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S u m m a r y .  ATP-inhibited potassium channels (K(ATP)) were 
studied in excised, inside-out patches from cultured adult mouse 
pancreatic fl-cells and HIT cells. In the absence of ATP, ADP 
opened K(ATP) channels at concentrations as low as 10/xM and 
as high as 500/xM, with maximal activation between 10 and 100 
txM ADP in mouse fl-cell membrane patches. At concentrations 
greater than 500 /xM, ADP inhibited K(ATP) channels while 10 
mM virtually abolished channel activity. HIT cell channels had a 
similar biphasic response to ADP except that more than 1 mM 
ADP was required for inhibition. The channel opening effect of 
ADP required magnesium while channel inhibition did not. Using 
creatine/creatine phosphate solutions with creatine ph0sphoki- 
nase to fix ATP and ADP concentrations, we found substantially 
different K(ATP)-channel activity with solutions having the same 
ATP/ADP ratio but different absolute total nucleotide levels. 

To account for ATP-ADP competition, we propose a new 
model of channel-nucleotide interactions with two kinds of ADP 
binding sites regulating the channel. One site specifically binds 
MgADP and increases channel opening. The other, the previously 
described ATP site, binds either ATP or ADP and decreases 
channel opening. This model very closely fits the ADP concentra- 
tion-response curve and, when incorporated into a model of fl- 
cell membrane potential, increasing ADP in the 10 and 100 txM 
range is predicted to compete very effectively with millimolar 
levels of ATP to hyperpolarize fl-cells. 

The results suggest that (i) K(ATP)-channel activity is not 
well predicted by the "ATP/ADP ratio," and (ii) ADP is a plausi- 
ble regulator of K(ATP) channels even if its free cytoplasmic 
concentration is in the 10-100/XM range as suggested by biochemi- 
cal studies. 

K e y  W o r d s  potassium channels - pancreatic fl-cells �9 A T P  �9 

ADP - ATP/ADP ratio 

Introduction 

During the past two decades researchers have 
sought the link between membrane electrical activity 
and fuel metabolism in the pancreatic/3-cell (Dean 
& Matthews, 1970; Meissner & Schmelz, 1974). Var- 

ious hypotheses have evolved to explain this rela- 
tionship. A currently favored concept is that glucose 
stimulation increases the "ATP/ADP ratio" in the 
fl-cell cytoplasm and this inhibits ATP-sensitive po- 
tassium (K(ATP))-channel activity (Dunne & Pe- 
tersen, 1986; Misler et al., 1986; Ashcroft & Rors- 
man, 1990). Our studies have focused, therefore, on 
the receptor mechanism by which ADP operates on 
these channels. 

When pancreatic fl-cells are exposed to increas- 
ing concentrations of glucose, the activity of K(ATP) 
channels decreases (Ashcroft, Harrison & Ashcroft, 
1984; Rorsman & Trube, 1985). This results in the 
depolarization of the membrane potential, calcium- 
dependent bursting electrical activity (Cook, Satin 
& Hopkins, 1991) and insulin secretion (Dean & 
Matthews, 1970; Meissner & Schmelz, 1974; Ribalet 
& Beigelman, 1980; Wollheim & Sharp, 1981; Woll- 
heim & Pozzan, 1984). Although glucose-dependent 
changes in ATP levels may mediate the effects of 
glucose, it is a concern that there is a large discrep- 
ancy between the sensitivity of K(ATP)-channel ac- 
tivity to ATP (half-maximal inhibitory concentration 

12/XM) as measured in cell-free membrane patches 
(Cook & Hales, 1984; Rorsman & Trube, 1985) and 
intracellular ATP concentrations (>2 mM) (Ash- 
croft, Weerasinghe & Randle, 1973; Malaisse et al., 
1979). While some of this apparent dose discrepancy 
may be explained by the existence of a large excess 
of K(ATP) channels (the "spare-channel" model; 
Cook et al., 1988) or the existence of ATP gradients 
in cells (Nichols & Lederer, 1990), it is also possible 
that other factors may regulate K(ATP) channels. 

Evidence has accumulated that ADP modifies 
the sensitivity of K(ATP) channels to ATP, such 
that the concentration-inhibition curve for ATP is 
shifted to the right (Dunne & Petersen, 1986; Kakei 
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et al., 1986; Misler et al., 1986). This has led to the 
suggestion that the "ATP/ADP ratio," and not ATP 
alone, largely determines K(ATP)-channel activity 
(Dunne & Petersen, 1986; Misler et al., 1986; Dunne 
et al., 1988). 

