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The single.channel patch clamp technique was used to analyze subconduetance states in the 260 pS calcium-activated 
potassium channel from canine airway smooth muscle. More  than sixty minutes of single channel data ( >  87000 events) 
from five excised patches were analyzed. Six subconductnnce amplitudes were clearly established to he 17, 33, 41, 52, 
63 and 72% of the full conductance. Suheonductance openings were usually brief (milliseconds) and represented less 
than 5% of the total channel open lime, but they also persisted for several seconds on rare occasions. They appeared to 
be unaffected by voltage or time alter seal formation, but may have increased in occurrence with decreasing calcium 
concentration. Irregular amplitude intervals, and the presence of ramp-like, analog transitions between conductance 
states, suggest a model for maxi-K suheonduefance states in which the channel protein undergoes random conforma- 
tional changes causing a variable pore size. 

Introduction 

Subconductance states, apparent openings to less 
than the full open conductance state, have now been 
described in many ion channels including large 
L,alcium-activated potassium (maxi-K) channels [1-8]. 
Unlike chloride channel subconduetance states which 
seem to occur frequently [9-12], subconductance state 
occurrence in maxi-K channels is usually infrequent. 
Therefore, subconductance states have been generally 
disregarded in constructing kinetic models for the maxi- 
K channel [2,4,5,7,13.141. As longer channel records are 
examined for better kinetics measurements, it has be- 
come increasingly clear that maxi-K channels spend a 
small, but significant, fraction of total open time in 
subconductance states and this must be considered in 
models of channel behavior. Unfortunately, the time 
required to characterize subconductance states by visual 
inspection is very large and there are no satisfactory 
methods to automate the process because the phenome- 
non is not sufficiently understood. It is also difficult to 
incorporate subconductance states into standard kinetic 
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models when they are found to exist. This paper, al- 
though qualitative in nature, attempts to classify sub- 
conductance states for the maxi-K channel found in 
airway smooth muscle [15]. 

Materials and Methods 

Smooth muscle cells from canine trachealis muscle 
were used. Trachealis muscle was obtained within 
minutes after the animal was killed. The isolation proce- 
dure used was modified from that described by Mc- 
Cann and Welsh [15] and Marthan et al. ]16]. Trachealis 
muscle (approx. 20 19g wet weight), with most of the 
connective tissue dissected away, was first cut into small 
bundles and then finely rnlnced. The minced tissue was 
washed several times with Hank's  solution using gentle 
mechanical agitation. The tissue was then transferred to 
10 ml of freshly prepared enzyme solution consisting of 
collagenase (37 un i t s /ml ,  highly purified Type IV, 
Sigma) and elastase (2 un i t s /ml ,  highly purified Type 
IV, Sigma) in Hank's  solution with a calcium concentra- 
tion of 0.1 mM. This  solution was supplemented with 
bovine serum albumin (10 mg/ml ) ,  penicillin (1130 
un i t s /ml )  and streptomycin (100 /Lg/ml). The tissue 
was allowed to incubate at 37°C with mechanical agita- 
tion for 2 h. The cell suspension was filtered through a 
double layer of sterile surgical gauze and centrifuged for 



15 mix at 200 x g. This was followed by two additional 
washes with M199 supplemented with 10% fetal bovine 
serum. The cell suspension was then removed and the 
cells were plated at approx. 2.5-104 cel ls /cm 2 in 35 
mm Falcon culture dishes coated with poty(L-lysine). 
The plates were incubated at 37°C and 6% C O  z in air. 
After about 1 h, most of the cells had adhered to the 
plate and were ready for patch clamp study. 

Using Trypan blue exclusion, the viability of the ceils 
was > 90%. The cells showed contraction upon ex- 
posure to acetylcholine (10 -4 M). These spindle-shaped 
cells were easily identifiable. 

Cells were used less than 24 h after dissociation and 
plating to assure minimal de-differentiation [17]. Data 
were obtained from excised inside-out (n - 4) and out- 
~,ide-out ( n =  1) patches using standard patch clamp 
techniques [18]. Thick-walled borosilicate microfilament 
glass was used to fabricate pipettes with resistance 
values of 16-20 megobms. Pipette tips were coated with 
Sylgard (Dew Coming) and polished in a microforge. 
Seal resistances were greater than 10 gigaohms. 

