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ABSTRACT. The maxi-K channel from bovine aortic smooth muscle consists of a pore-fommgulpunit

and a regulatoryl subunit that modifies the biophysical and pharmacological properties af¢hbunit.

In the present study, we examine ChTX-S10A blocking kinetics of single maxi-K channels in planar lipid
bilayers from smooth muscle or from tsA-201 cells transiently transfected with eithies+51 subunits.

Under low external ionic strength conditions, maxi-K channels from smooth muscle showed ChTX-S10A
block times, 48+ 12 s, that were similar to those expressing1 subunits, 51 16 s. In contrast, with

the o subunit alone, ChTX-S10A block times were much shortet, ®.6 s, and were qualitatively similar

to previously reported values for the skeletal muscle maxi-K channel. Increasing the external ionic strength
caused a decrease in ChTX-S10A block times for maxi-K channel complexesf subunits but not

of a subunits alone. These findings indicate that it may be possible to predict the associgticsubiinits

with native maxi-K channels by monitoring the kinetics of ChTX blockade of single channels, and they
suggest that maxi-K channels in skeletal muscle do not conginsaibunit like the one present in smooth
muscle. To further test this hypothesis, we examined the binding and cross-linking properti€f-of |
IbTX-D19Y/Y36F to both bovine smooth muscle and rabbit skeletal muscle membraffgslb[TX-
D19Y/Y36F binds to rabbit skeletal muscle membranes with the same affinity as it does to smooth muscle
membranes. However, specific cross-linking 8fl]-IbTX-D19Y/Y36F was observed into thél subunit

of smooth muscle but not in skeletal muscle. Taken together, these data suggest that studies of ChTX
block of single maxi-K channels provide an approach for characterizing structural and functional features
of the a/1 interaction.

The large-conductance, calcium-activated potassium (maxi-either tracheal or aortic smooth muscle consists of a complex
K)! channel is an integral membrane protein that couples of o and 81 subunits in a one to one stoichiometdy, Q).
transmembrane ionic flux to physiological stimuli. Both The o subunit is the pore-forming subunit that, as a homo-
depolarizing membrane potentials and increasing levels of tetramer, contains all of the gating and permeation properties
intracellular calcium promote transitions to the open, potas- associated with functional maxi-K channes-6). It belongs
sium-permeant channel conformation. Because of this syn-to the Slo family of potassium channelgt which contain
ergistic relationship between calcium and voltage, the maxi-K three functionally important domains: the permeation pore
channel provides an important link between calcium- and (g), the voltage-senso#{6), and the “calcium-bow!” 7).
voltage- dependent cellular processes. The 81 subunit is a regulatory subunit, consisting of two

Recent cloning and biochemical approaches have revealedransmembrane segmen®, that has been shown to increase
tremendous insight into the molecular underpinnings of the calcium-sensitivity of thex subunit and change its
maxi-K channel function. The maxi-K channel purified from pharmacological propertie§)( Recently, a nev$ subunit,

/2, has been identified from a BLAST search of expressed
sequence tag databases for homology With(10, 11). 52
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z&emrf('eRUmve'SAt)l’_ St;?ho?l of Medicine. sensitivity of thea subunit, and confers inactivation proper-
erc esearc aporatories. . . . ™ .
I The University of Pennsylvania. ties to then su.bunlt due to the existence of a specific domf':un
1 Abbreviations: a-KTx, a-K toxin peptides;a-KTx 1.1, charyb- at the N-terminal part of the protein. Maxi-K channels with
dotoxin; a-KTx 1.3, iberiotoxin; ChTX, charybdotoxin{3]-ChTX, inactivating properties, such as those expressed in chromaffin

monoiodocharybdotoxin; maxi-K channel, large-conductance calcium- ; ; ;
activated potassium channel; IbTX, iberiotoxitd]-IbTX-D19/Y36F, cells, appear to consist of2 subunits {0). Because of its

monoiodoiberiotoxin-D19Y/Y36FKq, equilibrium dissociation con-  €ffects on calcium-dependent gating, the tissue-specific
stant;kon, Second-order association rate consthg; dissociation rate  expression of thed subunit likely plays a critical role in
constant;, SM, smooth muscle; SK, skeletal muscle; SPSGE, defining maxi-K channel function. Indeed, a broad range of
sodium dodecyl sulphatgolyacrylamide gel electrophoresiSiiock, Ici itivity has b df . h |
time constant for block; TsA-201 cells, a subclone of the human €& cium-sensitivity has been reported for maxi-K channels

