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Stimulatory Action of Internal Protons on Slo1 BK Channels
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ABSTRACT We investigated the internal pH-sensitivity of heterologously expressed hSlo1 BK channels. In the virtual
absence of Ca21 and Mg21 to isolate the voltage-dependent gating transitions, low internal pH enhanced macroscopic hSlo1
currents by shifting the voltage-dependence of activation to more negative voltages. The activation time course was faster and
the deactivation time course was slower with low pH. The estimated Kd value of the stimulatory effect was approximately pH ¼
6.5 or 0.35 mM. The stimulatory effect was maintained when the auxiliary subunit mouse b1 was coexpressed. Treatment of the
hSlo1 channel with the histidine modifying agent diethyl pyrocarbonate also enhanced the hSlo1 currents and greatly
diminished the internal pH sensitivity, suggesting that diethyl pyrocarbonate and low pH may work on the same effector
mechanism. High concentrations of Ca21 or Mg21 also masked the stimulatory effect of low internal pH. These results indicate
that the acid-sensitivity of the Slo BK channel may involve the channel domain implicated in the divalent-dependent activation.

INTRODUCTION

The functions of many proteins are profoundly influenced

by pH, and it is a fundamentally important topic in biology.

Many amino acids contain ionizable side chains that can be

influenced by physiological pH. The imidazole side chain

of histidine, for example, often has a pKa value of ;7

(Creighton, 1993), and it is frequently involved in the pH sen-

sitivity of protein function. Regulation of protein functions by

pH is also a clinically relevant issue. Ischemic/hypoxic events

and trauma are followed by intracellular acidosis. For exam-

ple, Kintner et al. (Kintner et al., 2000) measured intracel-

lular pH (pHi) and extracellular pH (pHe) in the canine brain

and found that hypoxia decreased pHi from 7 to 6.4. In con-

trast, pHewasmuch less affected by hypoxia. Oxidative stress

after ischemia may also contribute to intracellular acidosis

(Tsai et al., 1997). In addition, small fluctuations in pHi have

been postulated to mediate activity-dependent regulation of

neuronal activity (Chesler and Kaila, 1992; Takahashi and

Copenhagen, 1996).

Intracellular acidosis leads to a multitude of physiolog-

ical responses. Acidosis causes vasodilation in many differ-

ent blood vessels, including those in the brain and heart

(Ledingham et al., 1970; Faraci et al., 1994). Multiple types

of pH-dependent ion channels are likely to contribute to the

intracellular acidosis-mediated vasodilation. For example,

opening of KATP channels may be important in low pHi-

induced vasodilation (Ishizaka and Kuo, 1997). Consistent

with this idea, heterologously-expressed KATP channels are

directly activated by low pHi, and H175 in the C-terminus

of the channel participates in the pHi sensitivity (Piao et al.,

2001). Hayabuchi et al. (1998) suggested that large conduc-

tance Ca21-dependent K1 channels (Slo1 BK channels) in

coronary arteries might be activated by low pHi (Hayabuchi

et al., 1998). Opening of these BK channels facilitates hy-

perpolarization, thus inhibiting further Ca21 influx through

voltage-gated Ca21 channels to relax blood vessels. Direct

neuron-protective roles of BK channels have been proposed

in acute ischemic attacks in the brain (Gribkoff et al., 2001).

Ischemia induces intracellular acidification in the brain

(Kintner et al., 2000), and BK channel openers may protect

neurons by restricting Ca21 entry (Gribkoff et al., 2001). In

addition, BK channels have been recently identified in mito-

chondria and may play important roles in Ca21-cytotoxicity

and cell death (Yermolaieva et al., 2001a; Yermolaieva et al.,

2001b; Xu et al., 2002).

