in the properties of maxi-K channels. The single- 
channel conductance of maxi-K channels, which reflects 
intrinsic potassium permeability, varies from 90 to 350 pS 
(Latorre, et al., 1989). Even greater variability has been 
observed for the calcium sensitivity of maxi-K channel 
gating. Differences in calcium sensitivity range over about 
3 orders of magnitude (McManus, 1991). In addition, 
differences in the inactivation properties of maxi-K channels 
are evident. Many voltage-gated potassium channels exhibit 
a time-dependent inactivation which occurs on the milli- 
second time scale. In contrast, most maxi-K channels do 
not inactivate. Rather they gate continuously in the presence 
of a calcium or voltage stimulus. However, a maxi-K 
channel from rat adrenal chromaffin cells was recently 
identified which rapidly inactivates, within milliseconds, after 
a step depolarization (Solar0 & Lingle, 1992). The gating 
of maxi-K channels is also differentially controlled by 
regulatory enzymes. In rat brain plasma membrane, different 
maxi-K channel subtypes have been identified which exhibit 
striking differences in their gating and in their regulation by 
phosphatases and kinases (Reinhart et al., 1989). Thus, 
electrophysiological data points to a family of related types 
of maxi-K channels. 

Recently, the genes that encode the pore forming a-sub- 
units of maxi-K channels from invertebrate (Adelman et al., 
1992; Atkinson et al., 1991) and mammalian tissues (Butler 
et al., 1993; Dworetzky et al., 1994; Pallanck & Ganetzky, 
1994; Tseng-Crank et al., 1994) have been cloned and 
expressed in Xenopus oocytes. The deduced sequences of 
these cloned channels suggest a large diversity in maxi-K 
channel subtypes, which is consistent with the functional 
diversity described above. The mammalian maxi-K channel 
clones derived from mouse (mslo) and human (hslo) encode 
proteins of -1200 amino acids with 10 hydrophobic, putative 
membrane-spanning regions (S 1 -S lo). The first six mem- 
brane-spanning regions, Sl-S6, are likely to form the pore 
of the channeI as they are homologous to the six membrane- 
spanning regions that are found in the extended family of 
voltage-gated potassium channels (Jan & Jan, 1992). The 
mslo gene contains two potential RNA splice junctions and 
variable N-terminal domains (Butler et al., 1993), and the 
human gene contains four or more possible splice sites 
(Dworetzky et al., 1994; Pallanck 8r Ganetzky, 1994; Tseng- 
Crank et al., 1994). Expression studies have revealed 
functional differences between splice variants (Adelman et 
al., 1992; Tseng-Crank et al., 1994), providing a molecular 
basis for some of the diversity of expressed maxi-K channel 
subtypes. In addition, the ,!?-subunit of the maxi-K channel 
has been cloned from bovine smooth muscle (Knaus et al., 
1994b) and has been shown to modify the gating and 
pharmacology of expressed mslo a-subunits (McManus et 
al., 1995). Regulated expression of ,!?-subunits of the maxi-K 
channel may further contribute to the diversity of expressed 
maxi-K channel subtypes. 

Purification of the maxi-K channel presents the opportunity 
to identify the protein components that are associated with 
this channel in a specific tissue. The peptide toxin, charybdo- 
toxin (ChTX), is a high-affinity blocker of the mammalian 
maxi-K channel which, in its monoiodinated form (1251- 
ChTX), binds to a single class of sites in bovine aortic 
smooth muscle (Vazquez et al., 1989). Recently, a functional 
maxi-K channel subtype was purified to homogeneity from 
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bovine tracheal smooth muscle (Garcia-Calvo et al., 1994). 
The purified protein consisted of two subunits, a and p, with 
apparent molecular weights of 62 and 31 kDa, respectively. 
Reconstitution of the purified protein into planar lipid bilayers 
revealed the presence of functional maxi-K channels. How- 
ever, a detailed investigation into the permeation, gating, and 
pharmacological properties of the purified, reconstituted 
maxi-K channel was not done. To examine the molecular 
identity of tissue-specific maxi-K channel subtypes, we report 
here the purification and detailed characterization of the 
functional properties of the maxi-K channel from bovine 
aortic smooth muscle. 

EXPERIMENTAL PROCEDURES 

Materials. Leiurus quinquestriatus var. hebraeus venom 
was obtained from Alomone Labs, Jerusalem, Israel, and 
Buthus ramulus venom was purchased from Sigma. Na1251 
was obtained from DuPont NEN. Recombinant N-glycanase 
was bought from Genzyme. Wheat germ agglutinin (WGA)- 
Sepharose was from Pharmacia LKB Biotechnologies Inc. 
Digitonin special grade (water soluble) was obtained from 
Biosynth AG, GF/C glass fiber filters were from Whatman, 
and L-a-phosphatidylcholine (type X-E) was from Sigma. 
The protein-gold reagent was from Integrated Separation 
Systems. 

1-Palmitoyl-2-oleoylphosphatidylethanolamine (POPE), 
1-palmitoyl-2-oleoylphosphatidylserine (POPS), and l-pal- 
mitoyl-2-oleoylphosphatidylcholine (POPC) were purchased 
from Avanti Polar Lipids, Inc. (AL). Decane from Fisher 
Scientific, Inc., was of 99.9% mol purity. Bilayer cuvettes 
and chambers were purchased from Warner Instrument Corp. 
(CT). All other reagents were obtained from commercial 
sources and were of the highest purity commercially avail- 
able. 

Protein Puri@ation and Characterization. Purification 
and Iodination of Toxins. ChTX and IbTX were purified 
from venom of the scorpions L. quinquestriatus var. hebraeus 
and B. tamulus as previously described (Galvez et al., 1990; 
Gimenez-Gallego et al., 1988). ChTX was iodinated as 
previously described (Vazquez, et al., 1989). 

Preparation of Bovine Aortic Smooth Muscle Sarcolemmal 
Membrane Vesicles. Highly purified sarcolemmal membrane 
vesicles derived from bovine aortic smooth muscle were 
prepared as previously outlined (Vazquez et al., 1989). 
Membranes were resuspended in 160 mM NaC1, 20 mM 
Tris-HC1, pH 7.4, frozen in liquid N2, and stored at -70 "C. 

Purification of the C h l x  Receptor from Bovine Aortic 
Smooth Muscle. The ChTX receptor was purified from 
bovine aortic smooth muscle using similar procedures to 
those previously reported for the purification of the tracheal 
smooth muscle ChTX receptor (Garcia-Calvo et al., 1994). 
In brief, membranes were solubilized at 4 "C, after six 
consecutive exposures to 1 % digitonin. All buffers employed 
for solubilization and in subsequent purification steps 
contained 1 mM iodoacetamide, 0.1 mM phenylmethylsul- 
fonyl fluoride, and 0.1% digitonin. After centrifugation at 
180 OOOg, the resulting supernatants were incubated batch- 
wise with WGA-Sepharose and the bound material specif- 
ically eluted with 5% N-acetyl-D-glucosamine. The sample 
was subsequently applied to a MonoQ HR 10/10 (Pharmacia) 
ion exchange column and eluted with a linear NaCl gradient. 
The active fractions were loaded on a Bio-Gel HPHT (Bio- 
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the osmotic gradient was 1 M KCl (cis): 10 mM KCl (trans). 
The exact buffer composition is described in the figure 
legends. Proteoliposomes were added to the cis side, and 
the osmotic gradient was collapsed after a channel was 
observed. After fusion with the bilayer, the orientation of 
maxi-K channels was determined by their voltage and 
calcium sensitivity. Current and voltage are expressed in 
the normal electrophysiological convention. Voltage is 
referenced to the extracellular side of the channel, and current 
flowing from the inside to the outside is plotted in the 
positive direction. Single-channel currents were recorded 
onto tape with a video cassette recorder and a VRlO digital 
data recorder (Instrutech Corp., NY). For analysis of single- 
channel current amplitude, open probability, or open and 
closed durations, records were played into either a DEC 11/ 
73 (Digital Equipment Corp., MA) or a Quadra 700 (Apple 
Computer Corp.) with an ITC 16 interface (Instrutech Corp., 
NY). 