embryonic kidney cell line HEK293 that expresses the SV40 T antigen. (12) that may be related t8 subunit coexpression.
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The o-K toxin, o-KTx, peptides are invaluable tools for  (Springfield, NJ), was 99.9% mole purity. All other reagents
the identification and purification of maxi-K channel com- were of the highest purity commercially available.
plexes ofa and o+ subunits. Charybdotoxin (ChTX or Mutant Channel Construct# Hindlll restriction site was
o-KTx 1.1) and iberiotoxin (IbTX oo-KTx 1.3) are highly generated in th@1 subunit by altering amino acids Arg191
basic peptides that block Kcurrent through the maxi-K  to Lys. A 9E10 c-myc tag 43) was introduced at the
channel by occluding the extracellular pore of the channel C-terminus using an oligonucleotide cassette containing
(13, 14. Monoiodinated ChTX, 3]-ChTX, and monoio- Hindlll and Notl restriction sites. Site-directed mutagenesis
dinated IbTX-D19Y/Y36F, ?3]-IbTX-D19Y/Y36F, can be was performed using the “Overlap extension: technique”
covalently incorporated into th&l subunit using a bifunc-  (24). Polymerase chain reaction amplification was carried
tional cross-linking reagentlb, 1. This covalent linkage  out using Pu DNA polymerase. The integrity of all mutant
occurs through Lys32 in the toxin and Lys 69 in th& constructs was verified by nucleotide sequencing (automated
subunit (7, 18. Thus, these radiolabeled toxins can be used DNA sequencer, ABI 373). The human clone huR2{)
to identify and quantitate maxi-K channel complexesxof  and the boving clones were subcloned into pCl-neo vector
anda+f subunits. (29).

Another way to determine the presence of fliesubunit Transfection of TsA-201 and COS-1 Cells and Membrane
is to monitor the properties of ChTX binding. Under low Preparation The procedures for handling cells, their trans-
ionic strength conditions, the equilibrium binding interaction fection with FUGENES transfection reagent, and preparation
of [*]-ChTX to membranes expressing maxi-K channel of membrane vesicles have been previously descriéd (
complexes is enhanced50-fold by coexpression af and The final membrane pellet was resuspended in 100 mM
A1 subunits 19). Several residues in the extracellular loop NaCl, 20 mM HepesNaOH, pH 7.4. Aliquots were frozen
of 1 have been identified as being critical for conferring in liquid N, and stored at-70 °C.
this high-affinity interaction Z0). Binding AssaysThe interaction of P3]-IbTX-D19Y/Y36F

In the present study, we use theKTx peptides ChTX- with membranes was measured in a medium consisting of
S10A and f4]-IbTX-D19Y/Y36F to evaluate the functional 10 mM NaCl, 20 mM Tris-HCI, pH 7.4, 0.1% bovine serum
expression of maxi-K channel complexes in native mem- albumin, 0.1% digitonin, 5M paxilline. For saturation
branes or in membranes derived from cells transiently €xperiments, membranes were incubated with increasing
transfected with either. or a+31 subunits. Our results ~ concentrations of'f]-IbTX-D19Y/Y36F at room temper-
indicate that the kinetics of ChTX block of single maxi-k ~ature until equilibrium was achieved (e.g., 20 h). Nonspecific
channels provide a powerful diagnostic indicator /i binding was determined in the presence of 10 nM ChTX.
subunit expression, and they suggest that maxi-K channelSeparation of bound from free ligand was achieved using
complexes expressed in rabbit skeletal muscle do not contairfiltration protocols as describe@$).

a1 subunit. Cross-Linking Experiment®Rabbit skeletal and bovine
aortic smooth muscle membranes were incubated with 9 pM
MATERIALS AND METHODS [?9]-1bTX-D19Y/Y36F in a medium consisting of 10 mM

) ~ NacCl, 20 mM HepesNaOH, pH 7.4, 0.04% bovine serum

Materials. Sarcolemmal membranes from bovine aortic glphymin, 0.1% digitonin, 5M paxilline, in a total volume
smooth muscleq1) and from rabbit skeletal muscl@2) of 10.3 mL, for 18 h at room temperature. The amount of
were prepared as described previously. IbTX-D19Y/Y36F gpecific radioactivity bound in 0.5 mL of reaction media at
was prepared and iodinated as descrilde). ChTX-S10A  gquilibrium was 10 492 and 4035 cpm for smooth muscle
was a generous gift from Dr. Christopher Miller (Brandeis ang skeletal muscle membranes, respectively. Membranes
University). were collected by centrifugation, resuspended into 0.5 mL