Expression of the pore-forming Slo1 a subunit alone is

sufficient to form large conductance K1 channels modulated

by Ca21 (Adelman et al., 1992). The Slo1 a channel activ-

ation by Ca21 becomes observable at$;100 nM Ca21 (Cui

et al., 1997; Jan and Jan, 1997). Each Slo1 a subunit is com-

posed of the ‘‘core’’ domain and the ‘‘tail’’ domain. The infer-

red structural organization of the ‘‘core’’ domain (S0–S6) is

similar to that of KV-type voltage-gated K1 channels except

for the presence of S0 in Slo (Wei et al., 1994; Meera et al.,

1997; Schreiber and Salkoff, 1997). The RCK domain imme-

diately after S6 in the primary amino acid sequence shows

a structural motif called the Rossmann fold (Jiang et al.,

2001), and the amino acid residues in and/or near this domain

at least in part mediate the channel’s sensitivity toward intra-

cellular Ca21 andMg21 (Bao et al., 2002; Shi et al., 2002; Xia

et al., 2002). Depending on the tissue type, some Ca21-

dependent BK channels, such as those in skeletal muscles,

may contain only Slo1 a subunits (Chang et al., 1997) where-

as others, such as those in smooth muscle and endocrine cells,

also containb subunits (Tseng-Crank et al., 1994; Dworetzky

et al., 1996; Chang et al., 1997; Jiang et al., 1999; Brenner

et al., 2000a; Meera et al., 2000). The a subunit gene is alter-

natively spliced to give different variants to further enhance

the functional diversity (Butler et al., 1993;Tseng-Cranket al.,
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1994; Ferrer et al., 1996; Saito et al., 1997; Xie and McCobb,

1998; Ramanathan et al., 2000). In addition to the Slo1 a
subunit that shows a high Ca21-sensitivity, another variant,

Slo3, has been identified (Schreiber et al., 1998). The Slo3

channel is Ca21 independent and inhibited by H1 (Schreiber

et al., 1998).

Uncertainty about the BK channel subunit compositions in

various tissues often makes direct comparison of the results

obtained using different native channels difficult. For exa-

mple, the finding by Hayabuchi et al. (Hayabuchi et al., 1998)

that low pHi may stimulate native Ca21-sensitive BK chan-

nels in porcine coronary arteries is in contrast with the results

of other studies, which typically demonstrated that native

Ca21-sensitiveBKchannels are inhibited by lowpHi. Laurido

et al. (1991) reported that BK channels purified from rat skel-

etal muscle cells are inhibited by low pHi and that this in-

hibition involves a shift in the macroscopic G-V curve to the

right along the voltage axis in a Ca21-independent manner.

Likewise, BK channels in smooth muscle cells, neurons, and

endocrine cells are inhibited by low pHi (Kume et al., 1990;

Peers and Green, 1991; Church et al., 1998; Liu et al., 1999).

Here we examined how heterologously-expressed hSlo1

channels with defined subunit compositions are regulated by

low internal pHi. We found that low pHi increased the hSlo1

channel activity in a divalent-ion dependent manner. The

stimulatory effect was mimicked by the histidine modifying

reagent diethyl pyrocarbonate (DEPC). We suggest that the

DEPC-sensitive residues located in the RCK domain are in-

volved in the pHi regulation of the hSlo1 BK channel.

MATERIALS AND METHODS

Cell culture

Human embryonic kidney (HEK) tsA-201 cells weremaintained at 378C (5%

CO2) in high glucose DMEMmedium, supplemented with 10% fetal bovine

serum, 100 units/ml penicillin, and 0.1 mg/ml streptomycin. Cells were typi-

cally plated on poly-D-lysine coated cover slips typically at 75% conflu-

ence. The cDNAof interest and a CD8 expression plasmidwere transfected at

a ratio of 8:1 using FuGENE6 (RocheMolecular Biochemicals, Indianapolis,

IN) according to the protocol provided by the manufacturer. Transfected

cells were visually identified ;18 h after transfection with CD8-antibody-

coated beads (Dynal Biotech, Oslo, Norway). The hSlo1 (U11058, hbr1

(Tseng-Crank et al., 1994)) plasmidwas providedbyDr.MariaGarcia (Merck

Laboratories, Rahway, NJ). The mouse Slo b1-EGFP plasmid where EGFP

was fused to the C-terminus ofmouseb1was provided byDr. Robert Brenner

(Stanford University, Stanford, CA). The HEK tsA cells were obtained from

Dr. Kevin Campbell (University of Iowa, Iowa City, IA).

