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ABSTRACT The molecular mechanisms underlying the actions of K channel openers 
(KCOs) on KATe channels were studied with the patch clamp technique in excised inside-out 
patches from frog skeletal muscle fibers. Benzopyran KCOs (levcromakalim and SR 47063) 
opened channels partially blocked by ATP, ADP, or ATP~s, with and without Mg 2+, but they 
had no effects in the absence of internal nucleotides, even after channel activity had signifi- 
cantly declined because of rundown. The effects of KCOs could therefore be attributed solely 
to a competitive interaction between KCOs and nucleotides, as confirmed by observations 
that ATP decreased the apparent affinity for KCOs and that, conversely, KCOs decreased ATP 
or ADP sensitivity. Protons antagonized the action of the non-benzopyran KCOs, pinacidil 
and aprikalim, by enhancing their dissociation rate. This effect resembled the effect of acidifi- 
cation on benzopyran KCOs (Forestier, C., Y. Depresle, and M. Vivaudou. FEBS Lett. 325:276- 
280, 1993), suggesting that, in spite of their structural diversity, KCOs could act through the 
same binding sites. Detailed analysis of  the inhibitory effects of  protons on channel activity in- 
duced by levcromakalim or SR 47063 revealed that, in the presence of 100 p~M ATP, this ef- 
fect developed steeply between pH 7 and 6 and was half maximal at pH 6.6. These results are 
in quantitative agreement with an allosteric model of the KAxp channel possessing four proto- 
nation sites, two nucleotidic sites accessible preferentially to Mg2+-free nucleotides, and one 
benzopyran KCO site. The structural implications of this model are discussed. 

I N T R O D U C T I O N  

ATP-sensitive K + (KATe) channels  have been  found  in 
many  tissues (Ashcroft and Ashcroft, 1990; Gopalakrish- 
nan et al., 1993), in particular skeletal muscle, in which 
they were discovered in 1985 (Spruce et al., 1985). KATe 
channels  owe their  name  to their  sensitivity to blockade 
by intracellular ATP, a feature that distinguishes them 
f rom other  types of  K + channels. However, these chan- 
nels are regulated not  only by ATP, but  also by o ther  cy- 
tosolic constituents such as Mg 2+, ADP, and protons,  
and it is believed that these regulations converge in 
such a way that KAT e channels  tend to open  as meta- 
bolic energy decreases (Gopalakrishnan et al., 1993). 
KATP channels  would therefore  serve to adjust mem-  
brane  excitability to cell metabolism. Accordingly, they 
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appear  to be major  players in p h e n o m e n a  involving 
changes in energy status, e.g., muscle fatigue (Castle 
and Haylett, 1987), ischemia, hypoxia (Coetzee, 1992), 
or  glucose-dependent  insulin release (Rorsman et al., 
1994). They might  also intervene in arterial hyperten- 
sion because drugs that activate KATP channels in vitro 
relax vascular smooth muscle in vivo (Gopalakrishnan 
et al., 1993). Drugs acting o n  KAy P channels therefore  
have a good therapeut ic  potential.  Indeed,  KAT e chan- 
nel blockers such as gl ibenclamide or to lbutamide are 
used routinely as hypoglycemic agents, and  KAT e chan- 
nel openers  (KCOs) such as pinacidil or  cromakal im 
are being tested in a n u m b e r  of  pathologic conditions 
(Gopalakrishnan et al., 1993). 

In the search for bet ter  drugs, with higher  affinity 
and greater  tissue specificity, it would be very useful to 
obtain a bet ter  unders tanding of  the mechanisms of  ac- 
tion of these pharmacological  agents. In this article, we 
have focused on the effects of  KCOs on skeletal muscle 
KATe channels and have examined their mechanism of  
action in relation with nucleotides and protons,  which 
are the main endogenous  regulators of  these channels.  

In skeletal muscle, protons  are potent  activators of  
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Ka~p channe l s  at concen t r a t i ons  wi thin  the physiologi- 
cal r ange  (Davies et al., 1992; Vivaudou a n d  Forestier,  
1995). In  a previous study (Vivaudou a n d  Forestier,  
1995) we p re sen t ed  data  that  r e in fo rced  the hypothesis  

that  p ro tons  act by c o m p e t i n g  with nuc leo t ides  (Davies 
et al., 1992), a n d  we p roposed  a reac t ional  mode l  that  

a ccoun t ed  for all observat ions on  p r o t o n - i n d u c e d  
changes  in  ATP sensitivity and  ATP- induced  changes  in  
p H  d e p e n d e n c e .  To  compare  the na tu ra l  activators, 

pro tons ,  with the synthetic  ones,  KCOs, paral lel  experi-  
men t s  were c o n d u c t e d  to examine  how b e n z o p y r a n  

KCOs (bKCOs) in te rac t  with nucleot ides .  These  experi-  
ments,  which consti tute the first part  of  the present  study, 

revealed s t rong similarities between bKCOs and  protons.  
The  second  par t  of  this study is c o n c e r n e d  with the 

in terac t ions  be tween  KCOs and  protons .  We have al- 
ready descr ibed  the pecul ia r  effect of  p ro tons  on  the 
act ion of bKCOs (Forest ier  et al., 1993). This previous 

work d e m o n s t r a t e d  that  p ro tons  an tagon ized  the acti- 
vat ion by bKCOs by r e d u c i n g  their  affinities for the 

KAa- p channe l .  It is e x t e n d e d  here  in  two direct ions:  o n  
the one  hand ,  we have s tudied  the specificity of the in- 
te rac t ion  proton-act ivator  by test ing two non-benzopy-  
r an  KCOs, p inac id i l  and  aprikal im. O n  the o the r  hand ,  

we have tr ied to quant i fy  this in t e rac t ion  by s tudying its 

pH d e p e n d e n c e  in  grea ter  details. 
In  the last par t  of  this study, the mechanis t i c  implica- 

t ions of these observat ions are discussed, a n d  we pres- 
en t  an  allosteric mode l  of the KATp c h a n n e l  capable  of  
p red ic t ing  with accuracy all of  ou r  e x p e r i m e n t a l  data. 

P re l iminary  accounts  of  this work have b e e n  pub-  
l ished in  abstract  form (Forest ier  a n d  Vivaudou,  1993b; 
Forest ier  et al., 1995). 

M A T E R I A L S  AND M E T H O D S  

The methods used in this work were similar to those described in 
a recent publication (Vivaudou and Forestier, 1995). Ionic cur- 
rents were recorded in inside-out patches excised from the mem- 
brane of split-fiber blebs. Formation of these blebs was induced 
by mechanical cleavage of fibers dissected from the iliofibularis 
thigh muscle of adult frogs, Rana esculenta (Vivaudou et al., 1991 ). 