For RT-PCR, RNasin was from Promega and AMV of 200 mM NaCl, 10 mM TapsNaOH, pH 9.0, and reacted
reverse transcriptase from Pharmacia. For PCR of the rabbitwith disuccinimidyl suberate (DSS). Samples were treated
B1 clone, Taq Plus Long polymerase was from Stratagene.as described previousiyL %), and final pellets were resus-
For mutant constructs of bovingl, Pfu DNA polymerase  pended into 30@L of SDS—PAGE sample buffer. Samples
was from Stratagene. Restriction enzymes were from Prome-were subjected to SDSPAGE, and gels were dried and
ga. pCl vector was obtained from Promega. COS-1 cells exposed to XAR-film at-70 °C.
(culture CRL 1650) were obtained from the American Type  Cloning of the31 Subunit from RabbiEirst-strand cDNA
Culture Collection. TsA-201 cells, a subclone of the human was synthesized from g of rabbit brain poly A~ RNA
embryonic kidney cell line HEK293 that expresses the SV40 (Clontech) using random hexamer primers in a 20
T antigen, were a gift of Dr. Robert DuBridge. All tissue reaction. The first round of PCR (PCR1) was performed
culture media and the LipofectAMINE reagent were from using 2ulL of this template with the degenerate primers
Gibco. FUGENESG transfection was from Boehringer Man- [sense (107126): AA(A/G)AA(A/G)(T/C)TNGTNATG-
nheim. Digitonin special grade (water soluble) was bought GCNCA; antisense (584603): A(A/G)NA(A/G)(A/G)-
from Biosynth Technologies (Skokie, IL). GF/C glass fiber AANGTNGGCCA(A/G)AA] encoding regions of amino acid
filters were purchased from Whatman. identity between the bovine, dog, and rat maxpKsubunits

Delrin cuvettes for bilayer experiments contained either a (GenBank accession numbers AF26101, U41002, and U79661,
100 or a 15Qum aperture and were purchased from Warner respectively). Cycling paramaters were 25 cycles of@4
Instruments, Inc. (Hamden, CT). 1-Palmitoyl-2-oleoylphos- for 1 min, 37°C for 2 min, and 72C for 3 min followed
phatidylethanolamine (POPE) and 1-palmitoyl-2-oleoylphos- by a final extension of 7 min at 72C. Reamplification of
phatidylcholine (POPC) were from Avanti Polar Lipids, Inc. the PCR1 product was performed using nested primers [sense
(Birmingham, AL). Decane from Fisher Scientific, Inc. (224—243): TA(C/T)CA(A/G)AA(A/G)(AIT)(G/C)NGT-
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NTGGAC; antisense (512531): GT(C/T)TC(A/G)TT(C/

T)TCNC(G/T)NGTNGT]. Products of the two PCR reactions Control

were analyzed by Southern blotting using®#-labeled MMMMWWM
random hexamer primed probe derived from bovine trachea -

cDNA. The fragment that hybridized to the probe was 31 nM ChTX-S10A

isolated from an agarose gel, cloned into pBluescript HKS m M I
(Stratagene), and sequenced on both strands by standard -

techniquesZ6). These experiments yielded an unambiguous

309 bp sequence encoding amino acids 424 of the rabbit Control

A1 subunit. This sequence was then used to design nested,

gene-specific primers and probes for use in RACE reactions - I l” “ N” 'M ' ' l“
(27) to clone the remaining’'%and 3 regions of the cDNA. 93 nM ChTX-S10A

For 5RACE, the following primers were used: RP1, AG- I n H |
CAGTAGAAAACCTGGC; RP2, GTGGAATTTGGCTCT-

GAC; and RP3, TGCAGCCGGTCCCGGTAG. For-3 o]
RACE, the following primers were used: FP1, AGGAATC-
CTTGTGTCGGC; and FP2, GAGACCAACATCAGGGAC. Control

RACE reactions were carried out using a commercially _m

available kit with conditions supplied by the manufacturer 93 nM ChTX-S10A

(GibcoBRL). PCR conditions were as described above except I_l.ll..l_lllll.-lll.lll

the melting temperature was increased td 66 Amplifica- - __|

tion products were detected by Southern analysis, thenggure 1: Effect of 81 subunit expression on ChTX-S10A block
cloned, and sequenced on both strands by standard techef single maxi-K channels. Currents through single maxi-K channels
riues B o bonne R oo . Sy o

Using these approaches, a 1031 bp cDNA encoding thegrelpar‘leI : o et with ethemr atfl o -
rabbit31 subunit was cloned. The nucleotide sequence has (r),e ;:ros ctu?resnﬁetv);fig irfd?ccéteedd b; thitllirn?érg tg thg Ie?tg%uoritzsontal
been deposited in the GenBank database and assignegdnd vertical scale bars represent 30 s and 10 pA, respectively.
accession number AF107300. The open reading frameCurrents were filtered at 60 Hz for display. Conditions were as
encodes 3 151 amino acid ororen et sharesctBo  oots: 1 KClousse LOmMCl e 1o i vpos,
Seguencg_ 'dent]itK//IW't.leoéhher kncl)wn ;ﬁ)eC'esL.Va.Ig%an' gaCb inside was 30%M for SM anda+p1 maxpi,-K.channeIs and

ecordings or Max anneis in Flanar Lipid bllayers. o5 M for maxi-K channel complexes af subunits alone.
Planar lipid bilayers were formed, and maxi-K channels from
membranes were fused with the artificial bilayer as described been shown that coexpressionofind1 subunits tightened
previously (4). The orientation of the maxi-K channel was the binding interaction betweert?f]-ChTX and maxi-K
determined by the voltage- and calcium-dependence of channels~50-fold as compared ta. subunits alone1(9).
channel gating as describet]. The lipid composition of However, the corresponding functional effects have not been
the planar lipid bilayer consisted of POPE/POPC in a 7:3 determined at the single-channel level. For this purpose, we
molar ratio. The exact compositions of the solutions on either examined the blocking kinetics of single maxi-K channels
side of the bilayer are as described in the figure legends. either from native smooth muscle membranes or from