The pipette solution for all experiments was (mM): 
140 K ÷, 0 Ca z*, 0.5 Mg z+. 10 Hepes (pH 7.2). 10 
glucose. Calcium was excluded to facilitate the forma- 
tion of gigaohm seals. Symmetrical potassium solutions 
(K = K) used ia the bath contained (raM): 140 K +, 1.2 
Mg  2+, 10 Hepes (pH 7.2), 10 glucose, and calcium 
huffered to the desired concentration (10 3 to 10 s M 
range) with EGTA [19]. Hepes-buffered saline (HBS) 
contained (mM): 135 Na p. 5 K*, 1.2 Mg 2+. 10 3 Ca2+ 
10 Hepes (pH 7.2), and 10 glucose. All experiments 
were performed at room temperature (20-22°C).  

Single-channel events were recorded with a List 
EPC-7 patch clamp amplifier and all potentials are 
reported with respect to the cell exterior being zero. The 
output  was filtered at 10 kHz  bandwidth with a 3-pole 
Bessel filter and fed into a Medical Systems PCM-I 
digital VCR recorder adaptor which digitized and stored 
events on a Sony Betamax VCR. A digital computer 
sampled the data at 20 kHz with a 12-bit analog-to-dig- 
ital convertor. Sampled data was further filtered to 2 -5  
kHz with a Oaussian digital filter. Records for subcon- 
ductance state analysis were filtered at 5 kHz. w e  found 
no significant changes in subconductance state ap- 
pearance when filtering at 2 kHz. However, stronger 
filtering (i.e. to 1 kHz) severely altered the ability to 
detect the subconductance states and changed their 
apparent ampliludes. 

Single-channel current amplitudes for fully open and 
subconductance :'az--~ were measured by direct inspect- 
ion of the digitized data on a Compaq 386 graphics 
terminal with the aid of horizontal cursor bars. Gold- 
man-Hodgkin-Katz (GHK)  current equations [20], fitted 
to current amplitude data with a minimum square error 
technique, were used to determine channel conductance 
and ion selectivity. These reduce to a linear conduc- 
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lance relationship in symmetric 140 mM potassium 
solutions and could be fitted by linear regression analy- 
sis. 

For the determination of open probability ( P s ) ,  an 
automated method was used. After an estimate of full 
conductance was determined, the half-amplitude of this 
value was used as a threshold to discriminate open and 
closed states throughout the record. A moving average 
algorithm corrected for any baseline drift. The mean 
channel amplitude was then obtained from the mean of 
the distribution of amplitudes during all openings longer 
than the filter deadtime. PN was determined by divid- 
ing the total time a channel was in the open state by the 
total sample time. (In the case of a single channel patch. 
P,~ reduces to the open probability for the channel, 
P,,~.) Since this method will only measure openings 
over 50% of full conductance, openings to subeonduc- 
lance slates less than 50% of full conduc tance  were 
added to the total open l ime of the channel before 
determining PN These openings were measured directly 
from the graphics terminal. 

The number of maxi-K channels in a patch was 
determined under conditions where PN for the patch 
was saturated. This involved holding the patch at a 
positive voltage (e.g. + 60 mV) in a bath containing a 
high calcium concentration (i.e. 10 3 to 10 6 M). The 
maximum number  of full conductance openings was 
then taken as the total number  of channels in the patch. 

Experiments averaged 1 h in length. For the five 
experiments reported here, approximately 60 rain of 
channel openings and closings under various conditions 
were analyzed in detail. Within this time there were over 
87000 events larger than 50~ of the full conductance, 
which, taken with subconductanee amplitudes smaller 
than this, accounted for 15 rain of the data. 

Results 

The conductance and calcium sensitivity of the maxi- 
K channel from airway smooth muscle (not shown) 
were similar to the results previously reported by Mc- 
Cann and Welsh [15]. The channel had a mean conduc- 
tance of 268 + 15 pS in HBS and 238 +_ 6 pS in symmet- 
ric potassium solutions. Strong rectification in HBS 
reflected the high selectivity of this channel for potas- 
sium over sodium. The channel exhibited a sigmoidal 
voltage sensitivity. There was great variability in calcium 
se,~-;tivity, but Por~, ~ 0.5 occurred at 0 mV between 
10 7 and l0  -8 M calcium, placing this channel in a 
subpopulation of maxi-K channels which are very sensi- 
tive to calcium (see, for example, Ref. 21). 