The mechanism for the apparent competition 
between ATP and ADP is not clear. According to 
one hypothesis (Misler et al., 1986; Dunne et al., 
1988), ADP competes with ATP for the ATP binding 
site and thus blocks the channel response to ATP. 
This competition has been shown, however, only for 
levels of ADP greater than 0.3 mM (Kakei et al., 
1986; Misler et al., 1986; Findlay, 1987; Dunne et 
al., 1988) while measurements in pancreatic/3-cells 
(Ghosh et al., 1991; Ohta et al., 1991) and hepato- 
cytes (Akerboom et al., 1978; Veech et al., 1979; 
Jacobus, Moreadith & Vandegaer, 1982; Koretsky 
et al., 1990) indicate that most ADP is protein bound 
and free levels of ADP are below 100/XM. 

To determine how such low levels of ADP might 
affect K(ATP) channels, we used excised, inside- 
out patches from mouse pancreatic/3-cells and HIT 
cells to determine concentration effects of ADP in 
the absence and presence of ATP. We present evi- 
dence that ADP can stimulate K(ATP)-channel ac- 
tivity in the absence of ATP at concentrations as low 
as 10/ZM with maximal excitatory effects observed 
for concentrations of ADP between 10 and I00/zM. 
We also explicitly determine to what extent the 
"ATP/ADP ratio" predicts K(ATP)-channel actiyity 
over the presumed physiologic range of ATP and 
ADP concentrations. We found that substantially 
different levels of channel activity can be observed 
in solutions with the same ATP/ADP ratio but differ- 
ent absolute concentrations of ATP and ADP. 

A mathematical model incorporating two ADP 
binding sites successfully predicted several features 
of our and other's data. With this model we predict 
that ADP concentrations in the range of 10 to 100 
/ZM can have potent ATP-competitive effects on the 
/3-cell membrane potential. Taken together, the re- 
sults suggest that ADP may be capable of regulating 
K(ATP)-channel activity even if the cytoplasmic 
free ADP concentration is below 100 ~M. A prelimi- 
nary account of this work has appeared (Hopkins & 
Cook, 1991). 

tions, trypsin was used to facilitate cell dispersion. The cells were 
maintained for up to seven days in RPMI 1640 culture medium 
supplemented with fetal bovine serum (10%), L-glutamine (1%), 
penicillin/streptomycin (1%), and 11.1 mM glucose. 

HIT cells (Santerre et al., 1981) were obtained from Dr. 
Robert Santerre of Eli Lilly at passage 47 and maintained in 
Ham's F12 medium supplemented with fetal bovine serum (15%) 
and horse serum (2.5%). Cells used were typically from passages 
58-80. 

PATCH-CLAMP TECHNIQUES 

Single cells were observed using an inverted microscope, and 
following formation of a gigaohm seal, patches of membrane were 
excised in the inside-out configuration (Hamill et al., 1981) at 
room temperature (20-22~ Single-channel currents were re- 
corded with a Dagan 8900 patch-clamp amplifier (Dagan, Minne- 
apolis, MN) using fire-polished, Sylgard| soda glass pi- 
pettes (3-7 Mf~). The data were stored on videocasette tape using 
a digital data recorder (Neurocorder DR-866; Neuro Data, NY), 
and segments of data were filtered at 0.3 kHz by an 8-pole Bessel 
filter (Frequency Devices, Haverhill, MA) and digitized at 1 kHz 
by a microcomputer data-acquisition system (MacADIOS II, GW 
Instruments, Cambridge, MA). 

The pipette potential for all experiments was +40 mV, 
which with symmetrical potassium solutions on each side of the 
membrane resulted in inward current flow across the membrane 
(current flowing out of the pipette). Channel activity is depicted 
as downward deflections by convention. K(ATP) channels were 
identified on the basis of their virtually complete inhibition by 2 
mM ATP and their single-channel current amplitude (about 2.5 
pA under these recording conditions; Cook & Hales, 1984). For 
each 10-30 sec segment of channel data, amplitude histograms 
were constructed from which average channel currents were cal- 
culated by integrating the current and dividing by the segment's 
duration. Average channel activity was calculated by dividing 
average channel current by the single-channel current amplitude 
(Misler et al., 1986). For patches with one active channel (no 
multiple openings observed during the experiment), the channel 
open probability was obtained directly by this method. 

Switching of the various solutions bathing the patch was 
accomplished with a "sewer  pipe" apparatus suspended in the 
bath (Yellen, 1982). The effects of tested compounds were deter- 
mined by normalizing the average K(ATP)-channel activity (or 
open probability) in the presence of the compound(s) to the mean 
of the control (before application) and wash (following washout) 
episode average channel activity. The normalized values are re- 
ferred to as fractional activity. Data were analyzed statistically 
where appropriate with P < 0.05 chosen as the level of signifi- 
cance. Data values are always given as mean _+ SEM. 