E18 Fischer rat hippocampal tissues were obtained from BrainBits

(Springfield, IL), and the cells were plated on glass cover slips according to

the supplier’s instructions. The cells were used for electrophysiology within

1 week of plating.

Electrophysiological recording

The patch-clamp recording was performed using an Axopatch 200A

amplifier (Axon, Union City, CA) modified to expand the command voltage

range or by an Axopatch 200B. In most of the experiments, an agar bridge

was used to isolate the ground electrode from the solution in the recording

chamber. Unless otherwise noted, macroscopic patch-currents were low-

pass filtered at 5 kHz and digitized at 25 kHz using an ITC16 computer

interface (Instrutech, Port Washington, NY). The data were collected and

analyzed using Patch Machine (http://www.hoshi.org) and IGOR Pro

(WaveMetrics, Lake Oswego, OR) running on Apple Macintosh computers.

Linear capacitative and leak currents were subtracted using the standard P/6

protocol. The macroscopic current data acquisition and analysis was carried

out essentially as described previously (Tang et al., 2001). The free energy

difference in the steady-state activation between pHi ¼ 6.2 and 7.2 was

calculated from the G-V curves as described (Cui and Aldrich, 2000) in the

following manner:

DDG ¼ ðQapp 3V0:5Þ7:2 � ðQapp 3V0:5Þ6:2;
where (Qapp3 V0.5)7.2 represents the G-V parameters estimated at pHi ¼ 7.2

and (Qapp 3 V0.5)6.2 represents those at pHi ¼ 6.2. The single-channel data

were analyzed using PATCH MACHINE. The capacitative and leak currents in

the single channel data were subtracted using null sweeps without any op-

enings as templates. When appropriate, the data values are presented as

mean 6 SE or using boxplots (Tukey, 1977). The error bars are not shown

when smaller than the symbol size. All experiments were performed at room

temperature (20–248C).

Reagents and solutions

The extracellular recording solution contained (in mM): 140 KCl, 11 EGTA,

10 HEPES, pH 7.2 (NMDG). The same solution was typically used as the

intracellular solution. To compare hSlo currents at different internal pHi, the

intracellular solution contained (in mM): 140 KCl, 11 EDTA and either 10

HEPES (NMDG) for pHi 7.2 and 7.7 or 10 MES (NMDG) for pHi 5.7, 6.2,

and 6.7. The pH values of the solutions were measured with a CorningM240

pH meter equipped with a liquid-filled glass-body combination electrode.

EDTA was used for these pH experiments because its Ca21-chelating ability

was less pH-sensitive than that of EGTA. Free Ca21 and Mg21 concentra-

tions were calculated using Patcher’s Power Tools for Electrophysiologists

(http://www.mpibpc.gwdg.de/abteilungen/140/software/). Other solutions

used are indicated in the figure legends.

The divalent chelator BAPTA was not used in this study. We found that

$1 mM BAPTA (Sigma, St. Louis, MO) reduced hSlo currents when

compared with the currents recorded with EGTA (11 mM; Sigma) or EDTA

(11 mM; Sigma) in the absence of added Ca21 or Mg21. This effect was

more noticeable at pHi ¼ 6.2 than 7.2. The inhibitory effect of BAPTA

appeared unrelated to its ability to chelate divalent ions since the estimated

free Ca21 concentrations in these solutions were \1 nM, well below the

apparent threshold of Ca21-dependent activation of the Slo1 channel (Cui

et al., 1997; Jan and Jan, 1997). Furthermore, the inhibition in the presence

of BAPTA is observed without any noticeable shift in the normalized G-V

curve. The electrophysiological results are consistent with the idea that

BAPTA acts as a fast voltage-dependent blocker of the channel. The

inhibition of the hSlo current by BAPTAmay necessitate reinterpretations of

the results that compare differential effects of EGTA, EDTA, and BAPTA.

To avoid potential complications, only EGTA and EDTA were used in this

study.