Conditions were designed to optimize recording of KA~p chan- 
nels, which are present at high density in our preparation. The 
patch pipette contained 150 mM K +, 136 mM CI-, 2 mM Mg 2+, 
and 10 mM PIPES. The cytoplasmic face of the patch was bathed 
in solutions that all contained 150 mM K +, 40 mM CI , 1 mM 
EGTA, 10 mM PIPES, and methanesulfonate- as the remaining 
anions. No Mg z+ was added except where noted. In particular, 
for the experiments described in Fig. 5 and all subsequent fig- 
ures, the solution containing 3 mM ATP had 5 mM M f  +, but 
other solutions contained no Mg 2+. The concentration of con- 
taminant Mg 2+ in nominally Mg2+-free solutions was less than 10 
IxM (Forestier and Vivaudou, 1993a). Solutions were titrated with 
KOH or HC1, and solution pHs were found to remain stable dur- 
ing the course of an experiment, even when outside the effective 
buffering range of PIPES (i.e., pH 5.8-7.8). 

When not explicitly specified, pH was set to 7.1, and the mem- 
brane potential V m was -50  mV. Experiments were conducted at 
room temperature (22-24~ ATP (potassium salt) was pur- 
chased from Sigma Chemical Co. (St. Louis, MO). Levcromakalim 
(code name BRL 38227; from SmithKline Beecham, Harlow, 
UK), SR 47063 (Sanofi Recherche, Montpellier, France), pinaci- 
dil, and aprikalim (code name RP 52891; Rhrne-Poulenc Rorer, 
Vitry-sur-Seine, France) were added from stock solutions (respec- 
tively, 100 mM, 10 mM, 182 mM, and 20 mM) in DMSO. DMSO 
alone was without effects on KaTp channel activity at all pHs used. 
Final concentrations of levcromakalim and SR 47063 higher than 
200 IxM yielded cloudy solutions, indicating solubility problems. 
To be safe, data points obtained at concentrations higher than 
100 IxM were not used to build dose-response cmwes tor these 
KCOs. 

Application of the various solutions to the intracellular face of 
the patch was performed using a RSC-100 rapid solution changer 
(Bit-Logic, Claix, France) controlled by the custom software Perf 
2.10 (M. Vivaudou, available upon request). Concentrations of 
free (i.e., not bound to Mg 2+) and bound nucleotides were esti- 
mated by using AI2 (M. Vivaudou, available upon request), which 
is the latest version of the software program Alex (Vivaudou et 
al., 1991). Values given in the text represent total concentrations 
unless expressly specified. 

Analogue signals were filtered at 300 Hz and sampled at 1 kHz. 
For presentation, additional Gaussian filtering and undersam- 
pling were done numerically. Final cut-off and sampling frequen- 
cies are indicated in the figure captions as fc and f,, respectively. 
Slow fluctuations of the no-channel-open baseline of the current 
signal were removed by interactive fitting of the baseline with a 
spline curve and subtraction of this fit from the signal. Acquisi- 
tion, analysis, and presentation were performed with the custom 
software Erwin 3.1 (M. Vivaudou, available upon request), fitting 
of dose-response data with Origin 3.7 (MicroCal, Northampton, 
MA), and mathematical modeling with MathCad 5.0 (MathSoft, 
Cambridge, MA) and Excel 5.0 (Microsoft Corp., Redmond, WA). 

Mean patch current, /, was computed by averaging data sam- 
ples over selected portions of the signal. Mean current is given by 
I = NPoi, where i is the amplitude of the single-channel current, 
N is the number of active channels in the patch, and P,, is the 
channel-open probability. For short data stretches, the extent of 
rundown remained small and Ncould be safely taken as constant. 
Consequently, in conditions in which i stayed constant, mean 
current was used directly as a measure of channel activity propor- 
tional to P,~. However, single-channel current varies with pH 
(Vivaudou and Forestier, 1995). Therefore, in those experiments 
in which we needed to compare data at different pHs, we used 
the quantity I + i (i.e., NPo) as an indicator proportional to P,,. 
Values of i at each pHs were experimentally determined, as de- 
scribed earlier (Vivaudou and Forestier, 1995). 

Normalized KCO-induced activity was computed as the differ- 
ence between mean current at a given KCO concentration, and 
control mean current divided by the difference between the max- 
imum mean current and the control mean current. The maxi- 
mum current was the current obtained in absence of ATP. 

Normalized KCO-induced Activity = 

I ( IATPI,IKCOI) - 1 (IATPI,IKCOI = O) 
I (IATPI = o , I g c o I  = O) - ~ ( I A T P I , [ K C O I  = O) 

O)  
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Nucleotide and  pro ton  dose-response  curves were obtained 
and  processed as in previous works (Vivaudou and  Foresfier, 
1995). The  following functions, designated as H l, H 2, and  //3, 
which are s tandard Hill functions for full agonists and  antago- 
nists, were used to quantify the effects of nucleofides, KCOs, and  
protons, respectively: 

Max 
H I (INucleotide]) = [Nucleotidel h'  (2) 

'+[ -1 
Max X IKCOI h 

n 2 (IgCOI) = IK,,21, + iKCOih,  (3) 

Max 
H 3 (pH) 1 + 10" h. (pn - my) ' (4) 

where h is the dimensionless Hill coefficient, K1/2 is the concen- 
trat ion causing 50% inhibi t ion or  activation, and  pK is the pH 
value causing 50% activation. Max is the maximum value, which 
should be 1 for normalized data. Eq. 4 was used to model activa- 
t ion of KATe channels  (x = 1) as well as inhibi t ion of KCO- 
induced  cur ren t  (x = - 1 )  by protons. 

A 

10 pA I 

200 pM Levcromakalim 

20 s 

B 
~ .  40-1 ~ / ~  -("~ ~ - K�89 = 0.9 mM 

:o t /',, ,,- 

o In_ z 0 z~*t" "~'~'~ %t 
IATPI 

FIGURE 1. Levcromakalim reduces channel  sensitivity to ATP in- 
hibition. (A) Current  response to ATP inhibit ion before and after 
application of a saturating dose of levcromakalim. Solutions con- 
tained no added Mg ~+. fs = 100 Hz, fc = 30 Hz; Vm = +30 mV; 
Patch 280703A. (B) Corresponding plots of the mean current  at 
each concentrat ion of ATP vs. ATP concentrat ion without (open cir- 
cles) and with (filled circles) levcromakalim. Dashed lines represent  
the best fits of the data points to Eq. 2 with values for K1/2 and h of 
42 p.M and 1.6 (control) and 900 wM and 1.7 (levcromakalim). 

Each observation discussed in this article was reproduced in at 

least three different patches. Results are displayed as the mean  _+ 
SD. 