Six suhconductance levels consistently appeared with 
mean open amplitudes of 17, 33, 41, 52, 63 and 72% of 
the full open level. The standard deviation for any of 
these levels measured at all calcium concentrations (10 - 3 
to 10 -9 M) and voltages ( - 1 5 0  to +140  mV) did not 
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exceed 2%. Subconduc t anee  states  were  a lways  seen 
a c c o m p a n y i n g  full conductances .  S u b e o n d u c t a n c e  states 
appeared  to have the  same  selectivity fo r  po tass ium and  
sod ium since they  exhib i ted  the  same reversal po ten t ia l  
as the  full c o n d u c t a n c e  a n d  rect if ied in a s imi lar  m a n n e r  
in  HBS.  Fig.  1 shows  a set o f  s ample  t races c o n t a i n i n g  
s u b c o n d u c t a n e e  states. A n y  o f  the  s u b e o n d u c t a n e e  
states  could  a p p e a r  u n d e r  any  of  the  expe r imen ta l  c o n -  
d i t ions  in w h i c h  there  were  c h a n n e l  o p e n i n g s  a n d  each  
channe l  could  exh ib i t  all of  the  s u b c o n d u c t a n c e  states.  
The  col lect ion in Fig.  1 was a s sembled  f r o m  d a t a  t aken  
at  d i f fe ren t  h o l d i n g  vol tages  a n d  b a t h  solut ions.  Sub-  
conduc t ance  states are  s h o w n  in b o t h  l o n g  (left  side) 
a n d  shor t  ( r igh t  side) t ime frames.  T h e y  were  some t imes  
associated wi th  fast  l l ieker ing  (e,g. 63%, left side) a n d  
some t imes  associa ted w i t h  relatively s low t rans i t ions  
(e.g. 33%, left side). S u b c o n d u c t a n c e  states were  n o t  
associa ted w i t h  b u z z  modes  [14]. D u r i n g  such  h i g h  
f requency  events ,  we observed the  c h a n n e l  o p e n i n g  to  
full conduc tance .  

A h i s t o g r a m  of  occur rence  fo r  each  s u b c o n d u c t a n c e  
level is s h o w n  in Fig.  2. To ta l  % occur rence  is der ived  
f r o m  the t i m e  spen t  in each  s u b c o n d u c t a n c e  level d i -  [ 41o/l 
vided by  the  total  o p e n  t ime  for  e a c h  of  the  five 
expe r imen t s  in all ca lc ium c o n c e n t r a t i o n s  a n d  vo l tage  
condi t ions .  This  he lped  to  no rma l i ze  fo r  the  n u m b e r s  of  
c h a n n e l s  in the  patches .  The  n u m b e r s  o f  c h a n n e l s  in  
each  pa t ch  (left to  r igh t )  were  1, 7, 5 (ou t s ide -ou t  
pa tch) ,  3 a n d  5, respectively. T h e  occur rence  of  the  17% LF~ 
s u b c o n d u c t a n c e  s tate  m a y  be  unde re s t ima t ed  due  to  the  
diff icul ty of  de tec t ing  such  smal l  a m p l i t u d e  events.  Ex-  
c l ud ing  this,  n o  s u b c o n d u c t a n e e  s tate  appea red  signif i-  
can t ly  m o r e  than  any  o ther .  Th i s  was d e t e r m i n e d  w i t h  
pa i red  t-tests where  P > 0 . I  for  all cond i t ions  excep t  
pa i rs  w i t h  t he  72% s u b c o n d u c t a n c e  state.  F o r  this  sub-  
c o n d u c t a n c e  state, P was a lways  larger  t h a n  0.07. Occa-  
s ional ly ,  the  c h a n n e l  would  spend  several seconds  o p e n -  
ing  ma in ly  to one  s u b c o n d u c t a n c e  state.  Fig.  3 is a 
r eco rd ing  t a k e n  d u r i n g  the  longest  occur rence  o f  this  
type  in  w h i c h  the  channe l  s p e n t  over  30 s o p e n i n g  I~o.I 
m a i n l y  to the  727o s u b c o n d u c t a n c e  level. Th i s  inc iden t  E_J 
accounts  for  the  off-scale ba r  a t  72% in Fig.  2 a n d  
con t r i bu t ed  to  the  lower  P value o b t a i n e d  in  t he  pa i red  
t-tests. 