DEPC (Sigma) was kept in nitrogen according to the manufacturer’s rec-

ommendation. DEPC solutions were prepared immediately before use be-

cause the reagent decomposes rapidly in the presence of water with a half

life-time of several minutes.

RESULTS

Low pHi stimulates the hSlo1 a channel currents
recorded without divalent ions

Gating of the hSlo channel is complex, and allosteric models

with at least three allosteric tiers (voltage, Ca21, and Mg21)

2970 Avdonin et al.

Biophysical Journal 84(5) 2969–2980



are necessary to adequately describe the gating properties (Shi

and Cui, 2001; Zhang et al., 2001). To facilitate data analysis

and interpretation, we initially recorded hSlo currents in the

virtual absence of Ca21 and Mg21. Lower pHi increased

currents through hSlo1 a channels (U11058) expressed in

HEK cells in the virtual absence of Ca21 and Mg21. Rep-

resentative currents recorded at pHi ¼ 7.2 and 6.2 using

EDTA are shown in Fig. 1 A. Although the chelating action of
EDTA is pH-dependent, the high concentration of the chelator

(11 mM) in the absence of any added Ca21 or Mg21 should

have kept the freeCa21 concentrationwell below the apparent

Ca21 threshold of the Slo channel activation,;100 nM (Cui

et al., 1997; Jan and Jan, 1997), even at pHi ¼ 5.7. Lowering

pHi from 7.2 to 6.2 markedly increased the currents, es-

pecially those elicited by small to moderate depolarization

(50–150 mV; Fig. 1 B). The fractional current enhancement

was progressively smaller with larger depolarization. The

G-V curves recorded at different pHi are summarized in Fig.

1C. TheG-V curves at pHi¼ 7.2 and 7.7were virtually identi-

cal. However, further decreases in pHi from7.2 to 6.7, 6.2, and

5.7 gradually shifted the G-V curve to more negative voltages

(Fig. 1 C). Typically, one pH unit decrease from 7.2 to 6.2

shifted the value of the half-activation voltage of G-V (V0.5)

by;35 mV to more negative voltages and reduced the appa-

rent chargemovement (Qapp) associatedwithG-V by;0.1 e�

(Fig. 1 D). These changes correspond to DDG ¼ 1.6 6 0.2

kcal/mol (n ¼ 7) using the formulation of Cui and Aldrich

(Cui and Aldrich, 2000).

The pHi dependence of the voltage-dependentmacroscopic

conductance normalized to themaximum observed at low pHi

with very large depolarization is shown in Fig. 1 E. At a given
voltage, the normalized conductance is greater with lower pHi

(leftward along the abscissa). At a given pHi value, the con-

ductance valuewas greater atmore depolarized voltages (indi-

cated by different curves). The apparent dissociation constant

Kd was voltage dependent and decreased to a plateau value of

;0.35 mM or pH 6.5 with depolarization (Fig. 1 F). The
estimated Hill coefficient value ranged from 1.5 to 2, depen-

ding on the test voltage (Fig. 1 G).
Lower pHi slowed the deactivation and accelerated the

activation time course (Fig. 2). These changes in the deacti-

vation and activation kinetics persisted even at the extreme

voltages examined (�150, 250 mV). The steepness of the

voltage dependence of the deactivation and activation time

constants did not appear markedly different with different

pHi, suggesting that the overall effect of low pHi on the

hSlo1 channel kinetics is to shift the voltage dependence to

more negative voltages.

The shape of the macroscopic instantaneous tail I-V curve

was not altered by decreasing pHi from 7.2 to 6.2 (data not

shown). Furthermore, we did not observe any obvious effect

on the single-channel current amplitudes in the voltage range

of 20 to 80 mV (data not shown). Thus, the permeation pro-

perties of the channel remained largely unaltered by lower-

ing pHi.

In contrast with the marked effects of low pHi on the hSlo

channel gating, lowering pHe from 7.2 to 6.2 in the out-

side-out configuration did not produce any noticeable effect

(Fig. 3).