SOLUTIONS 

Materials and Methods  

CELL CULTURING 

Islets were isolated from the pancreases of adult female Swiss- 
Webster mice using collagenase digestion. Single islet cells were 
mechanically dispersed from islets in a zero calcium buffer and 
plated on polylysine-coated glass coverslips. In some prepara- 

The pipette solution for all experiments contained (in mM): 140 
KC1, 10 HEPES, 2 MgCI2, and 1 CaC12, pH adjusted to 7.2 with 
KOH. The control solution bathing the cytoplasmic face of the 
membrane for all experiments contained (in mm): 140 KC1, 10 
HEPES, 1 MgCI2, and 1 EGTA, pH adjusted to 7.2 with KOH. 
ADP test solutions included ADP as the sodium salt. An ATP test 
solution (2 raM, as the magnesium salt) was also applied to the 
patch periodically to establish channel identity and to decrease 
the rate of K(ATP)-channel run-down (Findlay & Dunne, 1986; 
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Table 1. Concentrations (in raM) of the constituents of seven 
solutions with high, medium and low ATP/ADP ratios and differ- 
ent total nucleotide concentrations 

"ATP/ADP" Total added compound Calculated 

ATP Creatine Creatine- ATP ADP ATP/ADP 
PO4 

High 2 5.178 6.822 1.98 0.009 220 
4 . . . .  3.98 0.018 220 

Medium 1 10.002 1.998 0.97 0.029 33 
2 . . . .  1.94 0.058 33 
4 . . . .  3.88 0.116 33 

Low 2 11.517 0.483 1.75 0.250 7 
4 " " 3.50 0.500 7 

Ohno-Shosaku, Ztinkler & Trube, 1987). In experiments to test 
ADP effects on K(ATP)-channel activity in the nominal absence 
of magnesium, magnesium was omitted from the bath solution. 
Free ADP concentrations were calculated for each experimental 
solution using the program ALEX 3.3 based on the work of 
Fabiato (1988) and written by Dr. Michel Vivaudou, Laboratoire 
de Biophysique M01eculaire et Cellulaire, CENG/DBMS/BMC, 
Grenoble, France. 

To obtain a high, medium and low fixed ATP/ADP ratio with 
two (or three) total adenine-nucleotide concentrations, we used 
seven solutions containing ATP (as the sodium salt), creatine (C), 
creatine phosphate (CP) and creatine phosphokinase (Table 1). 
The creatine phosphokinase (Boehringer Mannheim, from rabbit 
muscle) concentration was 18 U/ml. We assumed equilibrium for 
the ATP + C ~ ADP + CP reaction and calculated free levels 
of ATP and ADP using 

ADP/ATP = C/CP.  Keq (1) 

where K~q = 0.00596 = 1/168 (Corkey et al., 1988). 

Results 

PHYSIOLOGICAL CONCENTRATIONS OF A D P  

ACTIVATE K(ATP) CHANNELS 

Previous studies have shown that ADP, at concen- 
trations of 100 tZM or greater, can stimulate K(ATP) 
channels in the absence of ATP and effectively com- 
pete with ATP for control of K(ATP)-channel gating 
(Dunne & Petersen, 1986; Findlay, 1987; Bokvist et 
al., 1991). Figure 1 shows the effect of 50/ZM ADP 
in the absence of ATP on K(ATP)-channel activity 
in two different patches in mouse/3-cells. In the first 
patch (Fig. 1A), ADP reversibly increased K(ATP)- 
channel activity. Below are shown amplitude histo- 
grams for the same patch in control solution (no 
ADP) and in the presence of 50 ~N ADP. The proba- 
bility of channel opening was greatly augmented in 
the presence of ADP, such that the size and number 
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Fig. 1. (A) Data recorded from an inside-out patch from mouse 
pancreatic fl-cell in the presence of 1 mM magnesium and the 
absence of ATP. Application of 50 ~M ADP resulted in a revers- 
ible increase in K(ATP)-channel activity. Below are amplitude 
histograms for the patch shown above in the absence of ADP 
(left) and in the presence of 50/zM ADP (right). The peak at 0 pA 
in both histograms corresponds to the recording noise level. (B) 
Data from another patch demonstrating the ability of 50/~M ADP 
to stimulate K(ATP)-channel activity under conditions where the 
channel opening probability is apparently zero in control solution 
(no nucleotides present). 

of peaks corresponding to open K(ATP) channels 
was increased. In a second patch (Fig. 1B), again in 
the absence of ATP, ADP elicited K(ATP)-channel 
activity in an otherwise silent record. 