R E S U L T S  

M u t u a l  Interaction between bKCOs and  Nucleotides 

W e  h a v e  a l r e a d y  s h o w n  t h a t  SR 4 7 0 6 3  a n d  l evc ro -  

m a k a l i m  c a u s e d  KATP c h a n n e l  a c t i v a t i o n  i n  o u r  p r e p a -  

r a t i o n  a n d  t h a t  t h i s  e f f e c t  was  a n t a g o n i z e d  b y  p r o t o n s  

( F o r e s t i e r  e t  al. ,  1 9 9 3 ) .  W e  n o w  e x a m i n e  i n  m o r e  d e t a i l  

h o w  K C O s  i n t e r a c t  w i t h  n u c l e o t i d e s  to  p r o d u c e  ac t iva-  

t i o n .  

A c t i v a t i o n  by  b K C O s  was s e e n  o n l y  i n  t h e  p r e s e n c e  o f  

A 5 mM Mga+ I 

200 pM Levcromakalirn 

10 o A [ _ _  

20 s 

B 
30 K-7mM ] ~ ' - - O - , - ,  ~- 7~//0~::::1 ~,,=,.~ 

- l " . . . .  "~',e,J ( -~ t - "~ - - , l l r  , / \ e ,  , " 

7n~ r o 0 ra., z 0 

ITotal ATPl IMg-Fme KrPl 

FIGURE 2. The effect of levcromakalim on channel  sensitivity to 
ATP is independen t  of Mg 2+. (A) Current  response to ATP inhibi- 
tion before and  after application of a saturating dose of levcro- 
makalim. All solutions contained 5 mM Mg 2+. fs = 100 Hz, f~ = 30 
Hz; V m = +30 mV; Patch 280703A. This trace was recorded fight 
after the trace from the same patch shown in Fig. 1. (B) Corre- 
sponding plots of the mean current  at each concentrat ion of ATP 
vs. total ATP concentrat ion (left) and  computed Mg-free ATP 
(right) without (open circles) and with (filled circles) levcromakalim. 
Dashed lines represent  the best fits of the data points to Eq. 2 
with values for KI/2 and h of  0.67 mM and 1.7 (control, total ATP), 
7.2 mM and 1.9 (levcromakalim, total ATP), 24 ~M and 1.6 (con- 
trol, Mg-free ATP), and 1.3 mM and 1.6 (levcromakalim, Mg-free 
ATP). 
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50 pM SR47063 50,.IJM SR47063 

100~JM ATP p H..__6 100 pM ATPyS pH6 

MgATP MgATP MgATP MgATP 

10 - - -  

5S 

FIGURE 3. SR 47063 relieves channel inhibition by the ATP ana- 
logue ATP'yS. Channel activation was observed first in the pres- 
ence of 100 tzM ATP and then, after washing out the KCO by ap- 
plication of an acidic solution (Forestier et al., 1993), in the pres- 
ence of 100 p~M ATP3,S. The solution marked MgATPcontained 3 
mM ATP and 5 mM Mg 2+. Other solutions contained no Mg ~+. 
The pH was 7.1 throughout, except for the pH 6 nucleotide-free 
solution (marked pH 6), which served to accelerate recovery from 
KCO activation (Forestier et al., 1993). t~, = 400 Hz, f, = 100 Hz; 
V~ = -50  mV; Patch 41M9. 

i n h i b i t i n g  doses  o f  ATP. At  h i g h - e n o u g h  doses  o f  ATP, 
c h a n n e l s  s tayed c losed  with o r  w i thou t  KCOs. In  the  ab- 
sence  o f  ATP, bKCOs  caused  no  ac t iva t ion  even w h e n  
c h a n n e l  activity was far  f rom m a x i m a l  because  o f  run-  
down  o r  o t h e r  u n k n o w n  factors.  

T h e s e  obse rva t ions  a re  s imply  e x p l a i n e d  by the  f ind-  

ing  tha t  bKCOs  dec rease  the  affini ty o f  the  c h a n n e l  for  

ATP as d e m o n s t r a t e d  by Fig. 1. Wi th  a n e a r - m a x i m a l  
dose  o f  act ivator ,  the  affini ty was d e c r e a s e d  by m o r e  
t han  o n e  o r d e r  o f  m a g n i t u d e .  This  effect  was n o t  con-  
t i n g e n t  o n  the  p r e s e n c e  o f  Mg 2+, as it  was obse rved  
wi thou t  (Fig. 1) a n d  with m M  Mg 2+ (Fig. 2). 

As we have a l r eady  r e p o r t e d  (Vivaudou et  al., 1991; 
Fores t i e r  a n d  Vivaudou ,  1993a),  the  a d d i t i o n  o f  m M  
Mg 2+ causes a l a rge  dec rease  in the  i nh ib i t o ry  p o t e n c y  
o f  ATP or  ADP. This  was c lear ly  seen  in the  pa t ch  used  
in Figs. 1 a n d  2, w h e r e  the  ATP c o n c e n t r a t i o n  for  half-  
m a x i m a l  i nh ib i t i on  in c o n t r o l  c ond i t i ons  c h a n g e d  
f rom 40 IxM (Fig. 1 B) to 700 ~M (Fig. 2 B,/eft) o n  addi -  
t ion  o f  5 m M  Mg "~+. This  p r e s u m a b l y  reflects  the  lower  
sensitivity o f  the  c h a n n e l  to b lock  by Mgg+-bound nu- 
c leot ides .  Fig. 2 B (right) shows a p lo t  o f  c h a n n e l  activity 
versus the  c o n c e n t r a t i o n  o f  the  Mg-free  fo rms  o f  ATP 
(main ly  ATP 4-, A T P H  3-, a n d  ATPK3-) .  I f  b lock  by Mg- 
ATP was weak  e n o u g h ,  the  r e l a t i onsh ip  be tween  chan-  
ne l  activity a n d  Mg-free ATP s h o u l d  r e m a i n  the  same  in 
the  p r e s e n c e  o r  a b s e n c e  o f  Mg 2+. Wi th in  the  p rec i s ion  
o f  o u r  analysis,  this p r e d i c t i o n  m a t c h e d  o u r  observa-  
t ions,  as in the  e x a m p l e s  o f  Figs. 1 a n d  2 w h e r e  the  half- 
i nh ib i t o ry  c o n c e n t r a t i o n  o f  Mg-free ATP s tayed n e a r  33 
p,M in 0 Mg 2+ a n d  in  5 m M  Mg 2+. This  c o n c e n t r a t i o n  
was ra i sed  by l e v c r o m a k a l i m  to ~ 1  m M  in b o t h  cond i -  
t ions,  sugges t ing  that ,  first, bKCOs  in t e r ac t  with the  
b i n d i n g  site fo r  Mg-free  ATP,  a n d  second ,  ac t ivat ion by 
bKCOs  is n o t  r e g u l a t e d  by Mg 2+ o r  MgATP 9- ions. I t  is 