Rad) hydroxylapatite column and eluted with a sodium 
phosphate gradient. The fractions containing IZ5I-ChTX 
binding activity were dialyzed, concentrated, and separated 
on a 7%-25% continuous sucrose density gradient. The 
active fractions were applied to a second continuous sucrose 
density gradient as described above. Fractions containing 
IZ5I-ChTX binding activity were quickly frozen in liquid N2 
and stored at -70 "C. 

Binding Assays. The interaction of 12jI-ChTX with bovine 
aortic sarcolemmal membrane vesicles or solubilized receptor 
was monitored as previously described (Garcia-Calvo et al., 
1991; Vazquez, et al., 1989). 

Cross-Linking Experiments. Fractions from the last su- 
crose density gradient centrifugation step were incubated with 
90 pM lZ51-ChTX in a medium consisting of 10 mM NaCl, 
10 mM TAPS-NaOH, pH 9.0, 5 p M  paxilline, 0.05% 
digitonin, for 2 h at room temperature. The reaction was 
adjusted to 300 mM NaCl, and then disuccinimidyl suberate 
(DSS) was added to a final concentration of 0.18 mM. After 
being incubated at room temperature for 1 min, the reaction 
was stopped by addition of Tris-HC1, pH 7.4, up to a final 
concentration of 200 mM. Samples were dialyzed against 
10 mM Tris-HC1, pH 7.4,0.05% digitonin, concentrated 10- 
fold, and subjected to SDS-PAGE using 12% gels. Gels 
were dried and exposed to Kodak XAR film at -70 "C for 
48 h. 

Enzymatic Deglycosylation of the 1251-ChTX-Cross-Linked 
,f3 Subunit. Samples were prepared as indicated above and 
denatured by heating for 5 min at 95 "C in the presence of 
0.5% SDS, 50 mM /3-mercaptoethanol. Samples were 
diluted to a final SDS concentration of 0.15%, adjusted to 
1.3% Nonidet P-40, and deglycosylation was started by 
addition of 2 IU of recombinant N-glycanase. After incuba- 
tion at 37 "C for different periods of time, the reaction was 
stopped by addition of boiling SDS-PAGE sample buffer. 
Samples were subjected to SDS-PAGE using 12% gels, and 
dried gels were exposed to Kodak XAR-5 film. 

Reconstitution of the ChTX Receptor into Liposomes. 
Aliquots of purified ChTX receptor in 0.05% digitonin were 
reconstituted into L-a-phosphatidylcholine liposomes as 
outlined previously (Garcia-Calvo et al., 1994). Proteo- 
liposomes were resuspended into 100 mM NaC1, 20 mM 
Hepes-NaOH, pH 7.4, frozen in liquid N2, and stored at -70 
"C. 

Polyacrylamide Gel Electrophoresis. Samples were re- 
suspended into SDS-PAGE sample buffer containing 1 % 
,f3-mercaptoethanol or 100 mM DTT and incubated at 37 "C 
for 120 min. Samples were subjected to SDS-PAGE and 
visualized by silver staining. 

Protein Determination. Protein concentration was deter- 
mined using either the Bradford (1976) or the Gold method 
(Stoschek, 1987) with bovine serum albumin as the protein 
standard. 

Planar Lipid Bilayers. Planar lipid bilayers were formed 
in aqueous solution by painting lipids (50 mg/mL in decane) 
across a 0.25 mm aperture in a polystyrene partition. The 
lipids were composed of either POPE and POPS in a 1:l 
molar solution or, where specifically noted, of POPE and 
POPC in a 7:3 molar ratio. Liposomes containing the 
purified ChTX receptor or native sarcolemma membranes 
were fused with the bilayer in the presence of an osmotic 
gradient which typically consisted of 150 mM KC1 on the 
cis side and 10 mM KCl on the trans side. Occasionally, 

RESULTS 

PuriJication and Subunit Composition of the Bovine Aortic 
ChTX Receptor. The ChTX receptor from bovine aortic 
smooth muscle has been purified to apparent homogeneity 
using 1251-ChTX binding as a marker. The overall procedure 
is similar to that previously described for the purification of 
the maxi-K channel from bovine tracheal smooth muscle 
(Garcia-Calvo, et al., 1994). The final preparation was 
enriched -2000-fold relative to the crude solubilized material 
with a specific activity of ca. 1 nmol of 1251-ChTX binding 
sites/mg of protein. 1251-ChTX exhibits a high-affinity 
interaction with the purified preparation that is biochemically 
and pharmacologically indistinguishable from native aortic 
sarcolemmal membrane vesicles. The purified preparation 
displays an equilibrium dissociation constant for 12jI-ChTX 
of 25 pM under the low ionic strength conditions of the 
media (10 mM NaCI), not shown. Pharmacological agents 
such as native ChTX, IbTX, TEA, K+, Ba2+, and Ca2+ 
specifically inhibited binding of 1251-ChTX to the purified 
preparation. The inhibition constants obtained were similar 
to those previously determined for native membranes (Vaz- 
quez et al., 1989). 

To determine the subunit composition of the purified 
ChTX receptor, we analyzed fractions from the final sucrose 
density gradient centrifugation for their molecular weight 
composition (not shown). The highest specific activity for 
1251-ChTX binding appeared in two fractions that migrated 
with an apparent sedimentation coefficient of 22 S. Silver 
staining, after SDS-PAGE of fractions from the gradient, 
revealed that ChTX binding activity commigrated with a 
protein of apparent molecular weight of 65 000. Figure 1 
shows the results of these experiments for the fraction with 
the highest 1251-ChTX specific binding. Thus, the purified 
ChTX receptor minimally contains a major protein compo- 
nent with an apparent molecular weight of 65 kDa. 

It has been previously shown that in both native and 
solubilized aortic membrane preparations 1251-ChTX can be 
covalently incorporated into a protein of 31 000 Da that 
appears to be associated with the ChTX receptor (Garcia- 
Calvo et al., 1991). A protein with similar characteristics 
has been identified in the purified tracheal maxi-K channel 
preparation and has been shown to have functional properties 
(Garcia-Calvo et al., 1994). 
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F I G U K ~  I :  SDS-PAGE of purified ChTX receptor from bovine 
aortic smooth muscle. The fraction from the second sucrose density 
gradient centrifugation with the highest specific 1251-ChTX binding 
activity (fraction 15. Figure 2) was subjected to SDS-PAGE as 
described under Experimental Procedures. Protein was visualized 
after silver staining. The migration of molecular weight standards 
is indicated by the arrows. 

