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Low-conductance states of K"  channels 
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S lng le .channd  currents were recorded iron) Ca~+-actlvated or ATP-sensitive K*  cimnnels in inside-out membrane 
patcbes excised from isolated mouse toe muscles. In  addition to the closed and fully open contiguralions, both t~pes of 
channels may ex~'bif several intermediate low-conductance states which are ulustered near  multiples of elementary, 
conductance units. The  units are 1 / 8  or 1 / 6  of the  channel  conductance for Ca-'÷-aeli~ated ehatmels and I / 4  or  1 / 3  
for ATP-sensltive channels. Normally, low-conductance states are rare, but they occur more frequently directly after 
patch exelslon. An increased probability of  Iow-omeductance states of ATP-sensitive K ÷ channels ~xs also observed in 
the  presence and during washeui of  the in lemal  channel  blocker adenine. The  results suggest that  Ca~+-activated and 
ATP-sensltive K + channels are composed of several membrane pores with slrong positive eooperarivily among the 
elementary conductance units. 

Introduction 

Ionic channels in biological membranes  are protein 
macromolecules forming an  aqueous pore through the 
hydrophobic  membrane  interior. Normally,  a channel  
exhibits only two conductance states (open, closed) and  
it opens and  closes rapidly. Transit ions between bo th  
states then  produce step-like current  traces between an  
upper  and  a lower level. Exceptions f rom such simple 
two-stare conductance channels  were described for the 
first t ime for channels  opened by acetylcholine in em- 
bryonic muscle cells which may  exhibit  a sublcvel be- 
tween the main  open  configurat ion and  the closed state 
[1]. Subsequently, subconductanee states have been de- 
tected for a great variety of transmitter-regulated and  
voltage-gated cation- and  anion-selective channels  (for 
reviews, see Refs. 2 and 3). 

This paper  reports such low-conductance states for 
CaZ+-aetivated and  ATP-sensitive K ÷ channels  in adult 
mouse skeletal muscle. We  describe condit ions under  
which the states occur  more frequently and  givi: an  
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analysis of their  conductance values relative to lhe fully 
open state. I t  was found tha~ the low-conductance states 
of bo th  types of  K + channels  are not randomly distrib- 
uted but  are clustered near  discrete steps of  specified 
units. An a t t empt  is made to relate Ihis result to the 
recently derived structure of  voltage-gated K "  channels 
in Drosophila and  in vertebrate brain. 

Part  of the results has been published as abstract 14]. 

Materials and Methods  

Single skeleta/muscle fibres were isolated from inter- 
osseal muscles of adult mice by treatment with col- 
lagenase (Sigma Type 1. 3 m g / m l  Ringer} at about 
35 ~C for 2 - 3  h. The  muscle fibres were transferred into 
tissue culture dishes and investigated with s tandard 
patch clamp recording techniques [5l as described previ- 
ously for single frog skeletal muscle fibres [61. 

All experiments were performed at room temperature 
(20-23  ° C) on excised membrane patches of the inside- 
out  configurat ion using an  L / M - E P C - 5  amplifier (List. 
Darmstadt) .  The external solution (in the pipette) was 
composed of 155 m M  KCI. 2 m M  CaCI . .  1 r a m  MgCI :  
(solution 1) or  of 155 mM KCI, 3 m M  MgCI2.0 .5  m M  
EGTA (solution 2). The same results were obtained 
with both  solutions. Normally,  the ba th  solution on the 
sarcoplasmic side of the patches was mammal ian  Ringer  
(150 m M  NaCL 5 m M  KCI, 2 m M  CaCI2. 1 mM 
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MgC12). In  some experiments (e.g., Figs. IB,  7C) the 
ba th  solution was subsequently replat~ed with a K ~-rich 
internal solution (solution I) .  All solutions were buffered 
with 5 or 10 mM Hepes and adjusted to pH "74 w-~th 
K O H  or NaOH. To block ATP-sensitive K + channels  
partly and reversibly. 5 mM adenine (Sigma, De senbo- 
fen) was added as free base to the internal ,~olut ~n and  
washed out after 2 -5  rain, 