Currents through single maxi-K channels were detected membranes derived from cells transiently transfected with
and amplified using a Dagan 3900A integrating patch clamp eitherc or o441 subunits. Under our transfection conditions
amplifier as describedl@). Currents were recorded onto a (see Materials and Methods), maxi-K channels formed by
video cassette tape and were digitally encoded on-line ascotransfection ofx+31 subunits resembled native smooth
described Z8). muscle channels in their functional stoichiometry as il-

The single-channel currents were refiltered off-line as |ustrated by the presence of both a single class of high-
describedZ8), and opening and closing events were detected affinity sites for [29]-ChTX and monoexponential toxin
using a threshold detection algorithm in TAC (Bruxton dissociation kinetics1(©). ChTX-S10A was used for these
Corp.). The toxin blocked times were discriminated as experiments because it displays-&0-fold faster dissociation
described previously?2g), and toxin blocked and unblocked rate constantkys) and hence a~10-fold weaker binding
times were fitted as sums of exponential components usingaffinity relative to wild-type ChTX 29). This fastelk. value
TACHit (Bruxton Corp.). The time constants for toxin block allows a larger number of toxin blocking events to be
and unblock were each obtained from an average of 159recorded per unit time and thus a robust measure of toxin
events. blocking kinetics.

The rate constants for toxin dissociatidg] and associa- Figure 1 shows the effects of ChTX-S10A on currents
tion (kon) Were calculated from the time constants for block through single maxi-K channels derived from bovine aortic
and unblock, respectively, as describeZB)( The toxin smooth muscle (SM) cells and from tsA-201 cells transiently
equilibrium dissociation constanig, was caclulated from  transfected with eithea+A1 subunits o subunits alone.
toxin ket andky, as described2g). In control, the open probabilities for maxi-K channels from

SM and from TsA-201 cells witlw+31 subunits are both
RESULTS high, >0.95. In contrast, the open probability for the maxi-K
pL Subunit Expression Slows the Rate of ChTX-S10Achannel from tsA-201 cells with the subunit alone is much
Unbinding from the Channel VestibulBreviously, it has lower, 0.7. These effects on single-channel open probability
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Ficure 2: Cumulative dwell-time distributions for ChTX-S10A
block of complexes ofx alone andx+j1 subunits. The durations
of unblocked (A) and blocked (B) times for 93 nM ChTX-S10A
are plotted as cumulative dwell-time distributions. Maxi-K channels
were obtained from TsA-201 membranes expressing eittzone
(triangles) oro+41 (circles) subunits. The solid lines represent the
best fit of the data to a single-exponential component. Formthe
subunit alone, the time constants for ChTX-S10A block and unblock
were 4.9 and 14 s, respectively. Far-31 subunits, the time
constants for ChTX-S10A block and unblock were 68 and 1.3 s,
respectively. Distributions were constructed from a minimum of
107 events. Conditions were as described in Figure 1.

are consistent with the effects of tfi¢ subunit on maxi-K
channel gating9). Addition of ChTX-S10A to the outside

Giangiacomo et al.

Table 1: ChTX-S10A Blocking Kinetics and Open Probabilities
from Recordings of Single Maxi-K Channels When the Membrane
Potential Was 0 m¥

Kon (x 10P
membranes open probabilityKq (nM) M~1s) Thiock (S)
SM 0.971+0.007 9.5+3.8 3.3+0.1 48+t12
a+pl 0.97+0.01 10.6£7.8 4.7+2 51+ 16
a+BL(L90A) 0.91+0.04 61.18.6 3.23+0.15 52+ 0.5
a 0.657+£0.078 200+17 1.1+0.09 4.840.63

a Maxi-K channels fused with the bilayer were obtained either from
bovine aortic smooth muscle (SM) membranes or from membranes
obtained from TsA-201 cells transiently transfected wittalone or
o+p1 subunits or from COS-1 cells transfected with wild-type
subunits and mutate@1 subunits,o+31(L90A). Open probabilities
were averaged from a control representing 10 min of single-channel
recording before addition of ChTX-S10A. The first-order dissociation
rate constants,s, and the second-order association rate constkafs,
were obtained from the time constants for blo@kd) and unblock,
respectively, as describe@8). The equilibrium dissociation constant
(Kq) values were calculated from the ratiolgf andk,, values where
Ka = koti'kon. Each value was the average of three to five separate
measurements, witk: representing the standard error of the mean.
Experimental conditions were as described in Figure 1.