To determine whether the 31 kDa protein is also part of 
the purified ChTX receptor from aortic smooth muscle,' we 
cross-linked '251-ChTX to the purified ChTX receptor using 
the bifunctional cross-linking reagent, disuccinimidyl sub- 
erate. Figure 2 shows that the distribution of specific 1251- 
ChTX binding across the final sucrose density gradient 
exactly correlates with the covalent incorporation of 1251- 
ChTX into the 31 kDa component. The incorporation of 
12%ChTX into this component was abolished in the presence 
of inhibitors of the binding reaction, such as native ChTX, 
IbTX, TEA, K+, and aflatrem, but was enhanced by paxilline, 
a stimulator of toxin binding (not shown). 

When the purified ChTX receptor was cross-linked with 
'251-ChTX and then treated with N-glycanase, there was a 
time-dependent conversion of the 31 kDa protein into an 
intermediate form and a final product with apparent molec- 
ular weights of 26 and 21 kDa, respectively (not shown). 
Thus, the purified ChTX receptor contains a 31 kDa protein 
that is heavily glycosylated and is the acceptor for covalent 
incorporation of 1251-ChTX. These data indicate that a 
purified preparation of the bovine aortic smooth muscle 
ChTX receptor migrates as a large particle and appears to 
consist of two subunits, 65 and 31 kDa, after denaturation 
of the preparation in the presence of reducing agents. 

Functional Properties of the Purified ChTX Receptor. The 
Purified ChrX Receptor is a High-Conductance K+ Selective 
Channel. We tested whether the protein components as- 
sociated with the ChTX receptor are sufficient to form fully 
functional maxi-K channels by incorporating the purified 
ChTX receptor into planar lipid bilayers. Fusion of proteo- 
liposomes containing the purified ChTX receptor with planar 
lipid bilayers resulted in the appearance of large, single- 
channel cationic currents. The magnitude and direction of 
these currents followed the predicted equilibrium potential 
for potassium (Figure 3). Part A of the Figure 3 shows a 
single purified channel in a bilayer held at -10 mV with 
150 mM KCl on the inside. When KCl on the outside was 
raised from 10 to 50 and 150 mM, current amplitudes of 
14, 4, and -3.5 pA were observed. A more quantitative 
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FIGURE 2: Cross-linking of 1251-ChTX to purified bovine aortic 
ChTX receptor. (A) Sucrose density gradient centrifugation. 
Fractions from the last sucrose density gradient centrifugation were 
analyzed for protein content (0) and 1251-ChTX binding activity 
(0) as indicated under Experimental Procedures. (B) 1251-ChTX 
cross-linking. Fractions from A were cross-linked with 1251-ChTX 
in the presence of DSS, as indicated under Experimental Procedures. 
The migration of molecular weight standards is indicated by the 
arrows. 

measure of the potassium selectivity of the purified ChTX 
receptor is shown in Figure 3B. Plots of the single-channel 
current amplitude as a function of membrane potential reveal 
that when the concentration of potassium on the outside was 
raised from 10 to 150 mM, the reversal potential shifts to 
more positive values. The single-channel currents approach 
0 pA at membrane potentials of 0.6, -24, and -57 mV when 
the potassium on the outside is 150, 50, and 10 mM, 
respectively. These values are very close to the predicted 
reversal potential values for potassium of 0, -24, and -56 
mV, suggesting that the purified ChTX receptor is highly 
selective for potassium over chloride. 

In addition to its capacity for discrimination between K+ 
and C1-, the maxi-K channel allows very rapid rates of K+ 
transmembrane diffusion. The single-channel conductance 
provides a measure of the net rate of K+ movement through 
the channel. The plots of single-channel current vs mem- 
brane potential (Figure 3B) show that the purified ChTX 
receptor exhibits single-channel conductance values of -300 
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FIGURE 3: Cation selectivity of the purified ChTX receptor 
reconstituted into a planar lipid bilayer. (A) Currents through a 
single purified ChTX receptor at a membrane potential of - 10 mV 
with 150 mM KCl on the inside and different concentrations of 
KC1 at the outside. Currents were filtered at 300 Hz, and the 
vertical and horizontal scale bars represent 5 pA and 100 ms, 
respectively. The solid lines on the left indicate the closed channel 
current level. (B) Amplitudes of current through a single purified 
ChTX receptor are plotted as a function of membrane potential 
with 150 mM KCl on the inside and 10 (A), 50 (a), and 150 (0) 
mM KC1 on the outside. The lines represent the best fit of the 
data to a straight line: the slope represents the single-channel 
conductance, and the x-intercept represents the reversal potential. 
Values from the fits for conductance in picosemiens and reversal 
potential in millivolts were 285 and -57.2, respectively, at 10 mM 
KC1; 301 and -24.2 at 50 mM KC1; 320 and 0.59 at 150 mM 
KCl. The predicted reversal potentials for potassium, indicated by 
the arrows, were calculated based on potassium ion activity. A 
and B were obtained from the same purified channel incorporated 
into a bilayer composed of charged, POPS and neutral POPE lipids 
in a 1:l molar ratio. 

pS in the presence of negatively charged lipids. Thus, the 
purified ChTX receptor permits very rapid rates for trans- 
membrane diffusion of K+. 

To compare the single-channel conductance of the purified 
ChTX receptor with that of the native maxi-K channel, we 
examined purified and native channels under conditions of 
identical lipid composition. Part A of Figure 4 plots 
histograms of single-channel conductance values determined 
for the purified ChTX receptor and for the native maxi-K 
channel when the bilayer was composed of neutral zwitter- 
ionic synthetic lipids. Under these conditions, with solutions 
of 150 mM KC1 on both sides of the channel, the single- 
channel conductance values for the purified ChTX receptor 
and native maxi-K channel were nearly identical at 249 f 7 
(n = 6) and 249.2 f 2.5 pS (n = 51), respectively. These 
values are clearly less than the 300 pS values derived from 
Figure 3 in which the purified ChTX receptor was incorpo- 
rated into a bilayer that contained negatively charged lipids. 
This discrepancy can be entirely accounted for by differences 
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FIGURE 4: Comparison of single-channel conductance for the 
purified ChTX receptor and the native maxi-K channel. (A) 
Histogram of single-channel conductance values for the native (open 
bins) and purified (light grey bins) maxi-K channel when the bilayer 
contained only neutral lipids. The line represents the best fit of a 
Gaussian distribution to the single-channel conductance values for 
the native maxi-K channel with a mean of 249 pS and a standard 
deviation of 17 pS, n = 51. (B) Histogram of single-channel 
conductance for the purified maxi-K channel when the bilayer 
contains either the neutral zwitterionic lipids (light grey bins) or 
neutral and negatively charged lipids (dary grey bins). The lines 
represent the best fits of Gaussian distributions to the single-channel 
conductance values with mean and standard deviations of 249 f 
18.5 and 323 f 7.2 pS for neutral and charged lipids, respectively. 
Bilayers containing only neutral lipids were composed of POPE 
and POPC in a 7:3 molar ratio. Those containing neutral and 
charged lipids were composed of POPE and POPS in a 1 : 1 molar 
ratio. Both sides of the bilayer contained 150 mM KC1, 10 mM 
Hepes pH 7.2, 3.5 mM KOH. Intracellular calcium levels ranged 
from 5 to 100 pM. 