Currents through K+-selective ion channels , ere re- 
corded on video tape. ] 'hey were replayed and  idtered 
by a four-pole low-pass Basset filter set at one  tenth of 
the sampling rate (10 to 30 kHz). A computer  (DEC 
LSI 11/23)  stored the data  on  winchester with the help 
of a DMA-Board (DT  2752, Data  Translation). Selected 
segments of current traces were displayed and  an initial 
value of the leakage current  and  the currents of all 
conductance states determined by cursor positioning. 
These current values were then used to detect and  
subtract the leakage current continuously and to classify 
the remaining channel  currents into the various conduc- 
tance levels by half-amplitude threshold analysis [7]. 
Two types of  amplitude histograms ( ' raw '  and  'ex- 
cluded' histograms) of 100 bins were calculated simulta- 
neously f rom the same (up to 134 s) periods of uninter -  
rupted currem recordings. In  the 'excluded" type da ta  
points associated with transitions to and  from different  
levels were omitted to confine the his togram to those 
points where the channel  is open or closed, r h e  rise 
time of the filter (time between 10 and 90% of  a step 
transition, see Ref. 7) was used to define a t ime window 
before and after a transition, the points in which were 
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Fig, l. Low-conductance Stales in Ca2+-activated K* channels The 
full lines denote the current level dudng channel closure and the 
lowest interrupted ~nes indicate currents dunng the fully open ~afi  s- 
uration. Low-~ntiuetance states are marked by ingra t ia te  inter- 
~pted lines. IA) Single-channel cur~nts 10 rain after excision at - 50 
mV, a I r u n ~ i t l o n  I o  a Io~-conduetan~ ~tate is marked by an arrow. 
Internal solution: Ringer. Temperature 2O°C Patti 121 (B) Cur- 
ranis 23 rain after excisioll at --40 mV. The currents of the low-con- 
ductance-and of the fully-open-channel stat~ as derived from the 
peaks in the amplitude histogram ~e -1.m and -8.16 pA, resp~- 
lively. Inler~al solution: solution l. Temperature 2O°C. Patch 123. 

excluded from the histogram. Thus currents im- 
mediately before and  after a channel  transition were 
discarded, whereas all currents dur ing  the various con- 
ductanc¢ states were considered without  modification. 
Therefore, the peaks of the ' r aw '  and  'excluded'  histo- 
grams ware posit ioned at  almost the same current val- 
ues and  both types of histograms had nearly a Gaussian 
shape. However) compared to "raw' histograms, the 
peaks of  the 'excluded'  histograms were sharper  and  
appeared more clearly on  top of  a reduced background 
level between peaks (see Fig. 2). Therefore, the analysis 
of the various conductance levels was performed wi th  
the 'excluded'  type of ampli tude histograms. As usual, 
currents in the ampli tude his tograms are plotted on  the 
abscissa, the origin denotes the peak position of  the 
closed-channel distr ibution and  open-channel  currents 
are assigned positive values. The histograms were fitted 
by the sum of rdau~sian function~ (see Figs. 2. 4 and  5). 
The peak positions and  the s tandard deviations of the 
distributions were taken as the  means  and  S.D. values 
of  the respective current  levels. 

Potentials and  currents are described by the physio- 
logical convention.  Thus positive potentials mean  posi- 
tive on the  sarcoplasmic side and  positive currents 
correspond to an  efflux of cations f rom the sarco- 
plasmic to the extraeelhihir side. 