dwell-time distributions for ChTX-S10A unblock (Figure
2A). At the same concentration of 93 nM ChTX-S10A, the
time constants for unblock of maxi-K channels expressing
eithera or a+51 subunits were 14.4 and 1.3 s, respectively.
Table 1 shows that the averalgg values derived from these
time constants for unblock are-3-fold faster for maxi-K
channels expressingt+1 subunits than for those expressing
only thea subunit. This suggests that ti$& subunit also
facilitates the ingress of ChTX-S10A into its site on the
maxi-K channel vestibule. Together, the combined effects
of A1 subunit expression on toxin binding and unbinding
produced a 20-folder tightefy for toxin block of current

of the channel causes the appearance of long, nonconductinghrough single maxi-K channels.

silent periods that are interrupted by periods of normal

These effects 0ffil subunit expression on ChTX-S10A

channel activity. The average durations of these silent periodsblocking kinetics are similar to those observed for the kinetics
represent the time when toxin is bound to the channel andof [*23]-ChTX binding to membranes containing either
therefore are inversely related to the first-order, dissociation or a+£1 subunits of the maxi-K channel9). Recently,

rate constantky (14, 3Q. For maxi-K channels from SM
and from tsA-201 cells expressing+j31 subunits, the

alanine scanning mutagenesis of fliesubunit revealed four
residues (L90, Y91, T93, and E94) in the extracellular loop

average durations of these silent periods are similar, aroundthat weakened equilibriunt$i]-ChTX binding to COS cell
50 s. In contrast, the average duration of these silent periodsmembranes expressirmgand mutateggl subunits 20). Of

for the o subunit alone was much shorter5 s. Thus, under

these four critical residues, the L9OA mutation showed the

these conditions of low external potassium, expression of largest effect on!f4]-ChTX equilibrium binding, a~20-
the 31 subunit increases the amount of time the toxin spendsfold increase irKq. Given these data, we examined the effects

bound to the maxi-K channel outer vestibule.

The quantitative effects offl subunit expression on
ChTX-S10A blocking kinetics of single maxi-K channels are
shown by the cumulative dwell-time distribution in Figure
2B. The time constants for ChTX-S10A block obtained from

of ChTX-S10A on maxi-K channels expressing the mutated
L90A 1 subunito+51(L90A). Table 1 shows that the time
constants for ChTX-S10A block of maxi-K channels ex-
pressingo+pB1(L90A) are very similar, 4.7 s, to those
expressing thex subunit alone, 4.6 s. Interestingly, these

these distributions were 64 s for maxi-K channels expressinga+£1(L90A) complexes showed high channel open prob-
o+f1 subunits versus 4.6 s for those expressing onlythe  abilities in control that were similar to those observed for
subunit. Similarly, the time constants for block averaged from wild-type a+31 complexes, 0.9 versus 0.97, respectively.
several experiments, shown in Table 1, were 48, 51, and These results suggest that the effectg§bsubunit expression

4.8 s for smooth muscle (SM)+31 subunit, andx subunit
maxi-K channels, respectively. Thus, e subunit stabilizes
the toxin:channel complex approximately 10-fold in maxi-K
channels from SM or from transiently transfected TsA-201
cells.

The quantitative effects g§1 subunit expression on the

on ChTX-S10A block of current through a single maxi-K
channel result from specific interactions betweeand 1
subunits. Further, these results show that the effecfilof
subunit expression on electrophysiological and equilibrium
binding studies arise from similar molecular determinants.
[124]-IbTX-D19Y/Y36F Binding and Cross-Linking Studies

ChTX-S10A association rate are shown by the cumulative Reveal Differential 1 Subunit Expression in Smooth and
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Ficure 3: Membranes from skeletal muscle contain a single class
of high-affinity [123]-IbTX-D19Y/Y36F binding sites. Specific
binding of [%9]-IbTX-D19Y/Y36F to rabbit skeletal muscle
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FiIGURe 4: Cross-linking of {23]-IbTX-D19Y/Y36F to bovine
smooth and rabbit skeletal muscle membranes. Bovine aortic smooth
muscle (SM) or rabbit skeletal muscle (SK) membranes were

membranes is plotted as a function of increasing concentrations ofjncybated with 9 pM 123]-IbTX-D19Y/Y36F, reacted with DSS,

[*29]-IbTX-D19Y/Y36F. The solid line represents the best fit of
the data to the equatiorB = Bpa{[1 + (K/L)"H], with @ maximum
receptor densityBnax, Vvalue of 10.7 fmol/mg of protein, an
equilibrium dissociation constanigy, value of 3.9 pM, and a
pseudo-Hill coefficient, nH, of 0.92. is the free {?4]-IbTX-D19Y/
Y36F concentration. Membranes were incubated in a medium
consisting of 10 mM NacCl, 20 mM Tris-HCI, pH 7.4, 0.1% bovine
serum albumin, 0.1% digitonin, &M paxilline, and different
concentrations of Pi]-IbTX-D19Y/Y36F. Incubations were carried
out at room temperature for ca. 20 h. Separation of bound from
free ligand was achieved by filtration through GF/C glass fiber
filters that have been presoaked into 0.5% polyethylenimine.
Nonspecific binding was determined in the presence of 10 nM
ChTX.