in the lipid composition of the artificial planar bilayer. To 
examine the effect of charged lipids, we compared the single- 
channel conductance of the purified ChTX receptor under 
conditions where the bilayer is composed of either neutral 
zwitterionic lipids or a combination of negatively charged 
and neutral lipids. The histograms in part B of Figure 4 
demonstrate that, in the presence of negatively charged lipids, 
the single-channel conductance of the purified ChTX receptor 
is shifted to much larger values, 323 f 2.5 pS, than when 
the bilayer contains only neutral lipids, 249 f 7 pS. Similar 
effects of charged lipids on conductance have been reported 
for the native maxi-K channel from skeletal muscle (Moc- 
zydlowski et al., 1985). These effects have been attributed 
to differences in surface charge density contributed by the 
head group of the lipid moiety. Thus, the purified ChTX 
receptor exhibits a high intrinsic K+ permeability which 



15854 Biochemistry, Vol. 34, No. 48, 1995 Giangiacomo et al. 

Table 1: Conductance of the Purified Maxi-K Channel under 
Conditions of Varied Potassium Concentration and Lipid 
Composition 

A 

[KC~lciJ[KC1l,ranr 
lipid composition (mM/mM) conductance (pS) -- 150 mM KCI 

P0PE:POPC (7:3) 150/10 193.9 f 2(3) 
1 50/ 1 50 

P0PE:POPS (1:l) 150/10 285(1) 
150/50 301(1) 
150/150 323 f 2.5(8) 
1 0001 1 0 363(1) 
1 0001 100 400(1) 

249 f 7(6) 

50 mM NaCl - 

appears to be influenced by surface charge. 
The conductance of potassium channels is generally 

influenced by the concentration of K+ in the medium (Latorre 
& Miller, 1983). We examined the conductance of the 
purified maxi-K channel at different concentrations of 
potassium chloride in either charged or neutral lipids. Table 
1 shows that as the concentration of K+ is raised the single- 
channel conductance increases. A similar effect of K+ on 
the single-channel conductance has been observed for maxi-K 
channels from skeletal muscle and is believed to result from 
the occupancy of K+ binding sites within the pore of the 
channel (Blatz & Magleby, 1984; Vergara et al., 1984). 

A remarkable feature of the maxi-K channel is that, in 
spite of its high permeability to K', its permeability to the 
smaller Na+ ion is virtually undetectable. To determine 
whether the purified ChTX receptor is selectively permeant 
to potassium over sodium, we examined how the single- 
channel current amplitudes changed when extracellular 
potassium was replaced completely by sodium. The single- 
channel records in part A of Figure 5 show that the purified 
ChTX receptor carries a small inward current of -4 pA when 
the solutions on both sides of the bilayer contain 150 mM 
potassium and the membrane potential is -10 mV. When 
the potassium on the outside of the channel is replaced by 
50 and 150 mM sodium, large outward currents of 7 and 5 
pA are observed, respectively. The larger outward current 
observed in the presence of 50 mM NaCl can be attributed 
to surface charge effects resulting from differences in ionic 
strength on either side of the bilayer (MacKinnon et al., 
1989). The relative permeability of the maxi-K channel to 
Na+ and Kf can be determined by examining single-channel 
currents as a function of membrane potential under bi-ionic 
conditions, as described above. Part B of Figure 5 ,  reveals 
that, in the presence of extracellular sodium and intracellular 
potassium, no inward current is observed at large negative 
potentials, -90 and -60 mV for 50 and 150 mM sodium, 
respectively. This suggests that no detectable inward current 
was carried by sodium. The relative permeability of the 
purified ChTX receptor for sodium over potassium, deter- 
mined from extrapolated reversal potentials, was approxi- 
mately 0.06 and 0.03 for 150 and 50 mM sodium, respec- 
tively. Thus, as expected for the maxi-K channel, the 
purified ChTX receptor is highly selective for potassium over 
sodium. 

The Purified ChTX Receptor is Gated by Calcium and 
Voltage. A special feature of the maxi-K channel is that its 
permeability to K+ is synergistically regulated by the 
membrane potential and by intracellular calcium levels. Part 
A of Figure 6 shows single-channel records of a purified 
ChTX receptor in a bilayer composed of charged lipids at 

- 150 mM NaCl 
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FIGURE 5: Selectivity of the purified maxi-K channel for K+ over 
Na+. (A) Currents through purified single maxi-K channels at a 
membrane potential of -10 mV when 150 mM KCI on the outside 
is replaced completely by 50 and 150 mM NaCl. Filtering and 
scale bars are as in Figure 3. The solid lines on the left side indicate 
the closed current level. (B) Amplitudes of single-channel current 
are plotted as a function of membrane potential when the extra- 
cellular solution contains 150 mM KCI (.), 50 (+), or 150 (0) 
mM NaCI. For both A and B, solutions at the intracellular face of 
the channel contain 150 mM KC1. 

two different voltages and concentrations of calcium at the 
cytoplasmic side. The fraction of time the channel spends 
in the open, K+ conductive, state decreased from 0.34 to 
0.017 as the membrane potential was hyperpolarized from 
-20 to -60 mV with 5 p M  calcium on the inside. 
Increasing the intracellular calcium concentration from 5 to 
9 ,uM increased the channel open probability from 0.017 to 
0.034 at a constant membrane potential of -60 mV. Thus, 
the open probability of the purified ChTX receptor channel 
is regulated by both voltage and intracellular calcium. 

To quantitate the calcium and voltage sensitivity of the 
purified ChTX receptor we examined changes in the open 
probability at several different membrane potentials and 
levels of calcium on the inside of the channel. The influence 
of membrane potential on channel open probability is shown 
for three different concentrations of intracellular calcium in 
part B of Figure 6. The family of curves at different calcium 
levels shows that channel open probability increased mono- 
tonically as the membrane potential was made more positive. 
The midpoint potential for activation (V112) of each curve 
shifted to more negative values as the concentration of 
calcium was raised. The slopes of the curves for each 
calcium concentration were similar and reveal that channel 
open probability increased e-fold per 10-12 mV. The 
channel shown in Figure 6 was more sensitive to activation 
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FIGURE 6: Calcium- and voltage-dependent gating of the purified maxi-K channel. (A) Currents through a single purified channel at 
different membrane potentials and concentrations of calcium at the inside. Filtering and scale bars are as in Figure 3. (B) Single-channel 
open probability (Po), in percent, is plotted as a function of membrane potential when the intracellular calcium concentration is 5 (e), 7 
(A), and 9 (H) pM. The lines represent the best fit of the data to a Boltzmann equation where Po = 1/1 + exp(V,/* - VJk, V, is 
membrane potential, VI/* is the midpoint potential for activation, and k is a slope factor. Values from the fits for V1/2 (mV) and k (e-fold 
change per mV) are -12.3 and 11.5 at 5 pM Ca, -24.7 and 10.6 at 7 pM Ca, and -34.55 and 9.9 at 9 pM Ca. (C) Single-channel open 
probability, in percent, is plotted as a function of calcium concentrations at the inside when the membrane potential is -60 (0), -50 (O), 
-40 (O), -30 (A), and -20 (0) mV. The lines represent the best fit of the data to a Hill equation of the form log PJ( 1 - Po) = n(log 
[Ca] - log Cal12) where n is the Hill coefficient and Caliz is the calcium concentration required for half-maximal activation. Values from 
the fits for Cal/2 &M) and n are 24.5 and 2.6 at -60 mV, 14.2 and 3.3 at -50 mV, 11 and 3.1 at -40 mV, 8 and 3.2 at -30 mV, and 6.2 
and 3.2 at -20 mV. A-C were obtained from the same purified channel incorporated into a bilayer composed of charged POPS and 
neutral POPE lipids in a 1:l molar ratio. Solutions bathing both sides of the channel contained 150 mM KCl, 10 mM Hepes, 3.5 mM 
KOH, pH 7.2. 

by calcium and voltage than was typical. In a total of five 
similar experiments, the average V1/2 at 5 p M  calcium was 
20.6 f 9.4 mV, while the open probability increased e-fold 
per 11.4 f 0.47 mV. This slope factor is similar to the 
average value of 11.5 f 0.32 mV obtained from 16 
measurements at different calcium concentrations (5 -70 
pM). Thus, calcium permits the purified receptor to open 
more readily at negative voltages without affecting the slope 
of the voltage response function. 