Results 

Excised membrane  patches of adult  mouse  skeletal 
muscle contain  several types of ionic channels. Of  these 
we have identified two different K÷-selective channels  
[8] which are also present in o t h ~  biological m e m -  
branes. The  first one requires Ca 2 .  ions in the internal  
solution for channel  open ing  and  is termed Ca 2÷- 
activated K + channel ;  the second one is the so called 
ATP-sensitive K+ channel  because it is blocked selec- 
tively by ATP from the in t raedhi lar  side (for a survey 
of different K + channels ,  see Ref. 9). As shown below, 
both types of  K *  channels  in adult  skeletal muscle can 
adopt  various low-conductance states between the closed 
and  the fully open  conformations.  Despite the  large 
difference between the absolute conductanees of  the  
Ca 2 +-activated and  the ATP-sensitive K*  channels  there 
are remarkable similarities between the relative sizes of 
the low.conductance stales in the two channels.  

Ca 2 +-ac t i va t ed  K + c h a n n e l  

Figs. 1A, B illustrate short  extracts of  inward cur- 
rents through Ca2+-activated K + channels  with  Ringer  
(A) or  the K+-rich solution T (B) as internal solutions. 
In  both  cases rapid channel  openings (l~lotted down-  
ward) and  closures (plotted upward) occur between the 
current  levels of the closed and  fully open states. In  
addit ion,  several intermediate conductance levels are 
adopted.  For  a systematic analysis of  the  various con-  
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Fig. 2. Currents and amplitude histograms from a Caz+-octivaled K + 
channel sho~IIy after p~tch ea¢isioo (A. C, El and about I.~ nlin after 
excision (B, D. P}. The full Iin~ in (h. B} denote the currem levd 
during dla~nd dn~ure, Tile ana#itude histograms were calculated 
from 12 s t C. E) ~ d  21 s tO, F) pedods of curl~nt recordings and 
show the number of sampled data points (:~) as function of the 
current (ig (C, DI are 'raw' and (E, FI 'excluded' amplitude histo- 
grams calculated from the same periods of eunent recordings {see 
Methods I. The currents of the fully open channel states ~ derived 
from the peaks in the 'excluded' histograms are - 12.4 pA te l  and 
--14.3 pA tF). Membr~¢ lmtential -6O mV. lntenud solution: 

Ringer. T~xperatu~ 21 ° c+ Patch 206. 

duelance states ampli tude his tograms were calculated 
from long periods of  cont inuous current  recordings. 
Examples are shown in Fig. 2 together  with representa- 
tive segments of the periods. The results were obtained 
f rom the same CaZ+-aetivated K + channel  shortly after 
excision of the membrane  patch  from the muscle fibre 
(Figs. 2A, (3, E) and about  ].5 rain afterwards (Figs. 2B. 
D, F), The current records and the his tograms illustrate 
the totally different e h a n n d  behaviour at  early and late 
times: Dur ing  the first phase of channel  aclivlty the 
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fully open s lat :  is only rarely adopted {Fig. 2A) and the 
corresponding peaks in the amplitude histograms C, E 
(marked by arrows) are very small. On the other hand ,  
the same conductance level prevails at later limes (Fig. 
2B) and  its peak in the ampblude  histograms D. F even 
exceeds that  of Ihe closed channel  state. The results 
illustrated in Fig. 2 were observed in a number  of 
membrane  patches but  are not typical for all experi- 
ments. Instead, Ca-' Lactivated K + channels normally 
exhibit  the two-state behaviour of Fig. 2B directly after 
patch excision and show no obvious changes afterwards. 
However. if low-conductance states were observed at 
the beginning,  they mostly and suddenly disappeared 
after some s i n .  The transition between both gat ing 
modes was sometime~ , '~ociated with a change of the 
current level of the fully ooen state (compare current  
values listed in the Legend to Fig. 2). This change did 
not affect the analysis of the Iow-conduclance states 
which were always determined froln ctlrrertt r ~ o r d s  
with intermediate levels and the fully open state. 