T h e  effect  o f  vol tage a n d  ca lc ium o n  s u b c o n d u c t a n c e  
s tate  occur rence  is s h o w n  in  Fig.  4. T o  no rma l i ze  this  

d a t a  for  the  vol tage  a n d  ca lc ium d e p e n d e n c e  of  the  
channe l  a n d  the  n u m b e r s  of  c h a n n e l s  in  the  patches ,  the  
t ime  tha t  the  c h a n n e l  was  open  to a s u b c o n d u c t a n c e  
s ta te  was divided by the  to ta l  c h a n n e l  o p e n  t ime  to  give 
the  % of  t i m e  in all six s u b c o n d u e t a n c e  states for  each  
d a t a  point .  T h e  vol tage  r a n g e  for  these expe r imen t s  was  
- 1 2 0  to + 8 0  mV.  The  ca lc ium concen t r a t ions  ex- 
a m i n e d  were 10 -3 ,  10 -6 ,  10 -6.5, 10 -7 ,  10 7.5 a n d  10 8 

M. The  d a t a  poin ts  are depic ted  in bold.  T h e  m e a n  
(+_S.E.)  sample  pe r iod  was  14292  ± 1 872 ms  ( n  = 56 

points) .  The  o rde r  of  e x c h a n g e s  ( low to  h i g h  ca l c ium 
a n d  vice versa) var ied  a n d  d id  no t  affect  P ~  unless  the  
concen t r a t i on  was  be low 3 .5 ,3 .0  8 M,  Some t imes ,  un -  

SUBCONDUCTANCE LEVELS I 
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Fig. L Samples of t7, 33, 41, 52, 63 and 72~ subconduct~ce stale~ 
r ~ r d e d  at long (left side) and short (fight side) time scales. Holdi~ 
voltages (from top to bottom left side) were -60 ,  +50, -60 ,  +50, 
- b 0  and +rD mV, respectively+ and (from top to bottom fight side) 
-40 ,  -60 ,  0, +50, +70 and +60 mV, rcsp~tively. Bath solutions 
(from top to bottom left side) ~ r e  10 -7 M Ca 2+ KffiK, t0 -8 M 
Ca 2~ K ffi K, 10 -6 M Ca 2+ K - K, t0 -7 M Ca 2+ K ffi K. • g mM 
Ca 2+ HBS and 10 -6 M Ca 2÷ K -- K, respectively, and (from top to 
bottom right side) 10 -7 M Ca 2+ K = K, 10 -4 M Ca 2+ K = K, 1.8 
mM Ca 2+ HBS, 10 -7 M Ca 2+ K = K, t0 6 M Ca 2÷ HBS (outside- 
out patch) and 10 -8 M Ca 2+ K = K, respeclively. Outward current is 
upwards for ag recordings I f -c losed,  o=op~ning). Some of the 
samples contain other suhconductance slates as well as the one being 
demo~trated. This is most evident in the sample for the 63~ subcon- 
ductance slate (right side) which also shows a 33~ subconductance 

level. All data were filtered at 5 kHz. 
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SUB~,ONDUCTANCE LEVEL 
Fig. 2. Histogram of the occurrence for each subconductancc level. 
Total % occurl~nce is derived from the time spent in ~ch subconduc- 
tance level divided by the total open time rot all calcium ~n~nlra-  
tinn and voltage conditions. The individual patches (bars from left 
to right) contained 1, "7, 5 (outside-out patch), 3 and 5 channels, re- 

spectively. 
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r--~ h_j--J'~n_ . . . . . . . .  FT.--: 

5~ msec 

Fig, 3. Sti;gle~hannel record nora an inside-oul pel~h taken du l ing  
an unusually long period in which the channel spenl ino~t o f  i ls t ime 
opening to the 72% subconductance level, The channel w~ held at 
+60 mV in I0 -s  M Ca 2. K = K. The current was outward under 
these conditions (c = closed, s = opening In 72% subconduetance slate, 
o (top) = full conductance openings). A l kHz filter w~ used to 

produce this figure. 