Figure 2 shows concentration-response data for 
ADP on K(ATP)-channel activity for mouse fi-cells. 
The curve fit to the data is derived from the two-site 
binding model presented below. The concentrations 
referred to in the text correspond to total ADP, and 
the calculated free levels of ADP are also given in 
the figure. In patches from mouse/3-cells, ADP acti- 
vated K(ATP) channels at concentrations as low as 
10 /ZM and activation gave way to net inhibition of 
channel activity at ADP levels beyond 500/xM. The 
peak of the excitatory effect was between 10 and 100 
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Fig. 2. Concentration-response curves for the effect of ADP on 
K(ATP)-channel activity in inside-out patches from mouse pan- 
creatic/3-cells. Fractional activity refers to the channel activity 
recorded in the presence of ADP normalized to the average of 
segments of control activity recorded before and after the applica- 
tion of ADP. A value of one would correspond to the same as 
control channel activity. The horizontal axes depict both the total 
and calculated free ADP concentration, and the numbers below 
the axes refer to the two closest tick marks on the total and free 
ADP axes. The numbers adjacent to the data points refer to the 
number of patches for a given ADP concentration. The error bars 
correspond to SEM and are smaller than the data symbols where 
they do not appear. The asterisks indicate that the adjacent data 
points are significantly different from the control level of activity 
(Wilcoxon matched-pairs signed-ranks test, P < 0.05). The total 
magnesium concentration was 1 mM for each ADP concentration. 

/xM. At 10 mM ADP, an average of 96% of K(ATP)- 
channel activity was reversibly inhibited. 

The ADP analogue, ADP-/3-S (100 /XM; with 1 
mM magnesium) reversibly inhibited channel activ- 
ity by 89 - 5% in four patches but was unable to 
activate channels. 

In patches obtained from HIT cells, excitatory 
ADP effects were apparent at higher ADP concen- 
trations (1 mM ADP in two of three patches) than 
observed with mouse/3-cells. As with mouse B-cells, 
10 mM ADP inhibited about 96% of K(ATP)-channel 
activity in HIT cell patches. The mean fractional 
activity values for 100/zM, 1 m s  and 10 mM ADP 
were 4.8 + 1.3 (n = 6), 1.8 + 0.9 (n = 3) and 0.035 
-+ 0.035 (n = 2), respectively. No attempt was made 
to model the HIT cell data. 

MAGNESIUM IS REQUIRED FOR A D P  
STIMULATION OF K(ATP)-CHANNEL ACTIVITY 

A previous study has shown that excitatory effects 
of nucleotides on K(ATP)-channel activity in 
RINm5F cells are magnesium dependent (Findlay, 
1987). To test this in mouse cells, we measured 
K(ATP)-channel activity in the presence of 100/XM 
ADP and 1 mM magnesium or nominally magnesium- 
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Fig. 3. ADP stimulation of K(ATP)-channel activity is magne- 
sium dependent. (A) Data from a patch upon exposure to 100/xM 
ADP in the presence of 1 mM magnesium (top), and the same 
concentration of ADP in the nominal absence of magnesium (no 
added magnesium; bottom). The pipette solution contained 2 mM 
magnesium in each case, (B) Graph summarizing the results from 
an entire experiment from another patch. The symbols corre- 
spond to the fractional activity to 100/XM ADP in the presence 
(stippled squares) or absence (filled squares) of lmM magnesium. 
The dotted horizontal line represents the control level of channel 
activity (fractional activity = 1). All data obtained from patches 
from mouse/3-cells. 

free solution. Figure 3A (top) shows the excitatory 
effect of 100 /XM ADP plus 1 mM magnesium on 
K(ATP)-channel activity in a patch. In contrast, Fig. 
3A (bottom) shows that 100/xM ADP decreased ac- 
tivity in the absence of added magnesium in the same 
patch. 