The ampli tude histograms shown in Figs. 2D, F are 
extreme cases with asymmetrical numbers  of sampled 
data  points  on  bo th  sides of the amplitude peaks. The 
skewed distributions originate from fast flickery transi- 
tions between the closed and fully open channel config- 
urations which do not reach the final current levels (see 
Fig. 2B). As a consequence, the peak position of the 
fitted Gaussian cu~'e  does not coincide with the most 
probable current amplitude. Howe~,er. the difference is 
small for the ' r aw '  histogram of Fig. 2D, even smaller 
for the corresponding 'excluded" histogram of Fig. 2F 
and  negligible in the majority 6f the analysed histo- 
grams. 
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Fig, 3. ('ur~nt ( i l-volta~ ( L } c u ~  of tb~ 0o~ and 50~ condue- 
tanc~ le,ds of Ca z ~-aclivaled K + channels. The s' mhob and bals 
r~er{s~nt m~an valu~.~±S.D, as obtained from the ~.ak locations and 
widlfu o[ die ~eop~¢ti~e distributions in amplitude histogmm~. T~: 
100% ~atues were oblained tram meJ~urenlents on patch 296. the 50~ 

values from nine differenl patcheS, Internal minion: Ringer. 
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In the amplitude histograms of Figs. 2C, E the 
highest peaks are positioned at approximately half of 
the current corresponding to the fully open channel  
sta~e. The 50% current level was also observed at o ther  
voltages and in Ca2+-activated K + channels  in other  
patches. Fig. 3 presents a summary of measurements on  
different membrane patches with Ringer as internal 
solution. The current-voltage curve of  the fully open 
state (100,~) is l inear between - 1 0 0  and - 2 0  mV, has  
a slope of 145 pS in this voltage range and rectifies at  
more positive potentials owing to the presence of Na  + 
ions in the internal solution. Measured half-amp~ituda 
currents are represented by filled squares and are close 
to the scaled 50% curve. This agreemeqt suggests similar 
ionic se!ectivities of the 100% and  50% conductance 
states. 

Ca 2 ~-activated K + channels may  not  only exhibit  the  
1 / 2  conductance level bu t  also other  i,~termediate states. 
Examples are shown in Figs. IA,  B and  2A. The small 
currents in the middle part  of Fig. 1B are approximately 
1 / 8  of the full sized currents on  the left- and  r ight -hand 
sides of the figure (compare current  values listed in the  
legend to Fig. 1); multiples of these 1 / 8  conductance 
steps were found in this and other  patches. Further-  
more, conductances of 1 / 3  and 2 / 3  of the fully open  
state were observed. Fig. 4 illustrates that  one single 
Ca2÷-activatcd K + channel  may  adopt the 2 / 3  and  1 / 2  
conductance levels. The ampli tude histograms were de- 
rived from currents at 0 mV recorded dur ing  two differ- 
ent time periods. Compared to the fully open  state 
(arrows in Figs. 4A. B) the ampli tude peaks of  the 
low-conductance states are posit ioned near  2 / 3  (Fig. 
4A) and I / 2  (Fig. 4B). A summary of  all hiw-conduc- 
tance states in Ca2+-activated K + channels  derived f rom 
experiments with Ringer  as internal solution is given in 
the left-hand part  of  Fig. 6. In  addit ion to the indicated 
conductance levels even smaller low-conductance states 
could be detected for Ca2+-aetivated K + channels  in 
some experiments. However, currents of these states 
could not be separated reliably f rom baseline currents,  
and this precluded a systematic analysis of the lowest 
conductance states. 