A 100 pM Levcromakalim 

l o s  

B 

.E ,- 0.5 

~) , , _K~9 .7mM 

�9 

i / /  i i i i i 

IADPI 

FIGURE 4. Levcromakalim reduces channel sensi- 
tivity to ADP inhibition. (A) Current response to ADP 
inhibition before and after application of a saturating 
dose of levcromakalim. The solution marked MgATP 
contained 3 mM ATP and 5 mM Mg "~+. Other solu- 
tions contained no ATP and no Mg e+. f~ = 200 Hz, 
fc = 100 Hz; Vm = -50  mV; Patch 33M3. (B) Corre- 
sponding plots of the mean current normalized to 
the 0 ADP current at each concentration of ADP vs. 
ADP concentration without (open circles) and with 
(filled circles). Each symbol and bar represent the aver- 
age and standard deviation of eight measurements 
obtained by repeating the perfusion protocol of A 
with either Vm = --50 mV or V~ = +30 mV. (No ob- 
vious effects of Vm on ADP sensitivity were noticed.) 
Dashed lines represent the best fits of the data points 
to Eq. 2 with values for Kl/~ and h of 1.2 mM and 1.3 
(control) and 9.7 mM and 1.l (levcromakalim). 
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SR 47063  
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250 pM 3 mM 
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B SR 47063  
pH6 l p M  5pM 10pM 100pM 
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0 -  

• /  ~ /  / 
/ / / 
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ISR 470631 

FIGURE 5. ATP reduces apparent channel affinity 
for SR 47063. (A and B) Channel activity induced by 
increasing doses of SR 47063 recorded successively 
in the presence of 250 ~M and 100 ~M ATP. Except 
for the 0 ATP, pH 6 solution, pH was 7.1. This pH 6 
solution was used routinely to reverse KCO activa- 
tion (see text), thus permitting a rapid return to 
control conditions for subsequent tests in the same 
patch, fs = 200 Hz, fc = 60 Hz; Vm = -50 mV; Patch 
411405. (C) Mean responses to SR 47063 in the 
presence of 100 ~M ATP (fil~d circles), 250 I~M ATP 
(t~pen triangles), and 500 ~M ATP (filled triangles) 
compiled from the responses of 18 patches. Each 
symbol and bar represent the average and standard 
deviation of 3 to 10 measurements obtained using 
the protocols and solutions of A and B. Dashed lines 
are best fits of the data points to Eq. 3 with values 
for K1/2 and h of 14 &M and 0.98 (100 I~M ATP), 42 
p~M and 0.96 (250 ~M ATP), and 210 ~M and 1.0 
(500 p~M ATP). 

therefore  unlikely that  bKCO activation involves a phos- 
phory la t ion  step. This is fu r the r  suppo r t ed  by ou r  ob- 
servation that  bKCOs are able to reverse inhibi t ion  by 
the poor ly  hydrolyzable ATP ana logue  ATP~S (Fig. 3) 
as well as by ADP (Fig. 4). 

The  r educ t ion  in nuc leo t ide  affinity by bKCOs sug- 
gests a compet i t ive  in terac t ion  be tween  the nuc leo t ide  
b ind ing  sites and  the bKCO b ind ing  sites. Such an in- 
terac t ion would  pred ic t  that, reciprocally,  nucleot ides  
would  affect  channe l  affinity for  bKCOs. Indeed ,  the 
concen t r a t i on  o f  bKCO necessary for  half-maximal  acti- 
vat ion increased as the concen t r a t i on  o f  ATP in- 
creased.  This is i l lustrated in Fig. 5 for  SR 47063. At all 
ATP concent ra t ions ,  SR 47063 activation followed a 
simple L a n g m u i r  adsorp t ion  isotherm.  Hill coefficients 
r e m a i n e d  close to 1, whereas the dissociation cons tan t  
increased  approx imate ly  four fo ld  for  a twofold in- 
crease in ATP. Similar results were ob ta ined  with 
levcromakal im,  which has abou t  ha l f  the po tency  o f  SR 
470563. 
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Activation by KCOs Is Antagonized by Protons 

The  effects o f  p ro tons  on  activation by pinacidil  and  
aprikal im (Figs. 6 and  7) were tested with the same type 
o f  pro tocols  used earl ier  (Forestier  et al., 1993) for  the 
b e n z o p y r a n  KCOs, levcromakal im and  SR 47063. Over- 
all, results were similar for  all fou r  KCOs despite differ- 
ences  in s tructure,  potency,  and  dissociation rate. 

Fig. 6 A shows that  pinacidil  activation is an tagon ized  
by protons .  At p H  7.1 channe l  activity is s trongly in- 
creased by a near-maximal  dose o f  pinacidil  bu t  reverts 
to its con t ro l  value (i.e., activity at p H  6 wi thou t  KCO) 
when  p H  is lowered to 6. Fig. 6 B fu r the r  demons t ra tes  
that  p ro tons  e n h a n c e  the dissociation rate o f  pinacidil  
f rom the channel ,  which is consis tent  with a decrease  in 
affinity. At p H  7.1, a shor t  appl icat ion o f  pinacidil  in 0 
ATP has no  a p p a r e n t  immedia te  effect on  channe l  ac- 
tivity, bu t  subsequen t  appl icat ion o f  a b locking  concen-  
t rat ion o f  ATP uncovers  a persistent  increase in chan-  
nel activity tha t  we in te rpre t  as the slow dissociation o f  
the  activator f rom its b ind ing  site. A br ie f  acidification 
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FIGURE 6. Protons block the activatory effect of pinacidil. (A) 
Lowering pH from 7.1 to 6 reverses activation by pinacidil (500 
IxM). Except where marked, pH was 7.1. fs = 500 Hz, fc = 200 Hz; 
Vm = -50 mV; Patch 370804. (B) A brief acidification from pH 7.1 
to 5.8 eliminates the persistent activation remaining after applica- 
tion of pinacidil (500 p.M). f~ = 330 Hz, fc = 100 Hz; Vm = -50 
mV; Patch 363004. 

periments,  the relationship between p H  and channel  
activity was obta ined with and without bKCOs. In the 
control,  activity steeply augments  as p H  decreases. With 
100 ~M internal ATP, the pK of  this activation ap- 
proaches  6 (Vivaudou and Forestier, 1995). In the pres- 
ence of  a saturating concentra t ion of  KCO, activity is 
strongly potent ia ted at basic pHs compared  with the 
control.  As p H  is lowered, activity first decreases until 
p H  6, then goes up again at p H  below 6. This behavior  
is peculiar but  not  unexpected,  considering what we 
know about  protons  and skeletal muscle KAy P channels. 
On one hand,  we have shown qualitatively that, in the 
presence of  KCOs, lowering pH reduces channel  activ- 
ity via removal of  KCO activation and that  this effect ap- 
pears nearly complete  at p H  6 (Figs. 6 and 7, and Fores- 
tier et al., 1993). On the o ther  hand,  lowering pH aug- 
ments  channel-open probabili ty with a pK of  6 in the 
presence of  100 IxM ATP (Vivaudou and Forestier, 
1995). Because the p H  ranges of  these two opposite ac- 
tions do not  fully overlap, the inhibitory effect of  pro- 
tons predominates  at pH >6,  whereas at p H  < 6  one 
observes only the activatory effect. 