, " ~ ~ - "  -120 

Fig. 4, The effects of holdi:s voltage and calcium concentration on 
the amount of time spent in subconductance stales. Each bold point 
(n = 56) deplcls the total time spent in subconductance states divided 
by the total open time for all experiments at that particular calcium 
concenlration and holding voltage. The mean (±S.E.) open time 
examined for each point w~ 14292± | 872 ms. There was no signifi- 
cant effect of voltage on subconduclan~ occuffence, although there 

may be ~ effect of calcium (see lext).  
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Fig. 5. The ef[~l of  time on subconductancc stale a!)peatance [or four 
inside-out patches Time bins (tl, 12, etc.) ate approximately 12 rain 
each and include data from several voltages and/or calcium con- 
centrations. AIlhOugh there was a trend for subconduc~anec stale 
~u~enee  to ine~ase slightly between t t and C,, there w~ no 

progressive effect over the duration of the experiments. 

der  these conditions, there was  a significant increase in 
subconduc tance  state occurrence followed by  a gradual  
loss of full conduc tance  events  tha t  was  not  completely 
reversible. Therefore,  we mus t  be cautious in interpre- 

ting the da ta  from the lowest two calcium concentra-  
tions in the figure. The re  seems to be  no  effect of 

voltage on subconductance  state occurrence,  but mere  
may  be some effect o f  calc ium concentrat ion.  More  
da ta  within the 10 -6"s to 10 - ~ s  M range would be 
required to establish significant effects. 

T h e  dura t ion of the  exper iment  was also considered 
to be  a cand ida te  for increasing subcondoctance  state 
occurrence.  In  Fig. 5 each  time b in  ( f l t s )  represents  a 
10 15 rain t ime interval in which a current-voltage 
relat ionship was de te rmined  a n d / o r  a solution ex- 
change  was carr ied out. % subconduc tance  was the total 
t ime in all subconduc tance  states divided by  the  total 
open  time for each bin.  Al though there  was  a slight 
increase in subconductaoce  slate occurrence within 20 
rain af ter  pa tch  excision, this d id  not  seem to pr.',gress 

further  dur ing the remaining 60-90  rain of  each expert-  
meat .  This  indicates tha t  subcondue tance  state occur- 
rence was not  a n  artefact  of  slow damage  to the mem-  
b rane  or  channel  degrada t ion  taking place dur ing  the 
per iod of  exper imentat ion.  This  f inding was  further  
suppor ted  by  our failure to see a n y  indicat ion of  chan-  

nel rundown in these experiments .  

Subcondnc tance  states occurred within a range  of 
time scales (see Fig. 1). T h e y  were usually seen as 

square  events of  d iminished  ampli tude,  leading toward 
a full condu,.ta~.ce opening or a full closing. However,  
on  several occasions the current  appea red  to change  
smoothly and  approximate ly  linearly from one  subeon- 

duc tance  stale to ano the r  conduc tance  (full, subconduc-  

tance or  closed). Examples  of  such analog changes  are  
shown in Fig. 6. Each conduc tance  state had  analog 
events  leading to it a n d / o r  from it. These  instances 
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Fig. s. Samples of analog changes between subconductance states. (Top) A channel in an inside-out patch held at - 60 mV in 10- 7 M Ca z * K K 
saline. There is an analog shiU from 33% to 41% subeond~tance state. A 2 kHz filter was used for this trace. (Bottom) A channel in an outs id~ut  
palch held at +60 mv in |0  -6 M Ca 2+ HBS saline. There is an analog shift from the 17~ Io the 41% subeonduetarlce slate. A 5 kl-lz filter was 

used for this Irate. Horizontal guides indicate the dosed level (e) and sub- and full conductance levels (o). 

were  a lways  f lanked by square  events  w h i c h  reduced  the  
possibi l i ty  tha t  they  were  ar tefactual .  