Figure 3B summarizes the results from another 
patch with a single K(ATP) channel. In the presence 
of 1 mM magnesium, 100 /XM ADP increased the 
channel open probability (normalized to the control 
open probability) nearly fourfold (3.87 + 0.74 in four 
trials). In the absence of added magnesium, 100/xM 
ADP inhibited K(ATP)-channel activity by about 
half (0.45 + 0.13 in five trials). The apparent inhibi- 
tory effect of ADP without added magnesium was 
not due to channel run-down, since the excitatory 
effect was present after return to 1 mM magnesium. 
In three patches, the average fractional activity in 
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ATP (mM) 3.88 =33 
ADP (mM) 0.116 

Table 2. Percentage of channel block (• due to three differ- 
ent ATP/ADP ratios at two (or three) total nucleotide concentra- 
tions a 

1.94 = 33 
0.058 

0.970 _ 33 
0.029 

F . . . .  ' Y ~  

ATP/ADP Total nucleotide concentration 
ratio 

1.0 mM 2.0 mM 4.0 mM 

7 - -  70.5 +- 3.3 (3)* 94.0 -+ 0.7 (3)* 
33 99.0 -+ 1.0 (5) 99.8 -+ 0.2 (5) 100.0 -+ 0.0 (5) 

220 - -  100.0 -+ 0.0 (3) 100.0 -+ 0.0 (3) 

0 =0 
0.100 

l 

10pA i 10sec 

Fig. 4. Low levels of ADP did not effectively compete with ATP 
for control of channel gating. Creatine/creatine phosphate solu- 
tions were used to fix the ATP/ADP ratio at 33 for three solutions 
with ADP and ATP concentrations. K(ATP)-channel activity was 
substantially and reversibly blocked by each solution. The bottom 
trace demonstrates that 100 p.M ADP was able, in the absence of 
ATP, to activate K(ATP) channels in the same patch. Data ob- 
tained from mouse/3-cell patch. 

a Channel block was calculated relative to control activity (i.e., 
no nucleotide) before and after application of the test solution. 
Asterisks mark values statistically different from 100% and from 
each other. The number of patches tested are in parentheses; data 
from a total of 11 patches. 

only observed for the low (=7) ATP/ADP ratio solu- 
tions, corresponding to ADP levels of  250 and 500 
~M. The low ratio solution with 2 mM nucleotide 
yielded significantly more  K(ATP)-channel  activity 
than the solution containing 4 mM nucleotide with 
the same ATP/ADP ratio. 

A M O D E L  FOR ADP-ATP COMPETITION FOR 

K(ATP)-CHANNEL GATING 

the presence  of 100/zM ADP with 1 mM magnesium 
was 3.78 -+ 1.35 versus 0.29 + 0.08 without magne- 
sium. Magnesium,  without  ADP,  at 0 to 1 mM does 
not alter channel activity,  and its inhibitory effect at 
higher concentra t ions  is in the wrong direction to 
account  for the exci ta tory effect observed  when 
1 mM magnes ium is present  with 100/ZM ADP (Ash- 
croft  & Kakei ,  1989). 

EFFECT OF ATP/ADP RATIO ON 
K(ATP)-CHANNEL ACTIVITY 

To test  the hypothesis  that the ATP/ADP ratio pri- 
marily determines  the level of  K(ATP)-channel  ac- 
tivity, creat ine/creat ine phosphate  solutions were 
used to " c l a m p "  ATP and ADP in their presumed 
physiologic range of concentrat ions (Table 1). Fig- 
ure 4 shows that K(ATP)-channel  activity was virtu- 
ally abolished by  1, 2 and 4 mM total nucleotide 
solutions when  the ATP/ADP ratio was 33 and the 
calculated ADP concentrat ions were  29, 58 and 116 
~M, respect ively.  The bo t tom trace shows that ADP 
alone (100 /~M) act ivated K(ATP) channels in the 
same patch,  demonstra t ing that the channel block 
was not due to an inability of  the channels to be 
act ivated by  ADP. Table 2 summarizes  the results 
f rom similar exper iments  in 11 patches.  Measureable  
relief of  K(ATP)-channel  activity block by ATP was 

To: account  for our data, we propose  a two-si te 
model (see Fig. 5) as follows: (i) In the absence  of 
nucleotides, the channel is open with a probabil i ty 
Po < 1.0. (ii) ATP and ADP compete  for binding to 
an " A T P  s i te"  which, when occupied,  closes the 
channel (i.e., open probabil i ty P = 0). The inhibition 
constant  for ATP acting at this site is fixed in the 
model at K, = 12 p.M as previously  measured  (Cook 
& Hales,  1984). The inhibition constant  for ADP at 
this site is Ktd. (iii) Two MgADP bind to dual 
" M g A D P  si tes"  each with affinity = Kdd. When 
both sites are occupied by MgADP, the channel 
open probabil i ty increases f rom Po to Pd. Dual, co- 
operat ive sites were  required to reproduce  the sharp 
upstroke of  the channel activity versus ADP-concen-  
tration curve in the 10-100/XM range (Fig. 2). The 
curve represents  a statistically adequate  fit; other  
models,  such as ones that incorporate  higher orders 
of  cooperat ivi ty  for MgADP binding, may  provide  
bet ter  fits. As discussed below, MgATP is thought  
not to act ivate  channels at this site. (iv) For  simplic- 
ity, we have assumed that MgADP binding to the 
MgADP site does not affect binding or act ion of  ADP 
or ATP at the ATP site. This differs f rom a model  
proposed for cardiac (K(ATP) channels  (Lederer  & 
Nichols,  1989) where  MgADP binding is p roposed  
to reduce the affinity of  the ATP site for  its ligands. 