Considering only the p H  dependence  of  the KCO- 
induced activity (Figs. 8 C and 9 C), one  finds a pK of  
6.6 for both  KCOs tested. This dependence  is ra ther  
steep, with a Hill coefficient of  2.5. Although this latter 
pa rame te r  has no special significance in terms of  a 
model ,  its value greater  than 1 suggests that more  than 
one protonat ion  site is involved. 

to approximately  pH 6 suppresses this persistent activ- 
ity, i.e., protons accelerate the dissociation of  the activa- 
tor. Such a protocol  has the meri t  of  excluding "arte- 
factual" interactions between KCO, ATP, and protons  
as a source of  the observation, since these effectors are 
applied sequentially and therefore never mee t  in the 
same solution (al though one cannot  exclude some 
mixing between successive solutions when switching 
perfusion outlets). Similar protocols were used with 
aprikalim with essentially the same results (Fig. 7). At 
pH 7.1, aprikalim was found  to dissociate faster than pi- 
nacidil and benzopyran KCOs, as shown by the more  
rapid decay of  the current  after aprikalim application 
(Fig. 7 B). Nonetheless,  the acceleration of dissociation 
remained  unambiguous  and very reproducible  in spite 
of  the smaller signal size. It therefore  appears  that 
acidic pH has the same effect on all tested KCOs, sug- 
gesting that  KCOs have a c o m m o n  mechanism of ac- 
tion, if not  a c o m m o n  site of  action, despite an appar- 
ent lack of structural homology. 

The  effect of  protons  on KCO activation was charac- 
terized more  quantitatively by examining its dose de- 
pendence .  This was done  with the two benzopyran 
KCOs, levcromakalim and SR 47063, by conduct ing ex- 
per iments  illustrated in Figs. 8 A and 9 A. In those ex- 

Karp Channel Modulation by Nucleotides, Protons, and 
KCOs: A Reactional Model 

Our  previous observations on the competit ive effects of  
protons and  nucleotides on the KAT P channel  led us to 
postulate a model  in which the channel  open  configu- 
ration was stabilized by protons (four concer ted sites) 
and the closed configurat ion was stabilized by nucle- 
otides (two concer ted  sites) (Vivaudou and Forestier, 
1995). This simple model  was found  to adequately pre- 
dict all our  results. Taking this model  as a starting 
point,  we have tried to build a more  elaborate model  
integrating bKCO effects that could account  for our  
previous and our  present  observations. The  most  diffi- 
cult behavior  to reproduce  was the complex p H  depen-  
dence of  channel  activity in the presence of  bKCOs re- 
sponsible for the unusual shape of  the dose- response  
curves of  Figs. 8 C and 9 C. We have tested a n u m b e r  of  
schemes of  various complexity and found only one ca- 
pable of  p roduc ing  such responses. 

This scheme is outl ined in Fig. 10 A. Intuitively, one 
sees that this scheme predicts competit ive interactions 
between ATP and protons  and  between bKCOs and 
protons,  as found  experimentally.  It also predicts acti- 
vation by protons  in the absence of  KCOs as well as in- 
hibition in their presence. This inhibition results f rom 
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FIGURE 7. Aprikalim, like pinacidil and benzopy- 
ran KCOs, loses potency at acidic pH. (A) Lowering 
pH from 7.1 to 6 reverses activation by aprikalim 
(300 o.M). Except where marked, pH was 7.1. f~ = 
500 Hz, f~ = 200 Hz; Vm = - 5 0  mV; Patch 370703. 
(B) A brief  acidification from pH 7.1 to 6 enhances  
the wash-out of the activation remaining after appli- 
cation of aprikalim (300 o.M). fs = 330 Hz, fc = 100 
Hz; V,n = - 5 0  mV; Patch 370701. 

sequential protonat ion sites: The first protonations re- 
move bKCO sensitivity while preserving ATP sensitivity, 
thus causing a reduct ion in channel  activity at interme- 
diate pHs in the presence of  ATP. The  last protona- 

tions make the channel  insensitive to block by ATP as 
well, thus causing an increase in activity at low pHs. 

In its general form, this scheme assumes that the 
channel  possesses four classes of  identical sequential 
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FIGURE 8. pH dependence  of KAa ? channel activity 
induced by levcromakalim. (A) Currents recorded at 
progressively lower pHs in the presence of 100 ~M 
ATP in control conditions and in the presence of 100 
I~M levcromakalim, f~ = 100 Hz, fr = 30 Hz; Patch 

39M4. (B) Plot of fractional channel activity in 100 
[zM ATP vs. pH in the absence (open circles) and pres- 
ence (filled circles) of 100 p~M levcromakalim com- 
piled from data obtained in four patches using the 
protocol of A. Activity was obtained by measuring 
mean current and correcting it to account for the re- 
duction of  single-channel current by protons (see 
Methods). It is expressed here as a fraction relative to 
the control value at pH above 7 and normalized to 
the maximum value at the lowest pH in the absence 

of KCO. The dashed line represents the expected re- 
lationship between activity and pH in 100 ~M ATP, it 
is the best fit of all our experimental data (17 
patches) to Eq. 4 with pK = 6.0 and h = 2.1. (C) Plot 
of levcromakalim-induced activity vs. pH computed 
by subtraction (see Methods) from the same data set 
as B. The dashed line represents the best fit of the 
data points to Eq. 4 with pK = 6.62 and h = 2.50. 
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FIGURE 9. pH dependence of KAT P channel activity in- 
duced by SR 47063. (A) Currents recorded at different 
pHs in the presence of 100 ~M ATP without and with 
50 ~M SR 47063. f~ = 110 Hz, fc = 50 Hz; Patch 320902. 
(B) Plot of fractional activity in 100 ~M ATP vs. pH in 
the absence (open circles) and presence (filled circles) of 
50 ~M SR 47063 (9 patches). Dashed line as in Fig. 8. 
(C) Plot of SR 47063-induced activity vs. pH. The 
dashed line represents the best fit of the data points to 
Eq. 4 with pK = 6.55 and h = 2.50. 