Discussion 

Several  cr i ter ia  wh ich  have  previously  been  used to  
def ine  s ubcondue t ance  states [9,22] are  m e t  by  o u r  da ta :  
(1) S u b c o n d u c t a n c e  states o n l y  a p p e a r e d  u n d e r  cond i -  
t ions  in w h i c h  there  were  also full c o n d u c t a n c e  o p e n -  
ings.  (2) S u h e o n d u e t a n e e  states were m o s t  o f t en  seen 
leaving a fully closed or  fully o p e n  state. (3) S u b c o n d u c -  
t ance  states h a d  the  same  vol tage  a n d  ca l c ium sensi t iv-  
ity as the  full conduc tance .  (4) S u b e o n d u c t a n c e  states  

B 

D 
c ~ 

Fig. 7. Passible models for a channel exhibiting subconductance 
states. Oligopore types may have similar (A) or dissimilar (B) pore 
diameters. Monopore types may have variable pore size (C) caused by 
diameler changes or binding properties, or variable gating frequen- 

cies(D). 

appea red  to have  the  same  ion selectivity as the  full  
conduc tance .  (5) U n d e r  cond i t i ons  w h e r e  o n l y  o n e  
c h a n n e l  was o p e n  in  t he  pa t ch ,  even t s  g rea te r  t h a n  full  
c o n d u c t a n c e  were  never  seen. A l t h o u g h  this  de f in i t i on  
m a y  be  too  l imi ted  fo r  s o m e  s i tua t ions  [9], c o n c u r r e n c e  
wi th  these po in t s  a rgues  s t rong ly  aga ins t  the  poss ib i l i ty  
tha t  ou r  s u b c o n d u e t a n c e  states  were  ac tual ly  s epa ra t e  
c h a n n e l s  in  the  s a m e  pa tch .  

S u b c o n d u c t a n c e  s ta te  occur rences  in  a i rway  s m o o t h  
musc le  maxi- 'K c h a n n e l s  a p p e a r e d  to be  due  to  inf re -  
q u e n t  r a n d o m  events.  W e  f o u n d  n o  assoc ia t ion  be tween  
subcondoc t aoce  s ta te  occu r r ence  a n d  vol tage,  b u t  a 
ca lc ium effect  cou ld  n o t  be  ru led  out .  F o r  s o m e  o t h e r  
channe l s ,  s u b c o n d u c t a o c e  s ta te  occu r r ence  h a s  b e e n  
r e p o r t e d  to  increase w i t h  the  d u r a t i o n  of  the  e x p e r i m e n t  
[10] or  decrease subs tan t i a l ly  a f te r  seal f o r m a t i o n  [8]. 
These  types  of  changes  m i g h t  sugges t  s o m e  so r t  of  
a r te fae tua l  increase  in  s u b c o n d u c t a n c e  s ta te  oeau r r ence  
associa ted w i t h  p a t c h  excis ion.  H o w e v e r ,  we  f o u n d  n o  
s igni f icant  changes  in s u b c o n d u c t a n c e  s ta te  occu r r ence  
a f te r  seal f o rma t ion .  

Models of subconductance states 
F o u r  mode l s  w h i c h  cou ld  exp la in  the  occur rences  o f  

s u b c o n d u c t a n c e  states  are s h o w n  in  Fig.  7 a n d  cons id -  
ered here:  

(A)  In  an  o l i gopore  c h a n n e l  mode l ,  the  m a x i - K  
c h a n n e l  wou ld  be  a n  agg rega t e  of  seven pores  o f  equa l  
size w h i c h  have  a s t r o n g  coopera t iv i ty ,  b u t  w h i c h  occa-  
s ional ly  func t ion  separately.  O l igopore  mode l s  s imi la r  
to this  have  b e e n  used to  descr ibe  ch lo r ide  c h a n n e l s  
[10,11], s o d i u m  c h a n n e l s  [23] a n d  p o t a s s i u m  c h a n n e l s  
[24,25] w i t h  equ id i s t an t  s u b c o n d u c t a n c e  states. Al-  
t h o u g h  the  o l igopore  m o d e l  ha s  also b e e n  used  to  
descr ibe  m a x i - K  s u b c o n d u c t a n c e  states  [8], o u r  resul ts  



are not compatible with this model because of the 
irregular subconductance intervals. The first su~'.level 
that we distinguished occurred at approximately 17% 
followed by intervals of 16%, 8%, 11%. 11%. and 9%, 
respectively, all with < 2% standard deviation. 