The membrane potential should also influence the calcium 
sensitivity of the maxi-K channel. Plots of channel open 
probability as a function of calcium, shown in part C of 
Figure 6, provide a means for examining the calcium binding 
reactions which lead to channel activation. The family of 
curves at different voltages shows that as the membrane 
potential was increased from -60 to -20 mV, the concen- 
tration of calcium giving half-maximal activation, Call2, 
decreased. When the membrane potential was held at -60 
mV, the Cali2 was 25 pM, while at a membrane potential of 
-20 mV, the Call2 was 6.2 pM. Thus, positive voltages 
increase the apparent calcium sensitivity for activation of 
the purified ChTX receptor. The slopes of these calcium 
activation curves give estimates of the minimum number of 
bound calcium ions required to cause channel opening. 
These slopes were similar for the voltages shown, ranging 
from 2.6 to 3.3. We have examined the influence of calcium 
on open probability at different voltages in three other 

experiments and found similar results. The average Call* at 
-20 mV was 35 f 19 p M  ( n  = 3), and the Hill coefficient, 
averaged from several different voltages, was 2.9 f 0.2 (n  
= 13) when solutions on both sides of the channel contained 
150 mM KC1. Thus, the range of Hill slopes observed 
suggests that four or more calcium molecules can bind to 
the purified channel during maximal activation. 

Gating Kinetics of the Purified ChlX Receptor. We 
examined the kinetic properties of single purified channels 
at various calcium concentrations. Figure 7 shows the effects 
of raising the internal calcium concentration on the open and 
closed durations of a channel held at -40 mV. Plots of 
sequentially averaged mean open vs mean closed times reveal 
that increasing the calcium concentration from 5 to 7 and 
then to 9 p M  caused a clear decrease in the mean closed 
times from 201 to 48.4 to 25.4 ms, respectively. The mean 
open times were unchanged over this range of calcium 
concentrations (14.4, 15.0, and 14.5 ms). Thus, the primary 
effect of raising internal calcium on channel gating kinetics 
was to decrease channel closed times. This suggests that, 
at our level of resolution, most of the calcium-dependent 
gating transitions occur between closed states. 

Figure 8 plots the distributions of open and closed time 
durations from the experiment shown in Figure 7 at 5, 7 
and 9 p M  calcium. The distributions of open times at each 
calcium concentration were well-described by the sums of 
three exponential components, and the closed times were fit 
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with the sums of five components. At 9 yM calcium, a sixth 
closed-time component was detected with a mean duration 

of about 1 s, which probably reflects infrequent entries into 
an inactivated state. The number of components observed 
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(average e-fold change per 12.8 & 1.6 mV) were similar at 
each calcium concentration. These slopes were also similar 
to the slopes obtained from plotting channel open probability 
vs membrane potential (Figure 6). In contrast, the mean open 
times (Figure 9B) increased only slightly (e-fold increase 
per 321 f 47 mV at different calcium concentrations) as 
the membrane potential was increased. Similar effects were 
seen in three other experiments, with one channel exhibiting 
a slightly larger sensitivity of channel open times to calcium 
and membrane potential. These effects of calcium and 
voltage on open and closed durations suggest that many of 
the voltage- and calcium-dependent transitions that control 
channel gating occur between closed states. 

Modal Gating. We have observed modal gating with the 
purified maxi-K channel. At each of the three lower calcium 
concentrations shown in Figure 7, the mean open and closed 
times appeared to be grouped into a single population, 
suggesting homogeneous gating behavior. However, two 
distinct modes of gating behavior were seen at the highest 
calcium concentration of 15 pM. In the high open prob- 
ability mode, the mean open time (15.0 ms) was similar to 
the open times observed at lower calcium concentrations, 
while the mean closed time decreased to 4.5 ms. During 
the low open probability mode, the mean open time was 8.1 
ms while the mean closed time was 9.2 ms. Two observa- 
tions suggest that the high open probability mode is the same 
as the gating mode observed at lower concentrations. The 
open times at low calcium and in the high open probability 
mode are the same. In addition, channel gating started in 
the high open probability mode when the calcium was 
raised from 9 to 15 pM. The low open probability mode 
data was due to two long sojourns from the high open 
probability mode. The occurrence of modal gating in a 
purified, reconstituted maxi-K channel suggests that this 
function is intrinsic to the channel protein and not due to 
modulation of the channel by other proteins. 

The Purified Channel is Blocked by Tetraethylammonium 
and Peptide Toxins. Peptide toxin and organic cation 
blockers of K+ channels provide the means to identify and 
categorize K+ channel subtypes. Tetraethylammonium 
(TEA) is an organic cation which is known to block current 
through the maxi-K channel from the extracellular side with 
micromolar affinity (Blatz & Magleby, 1984; Yellen, 1984). 
Part A of Figure 10 shows that current through a single 
purified channel molecule is reduced by -45% when 200 
p M  TEA is applied to the outside of the channel. Extra- 
cellular TEA block of the maxi-K channel is also weakly 
voltage-dependent (Villarroel et al., 1988). We examined 
the effect of voltage on TEA block by measuring single- 
channel current amplitude as a function of voltage in the 
presence of varying concentrations of TEA (Figure 10B). 
The voltage-dependence of TEA block is most apparent at 
the extreme membrane potentials and concentrations of TEA. 
Addition of 1 mM TEA caused a 77% reduction in the single- 
channel current amplitude when the membrane potential was 
60 mV, while the current amplitude was reduced by 89% 
when the membrane potential was -60 mV. The equilibrium 
dissociation constant for TEA at 0 mV [KTE,(o)] and the 
location of the TEA site within the membrane field was 
estimated using eq 1 
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FIGURE 9: Effect of membrane potential on mean open and mean 
closed times. The mean closed (A) and mean open (B) times were 
determined for a single channel as a function of membrane potential 
at 5 (0, 0), 7 (W, U), and 9 (A, A) pM calcium. Each determination 
was made from 2 to 5 min of data. Filtering was identical (0.45 
kHz) for all conditions and was sufficient to exclude false events. 

in the distributions of closed times are consistent with a 
channel that is gated by binding of four or more calcium 
ions. When the open and closed time distributions are scaled 
to contain equal numbers of events (Figure 8C,D), we can 
see that the open times were nearly identical at each calcium 
concentration while the closed times were clearly modified 
by calcium. Increasing calcium led to a reduction in 
probability of observing long closed times. 