sites that stabilize the channel in a given conformation: 
nATp nucleotide sites of  affinity/(AT P linked to a closed 
state, nKco opener  sites of  affinity K~c o linked to an 
open state, and two classes of  protonat ion sites that we 
shall call class I and class II. When occupied, class I sites 
(nm sites of  affinity Kin ) secure the channel in a config- 
uration accessible to nucleotides but not KCOs. Subse- 
quent  occupation of  class II sites (n2H sites of  affinity 
KzH ) stabilizes an open configuration inaccessible to 
nucleotides. Predicted channel-open probability may 
be expressed relatively easily as a function of  the above 
eight variable parameters (Monod et al., 1965; Vivau- 
dou and Forestier, 1995). Model predictions could thus 
be compared with the experimental data. Predicted 
and experimental curves were superposed and parame- 
ters were adjusted until the best match, as judged  by 
eye, was achieved. This process indicated that the data 
left little choice for the stoichiometry of  the model  and 
led to a model  of  the form shown in Fig. 10 B. With a 
single pK of 6.6 for all protonation sites and dissocia- 
tion constants of  0.7 ~M for the opener  SR 47063 and 
~35  p~M for ATP, the model accurately predicted the 
four different sets of  experimental data for which we 
had enough statistical evidence (Fig. 11): channel inhi- 
bition by ATP at different pH s (Fig. 11 A), channel  ac- 
tivation by protons at different ATP concentrations 
(Fig. 11 B), channel  activation by the opener  SR 47063 
at different ATP concentrations (Fig. 11 C), and relief 

of  SR 47063 activation by protons (Fig. 11 D). For opti- 
mal fit, the parameter KAT P was slightly varied for each 
set of  data to account  for the inherent  variability of the 
ATP sensitivity of KAT P channels that we and others 
(Findlay and Faivre, 1991) have observed. 

D I S C U S S I O N  

In a preceding paper, we examined the mechanism of 
the activation of  skeletal muscle KAT P channels by pro- 
tons (Vivaudou and Forestier, 1995). The same ap- 
proach was used here to study the mechanism of action 
of  synthetic activators on these channels. 

Role of Nucleotides in the Activation of Skeletal Muscle KATP 
Channels by Pharmacological Openers 

In cardiac muscle, where this has been studied most ex- 
tensively, it now appears well established that the pri- 
mary effect of  KCOs is to reduce the ability of  ATP to 
block KAT P channels. This was first demonstrated by 
Thuringer  and Escande (1989) for the thioformamide 
RP 49356 in one of  the first detailed studies of  the mech- 
anism of action of  an opener.  Ripoll et al. (1990) and 
Terzic et al. (1994a) later reported similar decreases in 
ATP affinity by the benzopyran derivatives cromakalim 
and HOE-234, respectively. These observations suggest 
a competitive mechanism, and indeed, Thuringer  and 
Escande (1989) further observed that the interaction 
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FIGURE 10. Reactional scheme considered to explain the station- 
ary effects of protons, nucleotides, and KCOs on the open proba- 

bility of the KATP channel. The symbols O and C refer to the chan- 
nel being open and closed, respectively. (A) General scheme. The 
numbers nx refer to the number  of identical independent  sites ac- 
cessible to ligand x. The microscopic dissociation constants K~ of 

each type of sites are indicated in parentheses. (B) Implementa- 
tion of the general scheme with na~ = n m  = n2t4 = 2 a n d  nKco  = 1 

yielding the best prediction of the experimental data. The appar- 
ent dissociation constants for each successive binding step are indi- 
cated below the reaction arrows as a function of the microscopic 
constants. The best-fit values of the microscopic constants are 

given in Fig. 11. 

A T P - o p e n e r  was reciprocal: Whereas RP 49356 de- 
creased the ATP sensitivity of  cardiac KAy P channels,  
ATP decreased the activatory potency of  the opener .  
Such ATP dependence  of  KCO-induced current  was 
also repor ted  for pinacidil (Fan et al., 1990) and nic- 
orandil  (Nakayama et al., 1991). 

In skeletal muscle, we also find an apparen t  competi-  
tion between the benzopyran openers ,  levcromakalim 
and SR 47063, and  ATP based on the evidence that  

bKCOs decrease ATP affinity and  that  ATP decreases 
bKCO affinity. We fur ther  show that bKCOs have the 
same effect on ATP and ADP. This latter observation is 
consistent with the hypothesis that  nucleotides share 
c o m m o n  inhibitory sites on the channel  (Vivaudou et 
al., 1991; Vivaudou and Forestier, 1995) and  that KCOs 
are linked to these sites. 

It is therefore  clear, at least in cardiac and skeletal 
muscle, that  one  characteristic c o m m o n  to all KCOs 
studied is their ability to reduce inhibit ion by ATP. It  
appears  that this is not  the only effect of  KCOs because 
KCOs have the ability to affect KAT P channels in the ab- 
sence of  nucleotides, to reactivate channels after run- 
down, or  both. The  nature  of  these additional effects is 
probably complex  because they have not  been  ob- 
served consistently, even unde r  similar exper imenta l  
conditions. For instance, in cardiomyocytes, RP 49356 
or its enant iomer ,  aprikalim, caused activation in nu- 
cleotide-free conditions in certain cases (Escande et al., 
1989; Thur inger  and Escande, 1989) but  were ineffec- 
tive in others (Ripoll et al., 1990; Thur inger  et al., 
1995). In hear t  muscle, exper iments  with benzopyran 
KCOs such as cromakalim,  SR 44866, or HOE-234 have 
also yielded conflicting results (Escande et al., 1989; 
Findlay et al., 1989; Ripoll et al., 1990; Shen et al., 1991; 
Terzic et al., 1994). 

In amphibian  skeletal muscle, none  of  the openers  
that we tested, levcromakalim, SR 47063, pinacidil, and  
aprikalim, had any effect in the absence of  nucleotides 
before or  after rundown. More generally, we have no 
evidence for time- or  rundown-dependen t  changes of  
any of the responses we describe. Compar ison with the 
o ther  studies on KCOs and skeletal muscle, which all 
concerned  mammal ian  muscle, is difficult because of  
contradictory findings regarding KCO effectiveness or 
ineffectiveness on ATP-free or  rundown channel  activ- 
ity: Ineffectiveness in mouse muscle for pinacidil and  
cromakal im (Weik and Neumcke,  1990; Allard and Laz- 
dunski, 1992), but  effectiveness also in mouse muscle 
for levcromakalim (Hussain et al., 1994) and RP 49356 
(Weik and Neumcke,  1990) as well as in h u m a n  muscle 
for cromakal im and RP 49356 (Quasthoff  et al., 1990). 
It therefore  seems p rematu re  to conclude that  amphib-  
ian and mammal ian  KAT P channels have distinct prop- 
erties, especially when one sees that opposite effects of  
the same KCO (levcromakalim) have been  recorded  in 
the same species (mouse).  It could well be that discrep- 
ancies arise f rom unidentif ied differences in experi- 
mental  conditions that will have to be resolved before 
fur ther  discussion. 

