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Summary. Ca2+-activated K + channels were studied in cultured 
medullary thick ascending limb cells (MTAL) using the patch- 
clamp technique. The purpose was to determine the effect of 
acidic pH on channel properties in excised patches of apical cell 
membrane. At pH 7.4, increasing Ca 2+ on the intracellular side or 
applying positive voltages increases channel open probability. 
Reducing pH to 5.8 on the intracellular face of the channel de- 
creases channel open probability at each voltage and Ca 2+ con- 
centration. Channel mean open times display two distributions 
and mean closed times display three distributions. Increasing 
Ca 2+ or applying depolarizing voltages lengthens each of the 
mean open times and shortens each of the closed times. Lower- 
ing pH to 5.8 decreases the mean open times and increases mean 
closed times at each Ca 2- and voltage with the greatest effect on 
the mean closed times. In contrast, both single-channel conduc- 
tance and channel kinetics are unaffected when pH is reduced to 
5.8 on the extracellular face of the membrane. We conclude that 
protons interfere with Ca 2+ binding to the gate of Ca2"-activated 
K + channels reducing the probability of channel opening. 
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Introduction 

In acute renal acidosis, potassium excretion from 
distal segments of the kidney is diminished (Malnic, 
de-Mello-Aires & Giebisch, 1971). The effects of 
pH are thought to be mediated directly at the apical 
membrane (Stanton, Guggino & Giebisch, 1982) by 
affecting apical potas slum channels, which generate 
the membrane conductance.  Ca2+-activated K + 
channels are present on the apical membrane of dis- 
tal segments of the kidney such as the rabbit cortical 
collecting tubule, the Amphiuma early distal tubule 
(see Hunter,  Kawahara  & Giebisch, 1986), cultured 
rabbit medullary thick ascending limb (MTAL) cells 
(Guggino et al., 1987b) and MDCK cells (Bolivar & 
Cereijido, 1987). In addition, it is known that vesi- 
cles isolated from outer renal medulla exhibit a 
Ca2+-activated Rb § flux, which is blocked by Ba 2§ 
and quinine (Burnham, Braw & Karlish, 1986). A1- 

though Ca2+-activated K + channels do not appear to 
contribute to basal apical K + conductance (Frindt & 
Palmer, 1987), they represent a large reserve path- 
way for potassium excretion across the apical mem- 
brane since both the single-channel conductance 
and total number of these channels is large (Gug- 
gino et al., 1987b). Thus, they do represent a path- 
way that would clearly cause potassium excretion 
in the presence of  agonists like norepinephrine, 
which increase intracellular Ca 2+ (Goligorsky et al., 
1986) or other hormones like aldosterone, which 
cause alkalinization of  intracellular pH (Ober- 
leithner, Kersting & Hunter,  1988). In addition, it 
has been shown that Ca2+-activated K + channel 
activity is increased by membrane stretch and in 
hyposmotic solutions suggesting that these chan- 
nels are important in volume regulation (Taniguchi 
& Guggino, 1989). 

Ca2+-activated K + channels in the apical mem- 
brane of  cultured M T A L  cells are blocked by bar- 
ium, tetraethylammonium (TEA), quinine and 
charybdotoxin (Guggino et al., 1987a) suggesting 
that they are in the same class of  channels as those 
present in the t-tubular membrane of skeletal mus- 
cle (Latorre & Miller, 1983). Because this channel 
may represent a pathway for K + secretion in the 
kidney, we tested the effect of pH on channel activ- 
ity. 

Previous reports by Cook et al. (1984) and 
Christensen & Zeuthen, (1987) have shown that 
voltage activation of Ca2+-activated K + channels in 
beta pancreatic cells and the choroid plexus is inhib- 
ited by acid pH. We have determined that acid pH 
decreases both the Ca 2+ and voltage-dependent ac- 
tivation of Ca2+-activated K + channels in MTAL 
cells. Furthermore,  we found that the inhibition of 
channel activity is mediated mainly by a pH-depen- 
dent inhibition of the mean closed time, suggesting 
that acid pH decreases the equilibrium-binding co- 
efficient of Ca 2+ to the closed state of the channel. 
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Fig. 1. Calibration of solutions with a Ca 2+ electrode. Open cir- 
cles show the voltage output of the electrode compared to the 
calculated calcium concentration. Solutions used in these experi- 
ments, open squares, had 10 mM H-EDTA added, then Ca 2+ was 
added until the desired Ca 2+ concentration was achieved 

beginning of each experiment by a decrease in amplitude in the 
presence of 20 mM TEA but not 1 mM TEA. 