To examine whether  this model  can account  for  
the data, we derived equilibrium binding equat ions 



292 

Po = .08 

2 MgADP ~, 

Kdd = 31 

Pd ~ 0.89 

0 

ATPO 

Fig. 5. Schematic representation of a binding model which may 
explain our observations on ATP-ADP competition for control of 
K(ATP)-channel gating in pancreatic/3-cells. It is proposed that 
ATP (black circle) and ADP (hatched circle) compete for binding 
at an "ATP site" which, when occupied, closes the channel 
(indicated by the closure of the central "hole"  in the figure). In 
addition, we propose a second (pair) of "MgADP sites" which 
bind MgADP (gray triangle), but not MgATP, and thereby in- 
crease the channel open probability from Po to Pa.  The binding 
of ADP and ATP at the ATP site is not affected by occupancy of 
the MgADP site (as shown below the dotted line). Italicized model 
parameters are defined and evaluated as described in Results. 

(see Appendix) and used a least-squares fit to the 
data of Fig. 2 to determine free model parameters as 
follows: 

Po = 0.08, P d  = 0.89, Ktd= 57/AM, K d d  = 31/AM. 
(2) 

In addition to quantitatively fitting the data in Fig. 
2, we use this model in the Discussion to account 
for previously published data and to explore the 
implications for/3-cell physiology. 

Discussion 

We studied the possibility that ADP competes with 
ATP in the physiological regulation of K(ATP)-chan- 
nel activity in pancreatic B-cells. Towards this, we 
have (i) explicitly tested the idea that K(ATP) chan- 
nels are regulated by the concentration ratio of ATP 
to ADP, (ii) determined the effects of low concentra- 
tions of ADP on control of K(ATP)-channel gating 
in the absence of ATP, and (iii) proposed a simple 
two-site model to account for our results. A key 
rationale for our approach is the suggestion that free 
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ADP levels in/3-cells are in the 10-100 tAM range 
(Ghosh et al., 1991; Ohta et al., 1991). 

THE A T P / A D P  RATIO HYPOTHESIS 

It is commonly expressed that K(ATP)-channel ac- 
tivity is determined by the "ATP/ADP ratio." By 
explicitly testing this, we found that absolute levels 
of adenine nucleotides (e.g., ADP and ATP) deter- 
mine K(ATP)-channel activity independently of the 
ATP/ADP ratio. Table 2 shows that at a " low"  ratio 
(ATP/ADP = 7), K(ATP)-channel activity was sig- 
nificantly changed by changes of total nucleotide 
concentration. These data and those of others 
(Dunne et al., 1988; Albitz, Kammermeier & Nilius, 
1990) suggest that understanding the control of 
K(ATP)-channel activity requires knowing more 
than the ATP/ADP ratio, per se. 

W H A T  IS THE MECHANISM 

FOR A T P - A D P  COMPETITION? 

It has been suggested that ATP-ADP competition 
results solely from ATP-ADP competition for a sin- 
gle binding site (Misler et al., 1986; Dunne et al., 
1988); yet this is only plausible, however, if ADP 
is a partial agonist which binds to the ATP site, 
excluding ATP, but only partially inhibits channel 
opening. This possibility is ruled out by our finding 
that 10 mM ADP inhibits K(ATP)-channel activity 
by 96 -+ 2% in both mouse B-cells and HIT cells. 

Other studies showing that 100-500/AM ADP, in 
the absence of ATP, activates K(ATP) channels 
from insulin-secreting cells (Dunne & Petersen, 
1986; Findlay, 1987; Bokvist et al., 1991) have sug- 
gestd a separate ADP site. We have extended the 
concentration range for this effect to ADP levels 
as low as 10/AM (Fig. 2), following suggestions that 
cytoplasmic free ADP levels may be in the 10-100 
/AM range (Ghosh et al., 1991; Ohta et al., 1991). 
Channel activity peaked between 10 and 100 /AM 
ADP while greater than 500/AM ADP (1 mM in HIT 
cells) inhibited channel activity as previously de- 
scribed (Cook & Hales, 1984). Because calculated 
free ADP levels were never less than 60% of the total 
ADP values (-<0.22 log units in Fig.2), qualitative 
conclusions from the data and model apply as well 
to free ADP levels. 