Figures 7 and 8 showed that the primary effect of calcium 
on the kinetics of channel gating was to decrease channel 
closed durations. Figure 9 shows that membrane depolar- 
ization also increases channel open probability by decreasing 
channel closed times. Mean channel closed times (Figure 
9A) decreased exponentially as the membrane potential was 
increased until a minimal duration of 1-2 ms was reached 
at 20-40 mV. The flattening of the closed time vs 
membrane potential relation at depolarized potentials may 
reflect the emergence of a calcium- and voltage-independent 
closed state at high channel open probability (McManus & 
Magleby, 1991) or an inability to detect briefer closed events. 
The slopes of the exponential decline in mean closed times 
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where io and  TEA represent the single channel current 
amplitude in the absence and presence of extracellular TEA, 
V, represents the membrane potential, z represents the 
valence of TEA, and aV, represents the fraction of the 
voltage drop sensed at the TEA site measured from the 
extracellular side of the membrane. The fit to eq 1 for each 
concentration of TEA provided a good description of the 
data with an average KTEA(O) value of 193 f 4 p M  and an 
average a value of 0.186 f 0.007. Thus, extracellular TEA 
blocks the purified channel with micromolar affinity at a site 
which is located approximately 19% across the membrane 
dielectric from the outside. 

The molecular identity of the maxi-K channel from aortic 
smooth muscle is also defined by its high-affinity interactions 
with the peptide toxins ChTX and iberiotoxin (IbTX). The 
kinetics of IbTX (Giangiacomo et al., 1992, 1993) and ChTX 
(Anderson et al., 1988; MacKinnon & Miller, 1988) block 
of the maxi-K channel are well-established and provide a 
stringent test of its molecular identity. We examined the 
interaction of both IbTX and ChTX with single purified 
maxi-K channels incorporated into lipid bilayers. Addition 
of 10 nM IbTX to the extracellular side caused the appear- 
ance of long, nonconducting silent periods of approximately 
10 min in duration which were interrupted by periods of 
normal channel activity (not shown). These long noncon- 
ducting silent periods are typical of IbTX blocking the 
maxi-K channel (Giangiacomo et al., 1992). ChTX block 
of the native smooth muscle maxi-K channel is characterized 
by much shorter blocked periods of -60 s in duration 
(Giangiacomo et al., 1993). Since the shorter blocked 
periods observed with ChTX are more amenable to analysis 
of toxin blocking kinetics, we examined ChTX block of the 
purified maxi-K channel in detail. Part A of Figure 11 shows 
that addition of 5 nM ChTX to the extracellular side of the 
purified channel resulted in the appearance of nonconducting 
silent periods, -30 s in duration, which were interrupted by 
apparently normal periods of channel activity. Increasing 
the concentration of ChTX to 15 nM increased the frequency 
of the silent periods but not their duration. This pattern of 
block is consistent with the bimolecular mechanism for 
ChTX block of the maxi-K channel from skeletal muscle 
(Anderson et al., 1988) in which the silent periods represent 
times when toxin is bound to the channel and are related to 
the first-order dissociation rate constant, k,ff. The unblocked 
periods represent times when toxin is not bound to the 
channel and are related to the pseudo-first-order association 
rate constant, k,,[ChTX]. It follows from this mechanism 
that the distributions of the blocked and unblocked times 
should follow single exponentials where the time constant 
for blocked durations is equal to llk,ff and the time constant 
for the unblocked durations is equal to l/k,,[ChTX]. In 
addition, the time constant for block should be independent 
of toxin concentration, while the time constant for unblock 
will decrease with increasing concentrations of ChTX. Part 
B of Figure 11 shows that the distributions for the blocked 
and unblocked durations are best described by single- 
exponential components. The time constants for the blocked 
durations at 5 and 15 nM ChTX, 20 and 18 s, respectively, 
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FIGURE 10: Block of the purified maxi-K channel by tetraethyl- 
ammonium ion. (A) Currents through a single channel at different 
membrane potentials and different concentrations of TEA added 
to the outside of the channel. Currents were filtered at 200 Hz. 
(B) Single-channel current amplitude is plotted as a function of 
membrane potential when the extracellular concentration of TEA 
(mM) is 0 (A), 0.1 (A), 0.2 (O), 0.5 (O), and 1.0 (m). The lines 
represent the best fit of the data to eq 1. A and B were obtained 
from the same purified channel incorporated into a bilayer 
composed of charged POPS and neutral POPE lipids in a 1: 1 molar 
ratio. Solutions bathing both sides of the channel contained 150 
mM KCl, 10 mM Hepes, 3.5 mM KOH, pH 7.2. 

are similar. In contrast, the time constants for the unblocked 
durations decreased from 22 to 5.9 s as the ChTX concentra- 
tion was raised 3-fold. The time constants for toxin block 
and unblock derived from Figure 11 provide a means for 
calculating the ChTX equilibrium dissociation constant (Kd) 
where &(M) = k,ff (s-l)/kon (M-I s-I). The Kd for ChTX 
block of the purified channel, calculated in this way from 
the kinetics in Figure 11B, is 5 nM. We examined ChTX 
block of the purified channel in four separate experiments 
where KC1 on both sides of the channel was 150 mM and 
the membrane potential was +40 mV. Under these condi- 
tions, the average Kd value for ChTX block of the purified 
channel in lipid bilayers was 4.6 f 0.7 nM (Table 2). This 
value is significantly weaker than the Kd value obtained from 
binding of 1251-ChTX to the purified ChTX receptor under 
low ionic strength conditions. The kinetics of ChTX binding 
to and unbinding from the maxi-K channel are strongly 
dependent on the concentrations of salt on either side of the 
channel (Anderson et al., 1988; MacKinnon &'Miller, 1988). 
In order to compare Kd values obtained from bilayer 
experiments with Kd values obtained from lZ5I-ChTX binding, 
we examined the kinetics of ChTX block of the purified 
channel under conditions of varying ionic strength on the 
outside. Table 2 shows the ChTX dissociation and associa- 
tion rate constants and the calculated Kd values at different 
concentrations of KC1 on the outside of the channel. Under 
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FIGURE 11: Charybdotoxin block of the purified maxi-K channel. (A) Currents through a single purified channel at different concentrations 
of ChTX added to the extracellular side of the channel were filtered at 60 Hz. The durations of blocked (B) and unblocked (C) events in 
5 (0) and 15 (0) nM ChTX are plotted as cumulative dwell-time distributions. The lines plot single-exponential fits to the data. The time 
constants for blocked durations at 5 and 15 nM are 20 and 18 s, respectively. Time constants obtained for the unblocked durations are 22 
and 5.9 s at 5 and 15 nM ChTX, respectively. The distributions for 5 and 15 nM ChTX were constructed from 76 to 157 events, respectively. 
The composition of the lipid bilayer is as described in Figure 3. Conditions: 150 mM KCI, 10 mM HEPES, pH 7.2 inside and outside, 
150 pM CaC12 inside, 60 pg of BSNmL outside, +40 mV. 

Table 2: Kinetics of ChTX Block of the Purified Maxi-K Channel" 
~ ~ ~~ ~ 

[KCio  V,,- koii km Kd 
(mM) (mV) ( S - 9  (M-I S - I )  (nM) 

1506 +40 0.034 i 0.007 (7 i 1) x lo6 4.6 f 0.7 
187' +40 0.035 2.5 x loh 14.1 

10 0 0.052 5.9 x 108 0.087 

"The concentration of KC1 on the inside was 150 mM, and the 
bilayer contained the lipids P0PE:POPS in a 1: 1 molar ratio. Blocking 
kinetics were determined from four different channels with the number 
of toxin-blocked events for each channel ranging from 66 to 234. 
Blocking kinetics were determined from a single channel at four 

different concentrations of ChTX with an average of 59 toxin-blocked 
events detected for each condition. 

conditions of low ionic strength on the outside, the K,-J value 
for ChTX block of the purified channel was 87 pM when 
the external KC1 concentration was 10 mM. Thus, under 
conditions of physiological ionic strength ChTX blocks 
current through the purified channel with nanomolar potency, 
while under low ionic strength conditions ChTX blocks with 
picomolar potency. 