ATP-sens i t i ee  K ÷ channel  

The different actions of intraeellular Ca 2 .  and  ATP 
on Ca2+-activated and ATP-~ensitive K ÷ channels  im- 
ply separate membrane  structures for the two types of 
channels. Since the conductance of an  ATP-sensitive 
channel is much lower than that  of  a Ca2+-activated 
channel,  the channels  can be easily discriminated. Thus 
at - 5 0  mV the current  through an  open ATP-sensitive 
channel  is - 3  pA (Fig. 5B) and through a Ca 2+. 
activated channel  - 1 2  pA under  comparable  condi- 
tions (Fig. 3). The records shown in Figs. 5A, B originate 
from ATP-seasitive K ÷ channels shortly after the ap- 
pearance of channel  activity in the excised membrane  
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Fig, ,g Amplitude histograms of currents from Ca2+-activated K + 
channels recorded 14 nfin (AI and 2I nfin (B) aRcr patch excision. 
The cu~n t  levels of the fuUy open state are maxkcd by a~ows, the 
peals of the Iow-conduclance states are located at 65% (A) and 43% 
(B) of the fully open state. "fae histograms were ¢aleulateA from 48 s 
(AI and 65 s (n) periods of ¢ur~nt recordings, Since the patch 
contained additional Ca2+-a~tivated K ÷ chapels witho,[ sublevels. 
the histograms were truncated on the tight edges. Membrane poten- 
tial: 0 mV. Internal sohiti~: Ringer. Temperalure 21"C. Patch 82. 

pa tch  (part  A) and  about  5.5 nrin later (par t  B). As in 
Ca2+-aetivated K + channels  (Fig. 2), there are frequent  
transitions to low-conductance states at  the beginning,  
while only the  closed and fully open states are adopted 
later. The different channel  properties a ~  reflected by 
the corresponding ampli tude histograms in Figs. 5C, D 
which were calculated from long periods of currents 
recorded at  early and  late times, respectively. Since the 
channels  are predominant ly  closed near  - 5 0  mY, the 
ampli tude distribution of  the closed state is by one 
order  of magni tude  higher  than  the peaks related to the 
open states. Therefore. the large numbers  of sampled 
da ta  points  f rom the closed state have been omit ted to 
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Fig. 5. Cnmnts and ~#t iuJe  histograms from ~ ATP-~miuv¢ K* c~mq=c] shortly after the appearance of channel ~tivity at -55 mV (A, C) 
and about 5.5 rain later at - 50 mV (B. DL The full lines in (A, B) denote the current 1~¢1 during ch~nel closure. The amplriud= histograms were 
calculated from t34 s (C) and 4O s (O) periods of current recordings and do not contain data points from the eh3sed-channai state. Internal 

solution: Ringer. Temperature 20 ° C. Patch 114. 

give a cleaxer presentation of the open-state amplitudes. 
The 1 /4  eonduetanea level visible in the records of Fig. 
5A falls into the shoulder of the closed distribution and 
thus does not appear as a separate peak in the histo- 
gram of Fig. 5C. 

AS for Ca2*.aetivated K 4 channels, the low-conduc- 
tance states in ATP-sensitive K + channels were only 
observed in a minority of experiments and the probabil- 
ity of the intermediate states tended to decrease with 
time. In general, the analysis of the conductance levels 
in ATP-sensitive K + channels was more difficult than 
for Ca2+-activated eham~els, because the channel cur- 
rents were much smaller and a membrane patch often 
contained several ATP-sensitive channels. Despite these 
difficulties evidence for conductance levels in ATP-sen- 
sitive K + channels near 1/4.  1/2,  3 / 4  and 1/6,  1/3,  
2 /3  of the fully open state could be found in several 
experiments. The results obtained from measurements 
with Ringer as internal solution are summarized in the 
right-hand part of Fig. 6. 