Membrane currents were recorded with an extracellular 
patch clamp (Yale Physiology Department, Mark V, New Ha- 
ven, CT). The signal from the patch clamp was filtered at 3 kHz 
on an eight-pole Bessel filter (Frequency Devices, Haverhill, 
MA), digitized by a pulse code modulator (Model VPI01, JVC, 
Tokyo, Japan) and recorded on a video tape recorder (Model 
BR6400U, JVC, Tokyo, Japan). Outward currents from inside- 
out excised patches are designated as upward deflections or posi- 
tive current. Voltages are applied voltages, designated as the 
voltages applied at the intracellular face of the membrane with 
respect to ground in the pipette. Data are reported as mean +/ 
SE (n = number of observations). 

CALIBRATION OF CALCIUM 

Free Ca z+ was calibrated with a Ca 2+ electrode (F2210 Ca, Radi- 
ometer). Calibration of the electrode was in the presence of 
CaC12 standards containing ultrapure KCI (Gold Label, Aldrich) 
dissolved in deionized water. The electrode responded linearly 
with a slope of 28.4 mV/pCa 2+ (Fig. 1). Solutions for these exper- 
iments containing 10 mM EGTA were made by titrating with Ca 2+ 
to the desired free-Ca 2~ measured from the voltage output from 
the electrode. In addition, the pH was controlled by the addition 
of 10 N KOH. 

SOLUTIONS 

In all experiments, the pipette was filled with (in mM): 135 NaCI, 
5 KC1, 1 MgC12, 1 CaCI2, and 15 HEPES adjusted to pH 7.4 with 
NaOH. The bath solution contained 135 KCI, 5 .NaC1, and 15 
HEPES, 10 EGTA titrated with CaC12 and adjusted between pH 
5.8 to 7.4 with KOH. 

Materials and Methods  

CELL CULTURE 

Clone A3 of rabbit medullary thick ascending limb cells used in 
this study were established by Green et al. (1985). The cells were 
grown in culture as previously described (Guggino et al., 1986), 
and used for patch-clamp experiments 2 to 7 days after seeding 
when the cells were in small clumps or near confluence. Excised 
patch-clamp experiments were performed at room temperature. 

PATCH-CLAMP TECHNIQUES 

Pipettes made from flint glass were fabricated as described in 
detail by Hamill et al. (1981). Pipettes were pulled in two steps 
on a Kopf (Tujunga, CA) pipette puller, coated with Sylgard 
(Dow Coming, MI), and fire polished on a microforge assembled 
from a Leitz microscope (Bunton Inst., Rockville, MD). Pipettes 
routinely had an open-tip resistance of 5-8 Mfl. Contact be- 
tween the patch clamp and bath or pipette solution was via silver 
chloride wires. 

Seals were made by gently lowering the patch pipette onto 
the surface of a cell with a Leitz micromanipulator (Bunton Inst., 
Rockville, MD), until a small increase in resistance was ob- 
served, then giga-seals between 5-10 Gfl were obtained with 
gentle mouth suction. Inside-out patches were verified at the 

DATA ANALYSIS 

For analysis, the video data were transferred to a computer (Mi- 
cro-PDP/ll ,  Digital Equipment Corp., Maynard, MA) at a sam- 
pling rate of 44 kHz. Open and closed events were discriminated 
at 50% of the maximal open amplitude. The open probability was 
expressed as the ratio of open time to total recording time. The 
mean open times and mean closed times were determined by 
plotting frequency histograms of open times or closed times vs. 

time. The distributions were fitted to an exponential equation 
with one to three terms using the SAAM program (Berman, 
Shahn & Weiss, 1962; Berman & Weiss, 1978). For Figs. 1, 2B, 
3B,C, 4, 5, 7 and 8, straight lines through the data were estimated 
by eye. Figures 1-8 are representative experiments of 10 experi- 
ments. Comparisons of channel properties depicted in the figures 
were always made on the same channel at different pH values. 

Results 

INFLUENCE OF PH ON SINGLE-CHANNEL 

CONDUCTANCE AND OPENING PROBABILITY 

Figure 2A shows a tracing of a Ca2+-activated K + 
channel at two different pH values. Note  that low 
pH does not affect single-channel amplitude sug- 
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gesting that there is no change in single-channel 
conductance (Fig. 2B). This lack of effect on con- 
ductance implies that a pH change as low as 5.8 
does not interfere with K + conduction through the 
pore. In contrast, Fig. 2A demonstrates that the ma- 
jor effect of protons is to reduce the opening proba- 
bility of the channel. 