Skeletal MuscleThe subunit composition of maxi-K chan-

nels expressed in native tissues influences the biophysical
and pharmacological properties of the channel and therefore

the physiologic role of the channel in cell function. For

and subjected to SDSPAGE as described under Materials and
Methods. Different amounts of final membrane suspension (1, 3,
10, and 3QuL) were loaded into 12% polyacrylamide gels. Gels
were dried and exposed to XAR-film for 11 days-af0 °C. The
migration of molecular weight markers is indicated by the lines to
the left.

B [=2]
[=) [=)
T

Toiock (86C)

N
o

20 40 80x10™
[External Monovalent Salit] (M)

Ficure 5: Effects of external monovalent salt concentration on

instance, in rabbit skeletal and aortic smooth muscle, the ChTX-S10A blocked times. The time constants for ChTX-S10A

calcium sensitivity of maxi-K channel gating differs by an
order of magnitudel). This difference in calcium sensitiv-
ity may reflect a tissue-specific difference in the expression
of the 1 subunit.

We monitored expression of maxi-K channel complexes
in rabbit skeletal muscle with the use étq]-1IbTX-D19Y/
Y36F. Binding of [?H]-IbTX-D19Y/Y36F occurs with
similar affinities to membranes containing eitleor o.+31
subunits (not shown). Figure 3 shows the specific binding
of [*29]-IbTX-D19Y/Y36F to membranes from rabbit skeletal
muscle (SK) as a function of ligand concentration. The
specific binding was best fit to a Langmuir binding isotherm
for [*25]-1bTX-D19Y/Y36F with a pseudo-Hill coefficient
of 1, an equilibrium dissociation constaif, value of 3.9
pM, and aBnmax of 10.7 fmol/mg of protein. These findings

block are plotted as a function of external monovalent salt
concentration for maxi-K channels from SM (opened circles) or
from tsA-201 cells expressing subunitscofilone (filled triangles),

o+41 (filled squares), and+p31(L90A) (opened squares). Time
constants for toxin block represent values averaged from two to
five separate measurements, and error bars represent standard errors
of the mean. Conditions were as described in Figure 1 except the
external monovalent salt concentration was increased from 10 mM
KCI by addition of NaCl.

after a much longer exposure of the gel to film except that,
in this case, the lowest amount of smooth muscle membrane
concentration, kL, also produced a detectable signal (data
not shown). Since the difference in the amountéflabeled
receptor sites between smooth and skeletal muscle mem-
branes was only 2.5-fold (see Materials and Methods), these
findings suggest thatl subunits do not functionally associate

reveal that rabbit skeletal membranes contain a single classwith maxi-K channels in rabbit skeletal muscle.

of [*?5]-1IbTX-D19Y/Y36F binding sites with aKy value
similar to that observed for smooth muscle membraBp (
Specific, covalent incorporation oft?fl]-IbTX-D19Y/
Y36F into the 8 subunit provides a means for directly
monitoring the expression Gfl subunits that are functionally
associated witho. subunits {5). For these experiments,

Electrostatic Interactions Modulate th.: Toxin Binding
Interaction.We have shown that th&l subunit is expressed
in SM but not in SK muscle. In addition, we have
demonstrated that this differential expressiondf has
dramatic functional consequences on ChTX-S10A block of
current through single maxi-K channels, causing~atD-

skeletal and smooth muscle membranes were incubated irfold increase in toxin blocked times. However, the reported

the presence of'P]-IbTX-D19Y/Y36F, reacted with the
bifunctional cross-linking reagent DSS, and subjected to
SDS-PAGE. Exposure of the dried gel to XAR-film for 11
days reveals covalent incorporation of radioactivity into the

ChTX toxin blocked times for SM31) and SK @9) maxi-K
channels differ by only~4-fold under conditions of 150 mM
external KCI. This apparent discrepancy may arise from
effects of external ionic strength on ti#d toxin binding