The  above results suggest that, in frog skeletal mus- 
cle, the activation of  KAT P channels  by KCOs could be 
due solely to competit ive relief of  inhibition by nucle- 
otides. The  case for this conclusion is s t ronger  for  the 
benzopyrans,  levcromakalim, and SR 47063, for which 
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FIGURE 11. Model predictions match all experimental observations on the regulation of KATP channels by ATP, protons, and SR47063. 
Symbols represent experimental points and solid lines represent predictions of the model of Fig. 10 B~dth pK m = pK2H = 6.62, KKc o = 0.7 
I~M, and KArpbetween 24 and 46 I~M. The actual value of KATP, adjusted for each dose-response plot to improve the fit, is given below. (A) 
pH dependence of ATP inhibition. Experimental points are redrawn from Vivaudou and Forestier (1995). KATP = 24 p+M. (B) ATP depen- 
dence of proton activation. Experimental points are redrawn from Vivaudou and Forestier (1995). KA.~, = 38 I~M. (C) ATP dependence of 
SR 47063 activation. Experimental points are redrawn from Fig. 5 B. KaTp = 46 I~M. (D) Effects of protons in the presence of SR 47063. Ex- 
perimental points are redrawn from Fig. 9 B. KATp = 24 I~M. 

the exper imenta l  evidence is m o r e  extensive, but  we 
have no  exper imenta l  data  indicat ing that  pinacidil  
and  aprikal im behave  differently. 

O n e  feature  o f  ou r  observat ions that  led to this con-  
clusion is that  nucleot ides  are necessary to visualize the 
effects o f  KCOs. This r e q u i r e m e n t  for  nucleot ides  does 
no t  a p p e a r  to apply to the b ind ing  o f  KCOs to their  tar- 
get, as it would,  for  example,  if b ind ing  site accessibility 
was d e p e n d e n t  on  phosphory la t ion  o r  some o the r  com- 
plex process as hypothes ized  for  cer tain KCOs in sev- 
eral studies (Dunne  et al., 1990; Shen  et al., 1991; H e h l  
and  Neumcke ,  1994; Hussain et al., 1994). 

In ou r  hands,  no  qualitative differences in KCO acti- 
vation were no t iced  when  exper iments  were c o n d u c t e d  
in ADP ra ther  than  ATP, in the presence  o f  Mg 2+ 
ra ther  than in its virtual absence,  and  when  channe ls  
were b locked by the ATP ana logue  ATP~/S. Moreover ,  
the simple exper iments  dep ic ted  in Fig. 6 B for  pinaci- 
dil and  Fig. 7 B for  aprikal im and  in a previous r epor t  
(Forestier et al., 1993) for  levcromakal im and  SR 47063 
demons t ra t e  that  these KCOs are able to b ind  to their  
targets in the absence  o f  nuc leo t ide  and  Mg 2+, even 
t h o u g h  in those condi t ions  they have no a p p a r e n t  ef- 

fects o n  KAT P channe l  o p e n  probability. O n e  implica- 
t ion o f  this result  is that  models ,  such as that  f rom Hehl  
and  N e u m c k e  (1994), in which KCOs (in that  case, pi- 
nacidil) may only b ind  to the channe l  when  a site for  
Mg-complexed  nucleot ides  is occupied ,  would  have to 
be revised. We therefore  see no  absolute r equ i r e me n t  
for  Mg-complexed  nucleot ides  for  init iation o f  KCO ac- 
t ion in amph ib i an  skeletal muscle,  a l though  we have 
no t  investigated this in detail, and  would  therefore  no t  
rule ou t  a potent ia l  modu la t i on  o f  KCO act ion by nu- 
cleotides. In  particular,  it appears  tha t  nuc leo t ide  
d iphospha tes  regulate  activation by KCOs of  cardiac 
KATP channels  in a complex,  Mg2+-dependent  m a n n e r  
(reviewed by Terzic et al., 1995). O u r  model ,  which was 
built  only using results ob ta ined  in the absence  o f  
Mg 2+, would  no t  a ccoun t  for  such regulations.  

Protons Antagonize the Action of  Benzopyran and 
Non-benzopyran Openers 

We recently discovered that protons,  in addi t ion to their 
s t rong agonist  act ion on  skeletal muscle KATP channels  
(Davies, 1990), cou ld  have antagonist ic  effects in the 
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FIGURE 12. A hypothetical structural model of a tetrameric KATl~ 
channel.  This model, severely constrained by its two-dimensional 
representation, would conform to the steady-state reaction scheme 
of Fig. 10 B. The  channel  complex would possess one KCO site sta- 
bilizing an open conformation, two concerted ATP binding sites 
stabilizing a closed conformation, two concerted protonat ion sites 
stabilizing a conformation having a low affinity for KCOs, and two 
subsequent  concer ted protonat ion sites stabilizing an open confor- 
mation. Channel  subunits would be allosterically linked so that 
subunit  motion would be constrained to maintaining the channel  
axial symmetry. 

presence of  benzopyran KCOs (Forestier et al., 1993). 
Our  exper imenta l  evidence revealed that  this peculiar 
behavior  arose f rom a pro ton- induced reduct ion in the 
activatory effect of  bKCOs that  could not  be at tr ibuted 
to pro tona t ion  of  the KCOs themselves, as they have no 
titratable sites. This reduct ion was at least in part  
caused by a drastic acceleration of  the dissociation of  
the bKCOs on protonat ion,  suggesting that protona-  
tion affected affinity ra ther  than efficacy. As the details 
of  this p r o t o n - K C O  interaction constitute a sort of  
fuzzy signature of  the KCO binding site, one  aspect of  
the present  work was to examine whether  this signature 
might  differ with KCOs of  distinct structures as it would 
if they bound  to different sites. We tested aprikalim, a 
th ioformamide,  and  pinacidil, a cyanoguanidine (Go- 
palakrishnan et al., 1993). These KCOs are less po ten t  
than SR 47063 and levcromakalim at activating skeletal 
muscle KATp channels, as nearly maximal  activation 
(with 100 ~M internal ATP) requires 100 IxM SR 47063 
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but  300 to 500 IxM aprikalim or pinacidil. One  reason 
for this lower affinity could be their  greater  dissociation 
rate, exemplif ied by the more  rapid re turn to normal  
channel  activity after a br ief  application of  KCO (Figs. 
6 and  7). In spite of  these differences, protons were 
found  to have the same effect on pinacidil and 
aprikalim as on levcromakalim and SR 47063. Lowering 
p H  f rom 7.1 to 6 completely canceled the KCO- 
induced current  and sped up KCO dissociation so that 
recovery became too fast to be resolved unde r  our  re- 
cording conditions. On the basis of  these similarities, 
we therefore  see more  evidence for c o m m o n  KCO 
binding sites than against. The  existence of  sites com- 
m o n  to such chemically unre la ted  compounds  would 
be puzzling, however, and  one  possibility could be that 
accessory molecu les - -pro te ins  or  l ipids--would serve 
as intermediaries  between channels  and KCOs. Such a 
possibility could explain that  b inding of  a pinacidil ana- 
logue, P1075, could be detected in intact but  not  in dis- 
persed smooth  muscle membranes  (Quast et al., 1993). 