Low-conductanea states in ATP-sensitive K + chan- 
nels were observed more frequendy in the presence of 
adenine in the internal solution and during washout of 
the base. Examples are shown in Fig. 7. The control 
currents in part A originate from at least three ATP- 
sensitive K ÷ channels each switching between the closed 

and the hdly open state. Addition of 5 mM adenine to 
internal Ringer produced a strong reduction of the 
open-probability of the channels (not shown). The 

K c~ K.TP 
~ n n  

Fig. 6. Low~onductance slalcs in Ca2*-aClivated (Kc.) and ATP- 
sensitive (KA~p) K* channels. The ~ n d ~ t a ~  levels are plottecl 
relative Io the tully op~ (t00~l Male. The lines outside Ihe columns 
mark th~ fullowing levels: 12.5.25, 50, 75% (Ke~, lehL 8,3,16.7, 33,3, 
66.7~ (Kc,, dght), 25, S0. 75~ (K^T p, letl), 16.7, 33.3, 66.7% (K^x ~. 
right). The lin~ widun the columns indi~le measured I ~ o n d ~ -  
ta~e stat~ (26 determinations in CaZ+-acti~ted ~ d  18 determina- 
tions in ATP-sensillve K ~ channaiSh All re~ats ~ oblalntut from 
the I~ation of peaks in ~lPlitud¢ histosr'a~. Int~a] solution: 

Ring~, 



132 

A 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -~SpR 
[3 lOOms 

_~_¢g~_:_~ '~ ....... ~ , : ? _ = = i  i-~÷". , - - , - ~  
. . . . . . . . . . . . . . . . . . . . . . . .  ,~ 5pFI 

lOOms 

C t ~  t 

lOOms 
Fig. 7. Low-eonduct~c¢ states in ATP-senshive K + channels in the presence and during washout of 5 mM internal adenine. (A) Control currents 
without adenine. The i n ~ p t c a  lines indicate current levels from one, IWO and three fully open channels. (B] Currents during washout of adenine, 
note frequent o c c v ~  of fl~ckery low-~nd~t ante stat~. IC) Currents in the presence of ad~ine~ l~-~ndeetanc¢ sta:es are marked by ~rows. 
Membrane potential -40  mV (A, B) and -60 mV (C). Internal solutions: Ringer IA. B) and solution 1 + 5 mM adenine IC), Temperature 21 *C 

(A, B and CL Patches 87 (A, B) and 135 IC), 

blockage of  ATP-sensitive K + channels  by internal 
adeniee was reversible, currents dur ing  the washout  
phase are shown in Fig. 7B. The  records reveal numer-  
ous transitions to low-conductance states, while the 
fully open channel  level ( interrupted line in F i g  7B) is 
only rarely reached. A more frequent occurrence of  
multiple conductance states in ATP-sensitive K ~ chan-  
nels was also observed in the presence of  adenine. This 
is illustrated by the currents in par t  C which are f rom a 
different patch and  with 5 m M  adenine in internal  KCI 
solution. 

Discussion 

Two observations on  low-conductance states in K + 
channels  indicate that  they are real channel  properties 
and  not artifacts produced by channels  located under  
the r im of  Ihe patch pipette [10]: The  intermediate 
states are always observed together wi th  the fully open 
state (Figs. 1, 2, 5 and  7) and their conductance values 
are no t  r andom but  are clustered a round discrete steps 
of specified units (Fig. 6). 

Low-conductance channel  states may  originate either 
f rom substates of  a single populat ion of  channels  or  
f rom separate channel  populations. The  frequently ob- 
served intereonversions between the fully open and the 
low-conductance states and  the occurrence of  direct 
transitions crossing intermediate conductance levels (as 

marked by an  ar row in Fig. 1A) suggest the existence of  
suhstales in Ca 2 +-activated and  ATP-sensitive K + chan-  
nels. 