A1 subunit of smooth muscle membranes over a range ofsite. Figure 5 shows that as the external monovalent salt

membrane concentrations;-30 uL, while no radioactivity

concentration is raised from 10 to 90 mM, the ChTX-S10A

can be detected with the skeletal muscle membranes ovemblock times decreased4-fold for maxi-K channels from
the same range (Figure 4). Identical results were obtainedeither SM or from tsA-201 cells expressing-1 subunits.
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In addition, we have observed similar ionic strength effects found to be critical for conferring these functional effects
with increasing external magnesium chloride concentration (20). In this work, we showed that mutating just one of these

(not shown). In contrast, for maxi-K channel complexes of
either oo subunits alone ow+A1(L90A) subunits, toxin
blocked times show no diminution as the external monovalent
salt concentration is raised. Similar to previously published
effects on ChTX association rates with the skeletal muscle
channel 80), increasing external ionic strength causes a large
dimunition in the ChTX-S10A association rate. Anky,
values for maxi-K channel complexes of and a+p1
subunits behave similarly with increasing external monova-
lent salt concentration (not shown). Thus, the profound
effects of thefl subunit on the ChTX-S10A dissociation
rate are modulated by electrostatic interactions.

DISCUSSION

The 1 Subunit Promotes a High-Affinity ChTX:Maxi-K
Channel Interactionln this study, we showed thAfL subunit
expression has profound effects on ChTX-S10A blocking
kinetics for single maxi-K channels incorporated into planar
lipid bilayers. Under conditions of low external ionic
strength, i.e., 10 mM KCI, the average ChTX-S10A block
time was ~10-fold slower fora+51 complexes of the
maxi-K channel than for the subunit complex. This effect
on toxin block times provides a striking diagnostic tool for

A1 subunit expression. Indeed, under these same conditions

wild-type ChTX displays block times-600 s in duration
for bovine aortic smooth muscle channels (not shown). These
longer block times seen with ChTX-S10A and ChTX show
that theS1 subunit decreasdss and stabilizes the toxin:
channel complex.

Expression of thegg1 subunit also increases the rates of
ChTX-S10A binding to the maxi-K channel. Tleg, values
for ChTX-S10A, calculated from unblocked times, were
~3.5-fold faster for complexes af+{1 subunits than for
o subunits alone. However, much of this effect is likely to
arise from the effect of thggl subunit on channel open
probability since the ChTX association rate constant is known
to increase with single-channel open probabili80)( As

four residues in the extracellular loop of ti#d subunit,
L90A, caused a-10-fold decrease in the ChTX-S10A block
time relative to the wild-typgg1 subunit. Thus, the L90A
mutation completely removed the stabilizing effect of the
A1 subunit on the ChTX-S10A dissociation rate constant.
Interestingly, singlea+31(L90A) channels show open
probabilities in control that are similar to those seen for
maxi-K channels expressing the wild-typé& subunit, 0.9

vs 0.97, and these channels dispkayvalues similar to the
native SM channel. This further supports that some of the
effects of 31 on ChTX-S10A association rates result from
its effects on channel gating. Thy&l(L90A) appears to be
critical for stabilizing the ChTX:channel interaction but not
for modifying the gating behavior of the subunit com-
plexes.

These effects of L90 on ChTX binding, however, are not
independent from those of the three other critical residues
in the extracellular loop off1 (20). Applying a simple
formalism for additivity of binding free energy3®), we
calculated a large interaction energyG,, of —3.6 kcal/mol,
for the four residues comprising th#l toxin binding site
(20). While we do not know the physical basis for this large
interaction energy, it clearly indicates that these four critical
residues in the extracellular loop $f interact to form a
high-affinity toxin binding site.

Thep1 Subunit and the ChTX Binding Si@hTX blocks
the flow of K* ions by binding to and occluding the external
pore of the maxi-K channell@). Thus, ChTX is in intimate
contact with a complex of foun. subunits that form a
functional channel. Since th& subunit is not required for
the formation of functional maxi-K channels, the question
naturally arises: how does thel subunit stabilize this
complex of one toxin molecule and foar subunits?

We have shown that the effects of th& subunit onkys
are modulated by electrostatic interactions. That is, when
the external monovalent salt concentration is raised from
10 to 90 mM, the ChTX-S10A blocked time decreased
from ~50 to ~10 s fora+p1 complexes, and at 150 mM

expected, we observed higher single-channel open prob-gjt the blocked times fan+A1 complexes are similar to

abilities for maxi-K channel complexes consisitingoof31
subunits than foo. subunits alone, 0.97 and 0.66, respec-

those fora. complexes aloney5 s (not shown). In contrast,
the time constants for ChTX-S10A block of either

tively. Taken together, these results suggest that the effeCtScomplexes on+B1(L90A) complexes show no diminution

of the 51 subunit on the ChTX-S10A association rate result
from effects of 51 subunit expression on maxi-K channel
gating.