INTERACTIONS OF H + ON Ca2+-INDUCED 

GATING OF Ca2+-ACTIVATED K + CHANNELS 

IN MTAL CELLS 

The effect of low pH on opening probability illus- 
trated in Fig. 2A, suggests that the primary effect of 
H § is on channel gating. In order to examine in 
detail the effect of low pH on channel gating, open 
probability was measured at various Ca 2+ concen- 
trations (see Fig. 3A). The data shows that at pH 
7.4, the Ca 2+ concentration needed for an open 
probability of 0.5 is 3 ~M, whereas 8 /ZM Ca 2+ is 
required at pH 5.8. A measure of the ability of Ca 2+ 
to open the channel was obtained by calculating 
from the data given in Fig. 3A the affinity of Ca 2+ 
for its binding site. The affinity diminishes from 7 
/ZM at pH 7.4, to 13/zM at pH 6.8 and to 40/XM at pH 
5.8 (Fig. 3B) demonstrating that at higher H + con- 
centrations much more Ca ~+ is required to open the 
channel. The Hill coefficient at pH 7.4 (Fig. 3C) is 
2.7 suggesting that more than one Ca 2+ binding site 
is involved in regulating channel opening probabil- 
ity. Lowering pH reduces the Hill coefficient (Fig. 
3C), further evidence that protons are interacting 
with Ca 2+ binding to the gating mechanism. 

In contrast, pH changes to as low as 5.8 at the 
external membrane do not affect gating if intracellu- 
lar pH is maintained at pH 7.4. Thus, our data show 
clearly that the primary effect of raising the proton 
concentration is to decrease the ability of Ca 2+ in 
opening the channel. 

To study the kinetics of this pH effect in more 
detail, we analyzed both open-time and closed-time 
distributions at pH 7.4 and 5.8. At pH 7.4, when the 
channel shows a low probability of opening (e.g., at 
2.5/zM Ca 2+) there are clearly two mean open times 
(see Fig. 4), a short and a longer distribution. As 
Ca 2+ concentration on the intracellular face of the 
membrane is increased, the duration of each class 
of opening events lengthens. The mean open time of 
the shorter distribution increases faster than the 
longer one until at higher Ca ~+ concentrations 
(when the channel reaches near maximal open prob- 
ability) only one distribution is evident. This is im- 
portant because at the maximum open probability 
the channel is not open continuously, but, as is evi- 
dent from an examination of the closed-time distri- 
bution (discussed below), the openings are still in- 
terrupted by brief closing events. 

10 

2.5 

pH 7.4 
[c, =§ 
~uM 

IN P 

pH 5.8 
[Ca 
~JM 

10 

A 

12- 

[] pH 7.4 155 pS 
10- 

8- 

~Q. 6- 

4 -  

2- 

lO PAl 

50 ms g 

B 
-4b- -2b-lb 6 ,lb ,2b 

mV 

Fig. 2. (A) The effect of pH 7.4 and 5.8 on single-channel events 
at various Ca 2. concentrations at the internal face of a channel. 
The channel opening probability at pH 7.4 is much greater than 
at pH 5.8. Channel recordings were chosen to show that it takes 
much higher Ca 2. concentrations at pH 5.8 to attain similar open 
probabilities as that attained at pH 7.4. The applied potential was 
0 inV. (B) The effect of pH on single-channel conductance of the 
Ca2+-activated K- channel. Solutions contained in raM, 135 
NaCI, 5 KCI, 1 MgC12, 1 CaC12 and 15 HEPES adjusted with 
NaOH in the pipette and in the bath 135 KC1, 5 NaC1, 10 EGTA 
with Ca 2+ adjusted to 5/ZM, and 15 HEPES adjusted to pH 5.8 or 
pH 7.4 
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Fig. 3. (A) The effect of Ca > on open probability 
of the' same channel at pH 5.8 and 7.4. In order to 
achieve the same open probability, the Ca 2+ 
concentration must be raised to higher levels at 
acid pH. The Po is 0.5 with 2.5 /ZM Ca 2+ at pH 7.4, 
whereas a Po of 0.5 is achieved with 7.5 /zM Ca 2+ 
at pH 5.8. Channel activity was analyzed for 15 to 
30 sec. Between 1500 and 2000 events were 
analyzed. The applied potential was 0 mV. (B) A 
double reciprocal plot of probability with respect to 
Ca a+. Three different pH values were chosen. The 
calculated Km for pH 7.4 is 6.7/~M, for pH 6.8 is 
13 /xM and for pH 5.8 is 40/xg. Calcium 
concentration is in/XM. The potential is 0 mV. K,~ 
is the Ca 2+ concentration at 1/Po = 0. (C) A Hill 
plot of open probability with respect to pCa 2+. 
Note that voltage shifts the Hill coefficient (HN = 
Hill number) to the left, but acid pH appears to 
decrease the Hill coefficient as well as shifting it to 
the right 