Elementary conduL'fance units 
There are several reports on  subconductanee states of  

various types of K ÷ channels  in adult  and  cultured cells 
and  in lipid bi!ayer membranes.  ! n  early investigations a 
single intermediate conductanc,. '  level of  about  40% the 
fully open  state was described for Ca2+-aclivated K + 
channels  in ra t  myotubes [11] and  a 1 / 3  conductance 
level for sarcoplasmatie ret iculum K ÷ channels  in lipid 
bilayers [12]. Subsequently, multiples of  elementary 
conductance uni ts  were found. Thus  1 / 3  and  2 / 3  levels 
occur in K + channels  of smooth muscle [13] and  1,/4, 
1/2~ 3 / 4  levels in inward rectifiers of  hear t  ventricular 
cells [14] as well as in K + channels  in the  luminal  
membrane  of  renal tubules [15]. More  examples are 
listed in a review [2]. Inwardly  rectifying K + channels  of  
cardiac myocytes may  adopt  Ihe 1 / 3 .  2 / 3  levels in 
some patcltes and  1 /2 .  3 / 4  levels in others  [16]. Accord- 
ing to our  results (Fig. 4) a single Ca2+-activated K + 
channel  can switch between Ihe 2 / 3  and  1 / 2  conduc-  
tance levels dur ing  the course of  an  experiment.  In  
addit ion,  we have detected more  low-conductance states 
in Ca2+-activated K * chan~els with values near  1 / 8  
and 1 / 6  of  the fully open sttTe (Figs. tB ,  6), and  even 
smaller conductance states may exist for this type of  



channel.  Similarly, a division into approximately 16 
conductance steps has been reported for K ÷ :bannels in 
molluscan neurones 117]. 

Increased occurrence of  suhconductance state~ 
Under  normal conditions subconductanc¢ states in 

ionic channels  are infrequent  and their appearance is 
unpredictable. However, some manipulat ions may in- 
crease the occurrence of intermediate conductance states 
and  facilitate their  observation. Examples are the 
activation of multiple conductance states in synaptic 
receptors by  excitatory amino  acids in hippocampal  [18] 
and  cerebellar [19] neurons,  the appearance of subcon- 
ductance states in Na  + channels  after t reatment  with 
substances slowing the inactivation process [20,21] and  
the  increased occurrence of low-conductance states in 
Ca 2+ channels  induced by cholesterol or Iectins [22]. 
Fur thermore,  the probabili ty of observing a subconduc- 
tance~3fate decreases with t ime after patch excision for 
large-conductance anion channels  in B lymphocytes (M. 
Boston, cited in ReL 2) and  for K ÷ channels  in skeletal 
muscle (this paper). Finally, numerous  and  frequently 
occurring low-conductance states are adopted in mol- 
luscan K + c h a n n d s  after application of  an  irreversible 
channel  blocker [17] and  in ATP-sensitive K ÷ channels  
in the presence and  dur ing  washout  of a reversible 
blocker (Fig. 7). 

Organization o f  K + channels 
In  g,3neral, low-conductance states in ionic channels  