So far, the role of  intracellular protons in modulat-  
ing KCO action has been  the subject of  few other  stud- 
ies, all in hear t  muscle. Venkatesh et al. (1992) did not  
see any effect o f p H  6.5 on cromakal im effect in cardiac 
myocytes. Similarly, Jahangi r  et al. (1994) observed no 
effects of  intracellular acidification to p H  6.5 on ei ther  
control  or pinacidil-induced whole-cell current  in ven- 
tricular myocytes. Although these observations should 
be repeated  at lower p H  values, they conf i rm that car- 
diac KATe channels are much  less sensitive to p H  than 
skeletal muscle channels. If  the agonistic effects of  pro- 
tons on nucleotide-inhibited activity is coupled to their  
antagonistic effects on KCO-induced activity, it would 
be normal  that the weaker agonistic effects in heart  
muscle (e.g., Lederer  and Nichols, 1989) be accompa- 
nied by weaker antagonistic effects. In fact, we see that, 
in the reactional model  of  Fig. 10, both  effects are in- 
deed  coupled with the same protonat ion  sites mediat-  
ing both effects. 

An AUosteric Model of the Skeletal Muscle KATP Channel: 
Structural Implications 

Although several models  of  the KAT v channel  have been 
presented in the literature, most  of  these remained  
qualitative (e.g., Lederer  and Nichols, 1989; Hehl  and  
Neumcke,  1994; Terzic et al., 1994b) and  therefore  un- 
tested in terms of  predictive value. Few attempts have 
been  made  to build more  quantitative models.  This was 
done  by Nichols et al. (1991) for the ATP dependence  
of  cardiac KAT e channels  and by us (Vivaudou and For- 
estier, 1995) for the ATP and p H  regulation of  skeletal 
muscle channels. Based on additional exper imenta l  
data regarding the action of  bKCOs, we are now able to 
present  a more  complete  model  that is capable of  pre- 
dicting ra ther  accurately the isolated and combined  ac- 



tions of  nucleotides, protons,  and bKCOs. This model ,  
as represented  by the scheme of  Fig. 10, seeks to ex- 
plain our  stationary exper imenta l  data and does not  
deal with kinetics, for which we do not  have sufficiently 
accurate data. We therefore  considered only equilib- 
r ium dissociation constants and not  rate constants. This 
also implies that configurations of  the channel  not  
shown in the reactional scheme may exist but  were not  
represented,  as they were redundant .  For example,  the 
configuration of  the channel  with both  KCO and pro- 
tons bound  is not  represented,  a l though it is likely to 
exist because we did observe experimental ly that pro- 
tons accelerated the dissociation of  the KCOs f rom the 
channel.  

Often complex interactions are explained in terms of  
physical coupling between sites, whereby the binding of  
one ligand affects the affinity of  o ther  ligands for their 
sites (e.g., Lederer  and Nichols, 1989; Hehl  and Neum- 
cke, 1994; Terzic et al., 1994b). This type of mechanism 
is difficult to formulate  chemically and might  be un- 
necessarily complicated as demonst ra ted  by the capac- 
ity of  our  scheme to predict  the ra ther  intricate regula- 
tion of  the KAy P channel.  Our  model  features identical 
sites with fixed affinity. It does not  postulate l igand-  
binding induced conformat ional  changes, but  it as- 
sumes spontaneous conformat ional  changes of  the 
channel  and stabilization of  the different conformat ion  
by ligand binding. Cooperativity arises therefore  f rom 
the passive association of  multiple sites to a specific 
conformat ion  and not  f rom active links between sites. 

Considering the probable  mult imeric  nature  of  the 
channel,  one may imagine a structural model  where 
distinct sets of  sites might  be uncovered by a concer ted  
mot ion of subunits (Fig. 12). In this hypothetical  physi- 
cal model ,  the channel  is assumed to be tetrameric,  a 
structure adopted  by other  vol tage-dependent  K + chan- 
nels (Mackinnon, 1991) as well as inward rectifier K + 
channels (Glowatzki et al., 1995). This tetrameric struc- 

ture fits well our  finding of  four  protonat ion  sites. How- 
ever, because we find two nucleotide binding sites and 
two pairs of  protonat ion  sites, the channel  would need 
to be a heterote t ramer .  Such an a r r angemen t  is indeed 
suppor ted  by recent  evidence suggesting that inward 
rectifier K + channels are made  up of  distinct protein 
subunits (Krapivinsky et al., 1995). We assume that de- 
spite their  heterogeneity,  subunits are constrained to 
move together  to maintain overall axial symmetry as ap- 
pears to be the case for o ther  allosteric proteins (e.g., 
Monod et al., 1965; Goulding et al., 1994; Unwin, 
1995). This mot ion  may bring them into one of  the six 
configurations shown which correspond to the chemi- 
cal states of  the scheme of  Fig. 10. As discussed above, 
additional intermediary configurations, such as a KCO- 
bound,  p ro ton-bound  state, may exist, since the reac- 
tional model  makes no assumptions on whether  ligands 
might  or might  not  share the same sites. Nucleotides, 
KCOs, and protons are so dissimilar that it appears  un- 
likely that they would occupy identical sites. Moreover,  
the presence of c o m m o n  sites would be in disagree- 
men t  with the different stoichiometries that we ob- 
tained for these effectors. 

The  major  meri t  of  our  allosteric model  is that it 
demonstra tes  that a ra ther  simple design can give rise 
to very intricate responses. Its major  limit is that it is 
based only on functional data because of  the lack of  
structural information on KAa-p channels. These chan- 
nels still resist cloning in spite of  recent  claims (Ash- 
ford et al., 1994) which have been  chal lenged by later 
studies (Krapivinsky et al., 1995; Duprat  et al., 1995). 
However, with the recent  cloning and  sequencing of  a 
sulfonylurea receptor  (Aguilar-Bryan et al., 1995), 
structural data will no doubt  be for thcoming and, when 
coupled with existing functional models  as presented 
here, should provide a clearer view of  how KAy P chan- 
nels actually work. 
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