T h r e e  c h a r a c t e r i s t i c s  o f  the o p e n - t i m e  d is t r ibu-  
t ion are  ev iden t  a t  p H  5.8 (Fig.  4). F i r s t ,  two  open-  
t ime d i s t r ibu t ions  a re  still  p r e sen t ,  s econd ,  a l though 
bo th  d i s t r ibu t ions  a re  Ca  2§ d e p e n d e n t ,  they  are  less 
so at  the  l o w e r  p H ,  and  f inal ly,  open ings  c lus t e r  into 
one  d i s t r i bu t ion  on ly  w h e n  Ca  2+ is r a i sed  to 17/.LM 

c o m p a r e d  to I I /xm at p H  7.4. F u r t h e r m o r e ,  at  the  
17/XM Ca  2+ w h e r e  the  two  d i s t r ibu t ions  c o n v e r g e  at  
p H  5.8, the  m e a n  o p e n  t ime  is 11 msec ,  l ower  than  
tha t  ( a p p r o x i m a t e l y  20 msec )  a t t a ined  at p H  7.4. W e  
conc lude ,  tha t  bo th  at  no rma l  and ac id ic  pH,  as the  
open  p r o b a b i l i t y  is i n c r e a s e d ,  the  du ra t i on  o f  the  
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Fig. 4. The effect of  Ca -,+ concentrat ion on mean  open time in 
excised patches.  Most  of  the open events  (in msec) fell into two 
open distributions_ The  open events  at pH 7.4 were somewhat  
longer than at pH 5.8 

open events lengthens and that at more acidic pH a 
higher Ca 2+ concentration is needed to shift most of 
the openings to the longer event distribution. 

Closed times can be analyzed into at least three 
distinct distributions at pH 7.4. As Ca 2+ is raised at 
pH 7.4, the closing events in each distribution be- 
come shorter so that at 10/xM Ca 2+, a concentration 
at which the probability of opening was nearly 1, 
most of the closings are brief. 

Upon inspection of Fig. 5, there are two domi- 
nant effects of lowering intracellular pH. First, at 
pH 5.8, there is an increase in the mean closed 
times of each distribution compared to pH 7.4. This 
effect is most dramatic between 10 and 17 /XM. A 
comparison with Fig. 4 shows that even though pH 
affects the duration of the opening events, the great- 
est effect is on the closed times. An increase in 
mean closed times contributes significantly to the 
decrease in open probability seen at pH 5.8. The 
second effect of acid pH is a decrease in the depen- 
dence of the closed time on intracellular Ca 2+ . 

E F F E C T  OF pH ON V O L T A G E - G A T I N G  

OF THE C H A N N E L  

The effect of pH on voltage-mediated gating of this 
channel was also investigated. Figure 6 shows the 
effect of pH on the voltage-dependence of opening 
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probability of a channel in 5 /xM Ca 2+. Acid pH 
causes a dramatic decrease in the probability of 
opening at all voltages between -20  and +40 inV. 

Inspection of the open distributions v s .  voltage 
in Fig. 7 shows that at constant Ca ~+, the mean 
open time at each voltage between -20  and +40 
mV is decreased at acid pH compared to pH 7.4 but 
that this effect is not large. The closed-time distri- 
butions, on the other hand, show a more pro- 
nounced pH dependence. For example, at 0 mV the 
longest closed-time distribution has a closed time of 
25 msec at pH 7.4, but is increased to 170 msec at 
pH 5.8 (Fig. 8). These data suggest that the major 
kinetic effect of pH is to increase the length of the 
closed time. 