(B) A variation of the oligopore model would con- 
tain pores of unequal size. With three pores, such a 
model would give six subeonductance levels with irregu- 
lar intervals. However, there is no set of three unit pore 
sizes which would explain our subconductance levels. A 
similar model with more pores could be constructed to 
explain the intervals which we observed. Such a model 
would have to exhibit significant flux interaction among 
neighboring pores to yield the observed number of 
subconductance levels, yet it is plausible [23]. Analog 
events would not be explained by this model. 

(C) The channel could have a single pore, with con- 
formationai changes in the protein giving it a variable 
pore size. Conformational changes might occur ran- 
domly or may be induced by the binding of a ligand to 
an allosteric site on the channel. 

Allosteric induction may explain subconductance 
state occurrence in acetylcholine receptor channels [26]. 
Jahr and Stevens [27] and Cull-Candy and Usowicz [28] 
have demonstrated subconductance states activated by 
the binding of amino acids te channels. Similarly, some 
toxin-enhanced substates (substates which occur nor- 
mally, but infrequently) may be caused by eonforma- 
tionai changes in pore size [3,23]. Prod'bran et al. [29] 
proposed that the binding of a proton to the L-type 
calcium channel cmdd cause a conformational change 
in the channel which would cause a subconductance 
state, thus accounting for the pH sensitivity of the 
channel. The time scale (<  10 -4 s) in which this event 
naturally occurs seems to exclude it as a cause for 
subconductance states in the maxi-K channel which are 
able to last up to several seconds (see Fig. 3). Long-li~e.'l 
subcooductance state occurrences have been seen in 
maxi-K channels from other preparations as well [6] 
and would indicate a more stable situation. Calcium is 
the major natural agonist which will bind to maxi-K 
channels. There may be an effect of calcium on subcon- 
ductance state occurrence, but we have not clearly 
established this. Also, we have not examined the effect 
of magnesium or pH on subconductance state occur- 
rence. 

Random changes in pore size are compatible with the 
idea that proteins arc capable of motions that cause 
tilting or twisting of channel .'~! ~mits over a time scale 
of 10-12-100 s [30-33]. Or.e ca! ~ imagine a protein pore 
moving between relative!y sZzl,ie c ~  formational states 
which give rise to discre~c subcond~ ;ti:nce levels like 
the f stops on a camero diaphragm. S,,:h a model has 
been proposed for sc,'km~ chenn!~ ~abconductance 
states [34]. This model is congt~,.,u~ with our data. 
Further support for this moac! i~ the occasional occur- 
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fence of relatively smooth transitions from one subeon- 
ductance state to another (see Fig. 6). 

A variation of this theme would be that the subcon- 
ductance states are caused by the binding of a permeant 
or impermeant ion within the channel [35,36]. We have 
no evidence that this is OCcurring in the maxi-K chan- 
nel. However. it seems unlikely when one considers the 
number of subconductanee states and the length of time 
that the channel may spend ill a subeonductance state. 

(D) If the channel pore size does not change, ap- 
parent subconductance levels could be created by 
changes in the gating frequency that are beyond the 
bandwidth of normal kinetic measurements. This model 
is also plausible when one considers the time scale of 
motions in a large protein. There are technical limita- 
tions to our ability to test this model. Recordings like 
those in Fig. 1 17% (left) and 41% (left) could argue for 
this model, while recordings like Fig. 1 41%, 52%, and 
72% (right) would argue against it as would the analog 
changes depicted in Fig. 6. We used the highest band- 
width available with our recording equipment (see 
Materials and Methods) and still saw these events. Also, 
when the channel entered a high frequency buzz mode, 
openings were always to full conductance. Since these 
openings are followed by our amplifier, subco~duetance 
states would have to involve much higher frequencies. 

In conclusion, six subconductance levels have been 
identified in the maxi-K channel from airway smooth 
muscle. Subconduetance states usually occurred more 
than 0.01% and less than 5,% of the time. This is a 
significant fraction of channel open time (often several 
hundreds of milliseconds) and probably reflects im- 
portant features of channel structure and/or  gating. 
Our data can be best explained by a model in which the 
pore of the channel changes its size through conforma- 
tional changes in the channel protein. 
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