A separate ADP site for channel activation is 
suggested by several observations. First, ADP acti- 
vation occurs in the absence of ATP; i.e., competi- 
tion with ATP is not required. Second, ADP activa- 
tion requires magnesium while ADP inhibition does 
not (as in RINm5F cells; Findlay, 1987). Further- 



W.F. Hopkins et al.: Regulation of ATP-Sensitive K + Channels 

more, Bokvist et al. (1991) found that ADP activa- 
tion diminished over time while the inhibitory ef- 
fects did not. Such observations suggest a distinct 
MgADP site on the K(ATP) channel, or associated 
protein, that increases channel opening probability. 

To test this idea, we developed a simple two- 
site model of K(ATP) binding of ADP which closely 
predicts (Fig. 2) the ADP concentration-response 
curve although other activation models may do as 
well. Furthermore, neither this model, nor several 
simple modifications, were able to simultaneously 
fit the data of Fig. 2 (ATP-free) and the ATP-compe- 
titive effects for high ADP levels (250 and 500/~M; 
Table 2). This suggests that there may be an addi- 
tional mechanism of ATP-ADP competition for ADP 
levels of 250/~M or more. 

Is MgADP-DEPENDENT ACTIVATION THE SAME 
AS MgATP-DEPENDENT "REFRESHMENT"? 

The rapidly reversible effects of MgADP suggest a 
mechanism unrelated to slow (minutes) cycles of 
channel "refreshment" and "run-down" (possibly 
involving protein phosphorylation; Findlay & 
Dunne, 1986; Ohno-Shosaku et al., 1987). It could 
be, however, that when dephosphorylated (i.e., run- 
down) channels bind MgATP, they are slowly phos- 
phorylated to the highly activated, MgADP-bound 
state corresponding to the lower-left state in Fig. 
5. As long as the channel remains phosphorylated, 
MgADP binding and unbinding reversibly switches 
the channels between the high and low activity states 
(left side of Fig. 5). Dephosphorylation then sends 
the channels back to the original run-down state. A 
similar mechanism has been suggested for cardiac 
K(ATP) channels (Tung & Kurachi, 1991). 
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original studies of ATP block of K(ATP)-channel 
activity (Cook & Hales, 1984). 

THE MODEL PREDICTS THAT L o w  LEVELS OF 
ADP Can HYPERPOLARIZE B-CELLS 

Given that such low levels of channel activity may 
be difficult to detect, we took a theoretical approach 
to asking whether low levels of ADP could be im- 
portant for physiological channel regulation. We in- 
corporated the two-site K(ATP)-channel model and 
its fit of our data (Fig. 2) into the previous "spare- 
channel" model of B-cell membrane potential (Cook 
et al., 1988). The spare-channel model combines an 
equation for ATP-induced K(ATP) channel closure 
with a membrane potential equation which balances 
K(ATP)-channel current with depolarizing " leak" 
currents. Three results from the model are im- 
portant. 

First, as pointed out above, the model accu- 
rately predicts the ADP concentration-effect curve 
of Fig. 2. Second, using the same parameters, the 
model reproduces (Fig. 6A) the right shift of the 
ATP concentration-inhibition curve that originally 
suggested the ATP/ADP ratio idea (Kakei et al., 
1986). Third, incorporating the channel model into 
the spare-channel model predicts (Fig. 6B) that in- 
creasing ADP levels from 10 to 100 ~M would effec- 
tively reverse the depolarizing effect of increasing 
ATP from 2 to 4 raM. Beyond 100 /.~M, ADP had 
little membrane potential effect, until at high levels 
(approaching 10 mM), ADP began to have ATP- 
mimetic effects. The qualitative conclusions of the 
model were unaffected by variations of the free pa- 
rameters GK, Gleak, EL or E~ (see Appendix). 

CAN K(ATP)-CHANNEL ACTIVATION BY 
LOW LEVELS OF ADP COMPETE EFFECTIVELY 
WITH ATP? 