The combined effect of1 subunit expression on toxin
blocking and unblocking rates is manifested in-a20-fold
tigher Kq value for maxi-K channel complexes of+f1
subunits thar subunits alone. Moreover, the ChTX-S10A
blocked time distributions for maxi-K channel complexes
of a+/31 subunits were well-described by single-exponential
functions. Under low ionic strength conditions, where
stabilization ofkys is most pronounced, 14 of 15 blocked
time distributions were best fit with a single exponential.
These effects ofs1 subunit expression on ChTX-S10A
blocking kinetics are similar to effects reported on the
kinetics of [?4]-ChTX binding to COS cells transiently
transfected with eithee or a+£1 subunits 19).

Previous studies also showed that four residues of the
extracellular loop offl (L90, Y91, T93, and E94) were

over a similar range of external monovalent salt concentra-
tion. Thus, the stabilizing effects of th#l subunit on the
toxin/channel complex are maximal when external ionic
strength is low and minimal when external ionic strength is
high.

However, only one of the four residues in the putajie
subunit site is ionized at physiological pH, E94, while the
other three residues (L90, Y91, and T93) are neutral and
hydrophobic. How can electrostatic forces influence a site
that is primarily hydrophobic? One possible explanation is
that ionic strength alters the conformation of b toxin
binding site either through changes in the extracellular loop
of the f1 subunit alone or through changes in &1
subunit quarternary structure.

A1 Subunit Expression kels in Skeletal and Smooth
Muscle.In this work, we have employed equilibriurt?{l]-
IbTX-D19Y/Y36F binding to quantitate the maxi-K channel
complexes present in rabbit skeletal muscle (SK) membranes.
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These membranes contained a single class of high-affinity William Schamlhofer for his help in performing the tissue

binding sites with &y value of 3.9 pM. ThisKq value is
similar to a previously reported value of 3.6 pM fé#¥]-
IbTX-D19Y/Y36F binding to SM membranesl¥). The
[*4]-1bTX-D19Y/Y36F receptor density in SK membranes,
10.7 fmol/mg of protein, is~40-fold lower than the observed
value for tracheal smooth muscle, 420 fmol/mg of protein
(15). And, it is ~50-fold lower than the'f3]-ChTX receptor
density measured in aortic smooth muscle, 540 fmol/mg of
protein (L6). This suggests that maxi-K channel complexes
are much less abundant in skeletal muscle than in either
tracheal or aortic smooth muscle.

To test for coassembly @f+41 subunits, a specific cross-
linking reaction was carried out betweéf[]-IbTX-D19Y/
Y36 and its receptor in rabbit skeletal muscle. We showed
that specifically bound f4]-IbTX-D19Y/Y36 could be
covalently incorporated into thg1l subunit from aortic
smooth muscle but not from skeletal muscle. The covalent
cross-linking reaction betweed?fi]-IbTX-D19Y/Y36 and
the 1 subunit requires the presence of an acceptor in the
A1 subunit. For ChTX, this acceptor is Lys6Bg{ which is
present in the bovine8f and human33) 51 subunit forms.
The covalent linkage betwegii and IbTX-D19Y/Y36 has
not been studied. However, given the similar pore-blocking
mechanism for ChTX and 1bTX1@3, 14, 28, 29 covalent
linkage of [24]-1IbTX-D19Y/Y36 to the 1 subunit also
likely occurs between Lys32 in the toxin and Lys69 in the
A1 subunit. To confirm the presence of Lys69 in rabbit, we
cloned the rabbit cDNA for th@1 subunit and performed
dideoxy sequencing as described under Materials and
Methods. The deduced amino acid sequence for the rabbit
A1 subunit reveals that Lys69 is present. Thus, the lack of
covalent incorporation off3]-IbTX-D19Y/Y36 into rabbit
skelectal muscle membranes most likely derives from the
absence ofl in the maxi-K channel complex. Thus, these
data and those describing the gatiBd)(and pharmacologi-
cal (35) properties of the maxi-K channel suggest that the
A1 subunit is expressed in and associated wigubunits in
bovine aortic smooth muscle but not in rabbit skeletal muscle.
Our findings extend previous northern blot analysis which
showed thajpl subunit mRNA levels are much higher in
aortic smooth muscle than in skeletal musd@8)( Further,
in contrast to ChTX, the similar IbTX-D19Y/Y 36K, values
obtained for SM and SK membranes suggest/fatubunit
expression does not dramatically affect IbTX binding to
maxi-K channel complexes.

In summary, we have shown that ChTX-S10A block of
current through single maxi-K channels, on its own, can be
a valuable diagnostic tool fgtl subunit expression. Further,
we have used ChTX-S10A block of single channels and
cross-linking reactions with IbTX-D19Y/Y36F to show that
1 subunits are functionally associated with maxi-K channels
in smooth muscle but not skeletal muscle. Finally, we have
shown that studies of ChTX block of single maxi-K channel
complexes ofo. and mutateqs subunits may provide new
insight into the structural and functional relationshipoof
and g subunits.
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