can be  explained with two different channel  structures. 
The  channel  could he a single membrane  pore of 
fluctuating diameter  ,~r the channel  could be composed 
of  several pores with a varying number  of conduct ing  
units. I n  b o t h  cases, the lifetimes of the various channel  
conformations have to be  much longer than the t ime for 
ion translocation th rough  the channel  and  the  conduc- 
tance steps have to be larger than  the thermal  fluctua- 
t ions to allow the oLservation of different conductance 
states [23]. An  example  of  the first possibility of a single 
n iembrane pore is the ionic channel  formed by the  
antibiotic alamethicin which appears  to be  composed of 
an  oligomer of alamethicin molecules [24,25]. The  
observed transitions between ne ighbour ing  conductance 
levels have then been interpreted to arise f rom a varia- 
t ion in the number  of  molecules involve. ~, in the ol igomer 
[24] or  f rom confotmat ional  or position d changes within 
the preformed ol igomer [25]. A similar structure of a 
K + channel  with  a single oligomeric pore seems to be  
less likely because it cannot  account  for the direct 
transitions between the closed and  fully open states 
which are normally  observed in K + channels. Further-  
more,  multiples of  elementary conductance units are 
difficult to explain with a single pore. According to the  
absolute rate theory of membrane  permeat ion [26] the  
channel  current  i is an  exponential  function of the  
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height E of the main energy bat t ier  in the channel. 
Hence, equal curren~ increments Ai  between low-con- 
ductance states do not correspond to uniform energy 
differences A E but  would require a logarithmic division 
of E. Thus. while we cannot  rule out  definitely the 
single pore model,  we favour the idea that  a K + channel  
is organized as an  aggregate of several pores. The indi- 
vidual pores in a channel  may be separate barrels across 
the membrane  phase as suggested for renal K + channels  
[15]. As an  alternative, the pores could have separate 
mouths at  o~e s- t race  and  merge into a single outlet at  
the other  membrane  side as inferred for porin channels  
[27]. Our  experi."~ents do  not allow us to distinguish 
between the two possibilities. I n  any case, the individual 
pores within a K ÷ channel  should exhibit a s trong 
positive cooperativity, because the frequently observed 
direct transitions between the closed and fully open 
channel  states imply that  all conductance units open 
and  close simultaneously. Such a cooperativity among  
the pores m a channel  explains our  findings that  K + 
channels  nornlail¥ exhibit a two-state behaviour and 
that  the probabilities of the +arious conductance leeds, 
therefore, deviate f rom a binomial distribution. Furthar-  
more. strongly interact ing pores in a channel can be 
hardly distinguished from a channel  composed of a 
single pore. Thos the blockage of  a K + channel  by one 
toxin molecule or by one blocking ion can be interpre- 
ted wi th  a single membrane  pots  ms well as with  an 
aggregate of interact ing elementary subuails, since the 
presence of a blocking particle in one  unit  may be 
sensed by all other  units. Direct evidence for interac- 
tions between conduct ing units within an  ion channel  
has been obtained for L-type Ca 2+ channels incor- 
porated into lipid bilayer membranes  which originate 
f rom the aggregation of low-conductance monochannels  
to an  oligomer with strict h inct ionf l  coupling among  
the associated monomers  [28]. 

The  proposed multi-barrel model for Ca2+-activated 
and ATP-sensitive K + channels  dogs nol only account 
for the observed multiples of elementary conductance 
units,  bu t  it also ~ves  a natural  explanation for the 
increased occurrence of subconductance states induced 
by physical or chemical interventions. Thus, asynch- 
ronous opcr6n~ and ~ln~ing of the  ivdividual pores in a 
channel  could arise f rom distortions in the surrounding 
lipid environment  caused by the excision of  the mem-  
brane  patch or by treatment with cholesterol or lectins. 
Fur thermore,  substances facilitating channel opening,  
modifying channel  gating or blocking channels  could 
reach and  affect each pore separately and  thereby in- 
crease the appearance of low-conductance stales. 

The  number  of pores in a Ca2÷-activated or in an  
ATP-sensitive K* channel  may  be rather  large as esti- 
mated from the observed low-conductance states. For  
example,  a 1 / 8  conductance step in a CaZ+-activated 
channel  (Fig. 1B) could be interpreted by the presence 
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of eight identical pores. However. different pores in a 
channel may have different elementary canduetances, 
and this precludes an estimate of the number of pores 
in a Ca2+-autivated K* channel  The same uncertainty 
applies to ATP-sensitive K + channels. The aggregation 
of equal or different subunits in a K ÷ channel is hypo- 
thetical but it can be related to the recently derived 
str0clure of voltage-gated K + channels in Drosophila 
[29] and in mouse [30] and rat [31] brain. According 1o 
these results, a K ÷ channel may be a homo- or 
hetero-olignmer formed by the aggregation of many 
separate ~-ubunits [32]. This channel structure provides a 
maximum flexibility for a large number of pores within 
or between the channel subunits, and this could account 
for the multiplicity of the low-conduclance states in 
Ca2÷-actlvated and ATP-scnsifiv¢ K ÷ channels. 
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