DISCUSSION 

Electrophysiological studies have revealed significant 
variation between maxi-K channels from different tissues. 
The single-channel conductance varies from about 150 to 
350 pS, while the calcium sensitivity of the maxi-K channel 
spans 3 orders of magnitude (Latorre et al., 1989; McManus, 
1991). Some of these differences have been attributed to 
experimental conditions, while others may be due to inherent 
differences in the protein structure. Analysis of genes 
encoding maxi-K channels from mammalian neural tissue 
has revealed numerous alternatively spliced variants (Butler 

et al., 1993; Dworetzky et al., 1994; Pallanck & Ganetzky, 
1994; Tseng-Crank et al., 1994), which may explain some 
of the observed functional differences. This tissue-specific 
diversity may underlie the various physiological roles of the 
maxi-K channel. To provide a foundation for understanding 
the sources of tissue-specific diversity, we have presented a 
detailed investigation into the biochemical, biophysical, and 
pharmacological properties of the maxi-K channel purified 
from bovine aortic smooth muscle. 

The Purified ChTX Receptor Consists of an a Subunit and 
a P Subunit. Identifying the protein composition of the 
maxi-K channel is an important step toward understanding 
the molecular basis for the tissue-specific diversity of this 
channel. The purified ChTX receptor migrated as a large 
particle, 22 S ,  on a sucrose density gradient. Analysis of the 
purified receptor by SDS-PAGE revealed two subunits, a 
and P, which migrate with apparent molecular weights of 
65 and 31 kDa. The P-subunit is heavily glycosylated and 
is the acceptor for cross-linking with 1251-ChTX. This result 
is not surprising since the ChTX receptor purified from 
bovine tracheal smooth muscle similarly consists of two 
subunits of 62 and 31 kDa (Garcia-Calvo et al., 1994). The 
/3 subunit from bovine tracheal smooth muscle is also 
glycosylated and is the acceptor for cross-linking with lZ5I- 
ChTX (Knaus et al., 1994a). 

Biochemical and functional data suggest that the p subunit 
is an integral part of smooth muscle maxi-K channels. Under 
denaturing conditions, a 3 1 kDa protein as well as '251-ChTX 
cross-linked to the p subunit were specifically immunopre- 
cipitated with antibodies raised against the P subunit (Knaus 
et al., 1994~) .  Under nondenaturing conditions, antibodies 
to the ,8 subunit immunoprecipitated a complex consisting 
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mM potassium. The conductance of the purified channel 
was modified by the lipid composition of the bilayer and 
the ionic composition of the solutions that bathed the bilayer. 
For instance, introducing the charged lipid phosphatidylserine 
into the lipid bilayer increased the conductance value for 
the purified channel from 249 to 323 pS. This effect of 
charged lipids has been reported previously for maxi-K 
channels from skeletal muscle (Moczydlowski et al., 1985). 
In addition, we found that raising the concentration of 
potassium caused an increase in the single-channel conduc- 
tance (Table 1) similar to effects observed with native 
maxi-K channels (Eisenman et al., 1986; MacKinnon, et al., 
1989). 

A hallmark of maxi-K channels is that both calcium and 
voltage regulate gating in a synergistic fashion. Depolarizing 
the membrane potential is known to increase the fraction of 
time the maxi-K channel spends in the open or Kt conductive 
state (Latorre et al., 1982; Pallotta et al., 1981). The 
relationship between open probability and voltage for the 
purified channel was well-described by a Boltzmann function 
with an e-fold increase in open probability per 11.4 mV. 
The voltage ( VI/Z), which gave half-maximal activation of 
the purified channel, shifted to more negative values as the 
concentration of calcium was increased. The average V112 
value for the purified maxi-K channel was 21 mV when 
intracellular calcium was 5 pM. The slopes of the voltage- 
dependent curves were independent of calcium over the 
examined range of calcium and voltage. 

The purified channel was activated by increasing calcium 
concentrations at a fixed membrane potential. The relation- 
ship between calcium and open probability was described 
by a Hill equation with an average slope of 2.9, indicating 
that at least three to four calcium ions bind in order to 
maximally activate the channel. The calcium concentration 
that causes half-maximal activation (Caliz) of the purified 
channel was strongly dependent on membrane potential and 
decreased as the membrane potential was made more 
positive. The average Call2 for the purified channel was 35 
p M  when the membrane potential was -20 mV. These 
measures of the calcium- and voltage-dependent channel 
gating are within the range of values reported for maxi-K 
channels from smooth muscle (Latorre et al., 1989; Mc- 
Manus, 1991). 

The peptide toxins ChTX and IbTX blocked current 
through the purified ChTX receptor with nanomolar affinity, 
and extracellular TEA blocked current through the purified 
channel with micromolar affinity. The kinetics of toxin block 
provided a stringent test for the molecular identity of the 
maxi-K channel. IbTX block of the purified channel was 
characterized by blocked durations that averaged 10 min. In 
contrast, shorter blocked durations were observed with ChTX 
and allowed a more detailed characterization of its interaction 
with the purified channel. ChTX block of the purified 
maxi-K channel was consistent with a bimolecular mecha- 
nism. Under conditions of physiological ionic strength, the 
average time for ChTX block of the purified channel was 
29 s and the bimolecular association rate constant was 7 x 
lo6 M-I s-l. The Kd value calculated from these kinetic 
constants was 4.9 nM. These values are similar to values 
that we determined for ChTX block of the native maxi-K 
channel from bovine aortic smooth muscle except that the 
residence time for ChTX on the purified channel is about 
half of that observed for native channels. 

of a and /3 subunits (Knaus et al., 1994~).  In addition, 
coexpression of the cloned smooth muscle p subunit (Knaus 
et al., 1994b) modifies the grating and pharmacology of an 
mslo a subunit expressed in Xenopus oocytes (McManus et 
al., 1995). Thus, the association of the a and p subunits 
has functional consequences. 

Maxi-K channels purified from aortic and tracheal smooth 
muscle consist of a similar a,P subunit structure. Amino 
acid sequences obtained from the a subunit of tracheal 
smooth muscle (Knaus et al., 1994c) were nearly identical 
with sequences predicted by mslo, a gene encoding functional 
vertebrate maxi-K channels (Butler et al., 1993). Thus, the 
larger a subunit probably contains the structures that form 
the ion conduction pathway and that allow for calcium- and 
voltage-dependent channel gating. The p subunit is closely 
associated with the a subunit and regulates the gating and 
pharmacological properties of the a subunit (McManus et 
al., 1995). In tracheal smooth muscle, the a and /3 subunits 
are assembled in approximately a 1: 1 stoichiometry (Garcia- 
Calvo et al., 1994). On the basis of homology with voltage- 
gated potassium channels (MacKinnon, 1991), we expect that 
a single smooth muscle maxi-K channel will be formed by 
a complex of four a and p subunits. 