Taken together our data suggest that acid pH 
has its greatest effect at the Ca2+-binding site influ- 
encing the binding of Ca 2+ to the channel more than 
changing its disassociation. 
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Fig. 7. The effect of voltage on mean open time in excised 
patches in 5/xM Ca >. Mean open times at pH 7.4 were fitted by 
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Discussion 

T h e  Ca2+-ac t iva ted  K § channe l  is a l igand ga ted  
channe l ,  wh ich  o p e n s  in r e s p o n s e  to i nc r ea se s  in 
in t r ace l lu l a r  Ca  2§ o r  to d e p o l a r i z i n g  vo l tages .  Re-  
cen t ly ,  it has  b e e n  s h o w n  tha t  f ac to r s ,  such  as intra-  
ce l lu la r  Mg 2+, can  m o d u l a t e  the  Ca  2+ and vo l tage  
gat ing o f  t he se  channe l s .  Spec i f i ca l ly ,  Mg 2+ does  
not  have  a d i r ec t  a c t i on  on  channe l  gat ing.  I n s t ead ,  
it i nc r ea se s  the  a p p a r e n t  Hi l l  coef f ic ient  for  Ca 2+ in 
ske le ta l  m u s c l e  ( G o l o w a s c h ,  K i r k w o o d  & Mil ler ,  
1986). The  ne t  ef fec t  o f  Mg 2+ is to i nc rea se  channe l  
open ing  p r o b a b i l i t y  at  a g iven  in t r ace l lu l a r  Ca  2+ 
c o n c e n t r a t i o n .  

D i r ec t  c h e m i c a l  modi f i ca t ion  o f  the  Ca  2+ si te on 
the  ga t ing  m e c h a n i s m  a lso  af fec ts  open ing  o f  the  
CaZ+-act iva ted  K + channe l s .  F o r  e x a m p l e ,  Pa l lo t t a  
(1985) f o u n d  tha t  the  open ing  p r o b a b i l i t y  o f  Ca 2+- 
a c t i v a t e d  K + channe l s  is r e d u c e d  d r a m a t i c a l l y  fol-  
lowing t r e a t m e n t  wi th  N - b r o m o a c e t a m i d e  (NBA) ,  a 
p ro t e in  m o d i f y i n g  agent .  This  modi f i ca t ion  o f  chan-  
nel  gat ing r e d u c e s  the  C a  2+ aff ini ty o f  channe l  open-  
ing and can  be  p r e v e n t e d  by  inc reas ing  in t race l lu la r  
Ca  2+ (Corne jo ,  Gugg ino  & Guggino ,  1987). The  
Ca 2+ sens i t iv i ty  and  hence ,  the  ac t iv i ty  o f  the  chan-  
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nel in response to increases in Ca 2+ concentration 
would be reduced if similar modifications were to 
occur in vivo caused perhaps by naturally occurring 
factors, which directly affect channel gating. In- 
deed, the literature suggests that the Ca 2+ affinity of 
Ca>-activated K + channels may be tissue specific 
(Blatz & Magleby, 1987) and may also change dur- 
ing development (Blair & Dionne, 1985). 

A decrease in affinity for Ca 2+ induced by acid 
pH is yet another mechanism by which the opening 
probability is modified by intracellular factors. In 
acute acidosis, the peritubular pH of the blood is 
lowered causing a drop in the intracellular pH. Such 
a decrease in intracellular pH would then cause a 
direct decrease in activity of Ca2+-activated K + 
channels. We have found that acid pH causes a re- 
duction of opening probability of the Ca2+-activated 
K + channel, an effect which seems to be at the 
Ca2+-binding site. H + binding to the channel de- 
creases opening probability primarily by increasing 
mean closed times. The effect of acid pH appears to 
be competitive for Ca 2+, since protons decrease the 
apparent Ca 2+ affinity and Hill coefficient. One pos- 
sibility is that H + binds to the closed state, decreas- 
ing Ca 2+ binding and stabilizing the closed state. 
Such a decrease in apparent binding affinity would 
significantly decrease the probability of opening of 
this channel such that even after an increase in in- 
tracellular Ca 2+, induced for example by Ca2+-mo- 
bilizing hormones, Ca2+-activated K + channels 
would not contribute to K + conductance. 

Another possibility for the mechanisms by 
which acid pH could affect the activity of this chan- 
nel is via an allosteric modulatory site such as the 
Mg2+-binding site. Thus, the effect of protons may 
not be to interfere with Ca 2+ binding directly, in- 
stead the protons may operate at a site, which regu- 
lates the Ca 2+ affinity of the gating process. How- 
ever, this possibility remains to be tested in detail. 
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