ADP levels ->250 ~M competed with physiological 
levels of ATP (to 4 mM); competition by 10-100/.zM 
ADP was not apparent (Fig. 4; Table 2). While this 
could indicate that low ADP levels may not be physi- 
ologically important, two factors must be consid- 
ered. First, by the spare-channel hypothesis (Cook 
et al., 1988), less than 1% of B-cell K(ATP) channels 
need to be active for regulating the B-cell's mem- 
brane potential under physiological conditions. Sec- 
ond, such low channel activity (Po <- 0.01) is very 
difficult to detect in excised patches bearing only a 
few channels due to the brevity and rarity of channel 
openings (e.g., Fig. 4). This was the case in the 

SUMMARY AND CONCLUSION: IMPLICATIONS FOR 
ADP REGULATION OF K(ATP) CHANNELS 

Our data show that low levels of ADP (10-100/.~M) 
can regulate K(ATP)-channel activity in the absence 
of ATP and that a well-constrained model suggests 
that low levels of ADP can compete with ATP for 
the regulation of the B-cell membrane potential. Why 
is this important? Recent biochemical measures in 
B-cells (Ghosh et al., 1991; Ohta et al., 1991) indicate 
that most of the total cellular ADP, in the millimolar 
range (Kakei et al., 1986), is bound to cell proteins 
and is not "seen"  by K(ATP) channels. It remains 
to be determined whether B-cell ATP and ADP levels 
are actually affected (Ohta et al., 1991) or not (Ghosh 
et al., 1991) by glucose stimulation. Our results do 
not rule out other metabolites as modulators of 
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Fig. 6. Results of two-site K(ATP)-model calculations. (A) The 
model qualitatively reproduces the effects (Kakei et al., 1986) 
which originally suggested the ATP/ADP ratio idea. ADP (2 mM) 
inhibits K(ATP) activity and shifts the apparent inhibitory con- 
stant for ATP toward the millimolar range despite the fact that 
binding constants for ATP and ADP are both below 100/zM in 
the model. (B) As previously shown (Cook et al., 1988), in the 
absence of ADP, millimolar levels of ATP depolarize the B-cell 
through its operating membrane potential range (approximately 
- 7 5  to - 5 5  mV). Increasing the ADP level from 10 to 100/~M 
nearly completely reverses the ATP-induced depolarization. This 
effect saturates between 1 and i0 raM, and then the ATP-mimetic 
effect of ADP binding to the ATP site is apparent. 

K(ATP) channels but do suggest a plausible mecha- 
nism for physiological regulation of K(ATP) chan- 
nels by low levels of ADP. 
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Appendix: Equations for the Two-Site Model 
in Fig. 5 

DERIVE THE BI N D I N G  EQUATIONS FOR THE 

ABSENCE OF A T P  TO F I T  THE DATA OF FIG.  2 

First, calculate the fraction (Foo) which are open because their 
ATP-site is not occupied by ADP: 

Foo = 1 - ADP/(ADP + Ktd ). (A1) 

Second, calculate the fraction (Fog) of these open channels which 
bind MgADP at the MgADP site. The fit to the data was consider- 
ably improved in the very steep region between 10 and 100/xM 
ADP by supposing that simultaneous binding of two MgADP are 
required for channel activation. This can be done by squaring the 
ADP/(ADP + Kdg) term in the equation for Fog: 

Fod = Foo �9 [ADP/(ADP + Kdd)] 2, (A2) 

Third, calculate the aggregate probability that the two populations 
of K(ATP) channels are open: 

P = Po " (Foo - Fog) + Pd " Fod. (A3) 

EXTEND THE EQUATIONS TO INCLUDE A T P - A D P  

BINDING COMPETITION AT THE ATP SITE 

First, account for ATP-ADP competition at the ATP site by 
modifying the binding constants: 

K ' ,  = Kit. (1 + ADP/Kta ) (A4) 

K',d = Ktd" (1 + ATP/Ktt  ). (A5) 

Then calculate the fraction of open channels (binding neither ATP 
nor ADP at the ATP site): 

Foo = 1 - ADP/(ADP + K'td ) -- ATP/(ATP + K ' , ) .  (A6) 

Then, as above, get: 

Fog = Foo . [ADP/(ADP + Kdd)] 2 (A7) 

and finally: 

P = eo" (Foo - Fod) + Pa'Fod �9 (A8) 

USE THE CHANNEL OPENING PROBABILITY P IN 
THE SPARE-CHANNEL MODEL FOR 

MEMBRANE POTENTIAL 

Calculate the resting membrane potential resulting from outward 
potassium current through K(ATP) channels and inward current 
through a nonspecific leak pathway (Cook et al., 1988). 

E m = (GK " EK + G L .  EL) / (GK + GL) (A9) 

where GK = P .  Gto t = P �9 100,000 pS; GL = the leak conductance 
= 15 pS; EK = potassium reversal potential = - 9 0  mV; and EL 
= the leak reversal potential = 0 inV. 