This model raises an issue concerning the size of the a 
subunit in the purified preparation. The vertebrate slo gene 
encodes a family of alternatively spliced proteins whose size 
is predicted to be greater than 100 kDa (Butler et al., 1993; 
Dworetzky et al., 1994; Pallanck & Ganetzky, 1994; Tseng- 
Crank et al., 1994), while the estimated size of the a subunit 
in the purified ChTX receptor preparation was about 62 kDa. 
This discrepancy could result from truncation of the a subunit 
during processing in the cell or proteolpc degradation during 
the purification procedure. Recent data suggests that the a 
subunit is cleaved in the carboxy-terminal half of the 
molecule by a calcium-dependent process during hydroxyl- 
apatite chromatography. The protein fragments cannot be 
separated upon SDS -PAGE, except under reducing condi- 
tions. suggesting the presence of intermolecular disulfide 
bonds. Antibodies raised against peptide sequences of the 
a subunit specifically react with a protein of about 125 kDa 
in Western blots using smooth muscle plasma membranes 
(Knaus et al., 1995). Thus, the mature a subunit is about 
125 kDa and is cleaved during purification. The vast 
majority of a subunits in the purified preparation appear to 
have been cleaved. However, the sedimentation coefficient 
of the ChTX receptor remains unchanged during the whole 
course of the purification. Furthermore, upon reconstitution 
into lipid bilayers, the biophysical and pharmacological 
properties of the purified channel cannot be distinguished 
from native channels. This suggests that intermolecular 
forces, including disulfide bonds, are sufficient to maintain 
the structure of the a subunit after limited proteolytic 
cleavage. Thus, the purified, reconstituted channel probably 
exists as a complex of four a and p subunits of 125 and 31 
kDa, respectively. 

The Pur$ied ChTX Receptor is Suflcient to Reconstitute 
Fully Functional Maxi-K Channels. When reconstituted into 
liposomes and incorporated into planar lipid bilayers, the 
purified ChTX receptor exhibited the biophysical and 
pharmacological properties expected for a maxi-K channel. 

The single-channel conductance values of the purified and 
native maxi-K channels were identical. Both were 249 pS 
when the bilayer contained neutral lipids and symmetric 150 



Reconstitution of Maxi-K Channels 

The reconstituted, purified ChTX receptor was incorpo- 
rated into planar lipid bilayers 34 times from three different 
preparations; other channel types were not observed. How- 
ever, two of the 34 purified maxi-K channels that we 
observed exhibited single-channel conductance values that 
were approximately one-half of the value expected for the 
experimental conditions. These two measurements were not 
included in Figure 4 or in Table 1. Approximately 5% of 
the time we have observed native maxi-K channels with 
similar intermediate single-channel conductance values (un- 
published observation). In addition, we once observed a 
purified maxi-K channel that gated between two discrete 
conductance states, -165 and -250 pS. When 10 nM ChTX 
was added to the extracellular side, both conductance states 
were blocked. The two conductance states appeared to be 
derived from a single purified maxi-K channel. We have 
no concrete explanation for these rare observations. It is 
possible that these intermediate-conductance maxi-K chan- 
nels represent a small subpopulation of maxi-K channels with 
distinct differences in their amino acid sequence, or they may 
represent channels that have been physically altered in some 
way. Nevertheless, the smaller conductance maxi-K chan- 
nels were present in similar proportions in native and purified 
preparations. 

We have shown that the functional properties of the 
purified ChTX receptor from bovine aortic smooth muscle 
are nearly identical to those of the native maxi-K channel. 
Thus, the functional properties of the maxi-K channel are 
derived from two subunits, a and ,8, which form the ChTX 
receptor. 

Gating of Purified Channels. Calcium and voltage alter 
the open probability of the purified channel primarily by 
modifying the closed durations associated with channel 
gating. In one instance, we found that a 3-fold increase in 
intracellular calcium caused a 20-fold decrease in the mean 
closed durations. In contrast, less than a 2-fold change was 
observed for the mean open durations. Similarly, we found 
that membrane potential primarily altered the closed times 
associated with gating of the purified channel. The mean 
closed durations decreased exponentially as the membrane 
potential was increased. The slope of the exponential decline 
averaged from several experiments was e-fold12.8 mV. In 
contrast, the mean open durations increased only slightly with 
membrane potential. The slope of the exponential increase 
for mean open times was e-fold321 mV. Thus, at our level 
of temporal resolution, the voltage- and calcium-dependent 
transitions that control gating of the purified maxi-K channel 
occur primarily between closed states. 

Similar to native maxi-K channels (McManus & Magleby, 
1991; Moczydlowski & Latorre, 1983), we observed sig- 
nificant variation in calcium sensitivity for different purified 
channels from the same preparation. For instance, under 
identical experimental conditions the Cal/z values for the 
purified channel ranged over 10-fold while the Hill slopes 
ranged from 1.3 to 4.3. In addition, V1/2 values, which 
indirectly reflect calcium sensitivity, varied over 54 mV. A 
number of factors may account for this variation. Some of 
the variability may be due to expression of more than one 
splice variant of the channel in this tissue. The vertebrate 
slo gene, which encodes the a subunit, contains four or more 
splice sites, and individual splice variants can differ in their 
calcium sensitivity (Tseng-Crank et al., 1994). Evidence for 
the existence of tissue-expressed splice variants has been 
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recently obtained for the bovine tracheal maxi-K channel 
(unpublished observations). An additional source of varia- 
tion may result from physical changes that occur in the 
channel over time. For instance, we have occassionally 
observed that over a period of many hours, native and 
purified maxi-K channels can become less sensitive to 
calcium. In addition to an irreversible loss in calcium 
sensitivity, native single maxi-K channels have been observed 
to undergo discrete, reversible shifts in their open probability 
(McManus & Magelby, 1988; Moczydlowski & Latorre, 
1983). We have found that the purified maxi-K channel also 
undergoes discrete reversible shifts in gating (Figure 7) .  Thus, 
the mode-shifting observed for the maxi-K channel is not 
derived from regulatory proteins but is an intrinsic channel 
property. Some of the variation for the purified channel may 
result from maxi-K channels that we observed gating in 
different modes but which did not fluctuate between these 
modes during the course of our experiments. 

Variation in calcium sensitivity may also result specifically 
from interactions between the a and ,8 subunits of the maxi-K 
channel. It has previously been demonstrated that the 
expression of the a subunit cloned from mouse brain is 
sufficient to reconstitute functional maxi-# channels (Butler 
et al., 1993). However, the calcium sensitivity of the 
expressed a subunit appeared to be reduced compared to 
native channels. When a and ,!3 subunits were coexpressed, 
the calcium sensitivity of the expressed heteromeric channels 
was increased 10-fold relative to the expression of an a 
subunit alone (McManus et al., 1995). Thus, the interaction 
of a and ,8 subunits provides a means of regulating calcium 
sensitivity of the maxi-K channel. Work with the purified 
ChTX receptor from tracheal smooth muscle suggests that 
the a and ,8 subunits are present in a 1:l stoichiometry. 
However, it is possible that this ratio was not maintained 
for 100% of the purified maxi-K channels that were 
incorporated into the lipid bilayer or that coupling between 
the subunits was disrupted for some channels during 
purification. Thus, the variation in calcium sensitivity 
observed for the purified maxi-K channel could also arise 
from variations in the a and ,8 subunit stoichiometry or from 
variations in their interactions. 

Summary. A simple picture of the molecular components 
of the maxi-K channel in smooth muscle is emerging. The 
channel is composed of two distinct subunits, a and p. A 
multimeric complex of a subunits forms the central ion- 
conducting pore and contains the components required for 
voltage- and calcium-dependent channel opening. The ,8 
subunit is a closely associated regulatory subunit. These two 
subunits are sufficient to reconstitute the primary functional 
properties of the maxi-K channel. It is not yet known 
whether this structural design is repeated for maxi-K channels 
from other tissues. 
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