DEPC increases hSlo1 currents in the virtual
absence of Ca21

The estimated Kd value for the effect of low pHi to alter

the macroscopic conductance (Fig. 1; pH 6.5) is comparable

to the often-reported pKa value of the histidine side chain.

Thus, we hypothesized that protonation of the histidine side

chain may be involved in the pHi-induced changes in the

hSlo channel gating and tested the hypothesis using the his-

tidine modifying reagent DEPC. DEPC is frequently used

to specifically modify histidine residues in proteins (Miles,

1977; Eyzaguirre, 1987) in the concentration range of 0.5 to

14 mM (Dzhandzhugazyan and Plesner, 2000; Pojasek et al.,

2000; Kipp et al., 2001). DEPC modifies the side chain of

histidine to form a carbethoxy derivative, typically by the

addition of a CH3-OCH2-CO group to one of the N atoms

in the imidazole group (Miles, 1977; Eyzaguirre, 1987). Ap-

plication of freshly prepared DEPC (10 mM) to the cyto-

plasmic side increased the hSlo1 currents recorded in the

virtual absence of Ca21 and Mg21 (Fig. 4 A). The current in-
crease caused byDEPC for$3minwas not reversed bywash-

ing the recording chamber, suggesting that DEPC caused a

stable modification of the channel (Fig. 4 B). DEPC is an un-

stable compound and decomposes rapidly in water with

a half life-time of minutes. Consistent with this instability,

the ‘‘aged’’ DEPC solution, left at room temperature for[4 h,

failed to alter the hSlo1 currents (Fig. 4, C and D).

DEPC modifies voltage-dependent activation of
the hSlo1 a channel

Treatment of the hSlo1 a channel with DEPC (10 mM,

5 min) applied to the cytoplasmic side shifted the peak I-V

curve to more negative voltages such that fractionally larger

currents were observed with small and moderate depolariza-

tion (e.g., 50–150 mV; Fig. 5, A and B). Comparison of the

voltage dependence of the normalized macroscopic G-V

curves before and after DEPC treatment revealed that the

treatment shifted the V0.5 value to more negative voltages by

;35 mV (Fig. 5, C and D). The apparent charge movement

associated was reduced by;0.2e� (Fig. 5 D). These DEPC-
induced changes in the G-V curve are generally similar to

those observed with lowering pHi from 7.2 to 6.2 (see Fig.

1). The estimated DDG induced by DEPC treatment cal-

culated from the changes in theQapp and V0.5 values (Cui and

Aldrich, 2000) was 1.4 6 0.1 kcal/mol (n ¼ 5).

DEPC altered the voltage-dependent kinetics of the hSlo1

a channel. At a given voltage, the deactivation time course

after DEPC treatment was slower (Fig. 6, A and C). In a

separate set of experiments, we also confirmed that the
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slowing effect of DEPC remained even at �150 mV (see

Fig. 8). The apparent reversal potential remained unaltered

by DEPC. In addition, DEPC treatment accelerated the acti-

vation kinetics (Fig. 6, B and C). These results together

suggest that the effects of low pHi and DEPC on the hSlo1

channel gating are comparable, suggesting that H1 and

DEPC may involve the same effector. DEPC treatment did

not alter the single-channel current amplitudes in the voltage

range of 20–80 mV (data not shown).

DEPC is effective from either
side of the membrane

DEPC is also effective when applied from the extracellular

side. The effectiveness of DEPC applied to the extracellular

side is illustrated in Fig. 7 A. Incubation with DEPC in the

extracellular medium for >3 min followed by wash increased

hSlo1 currents in a stable manner. The G-V curves before and

after DEPC treatment are compared in Fig. 7 B. Extracellular
DEPC treatment shifted the V0.5 value from 159 to 114 mV

and decreased the Qapp value from 0.99 e� to 0.68 e�. The
changes induced by extracellular application of DEPC were

generally similar to those by application of DEPC to the in-

tracellular side. This finding suggests that DEPC may readily

transverse the membrane and/or that the DEPC targets are

accessible from either side of the membrane.

Hydroxylamine

Modification of the histidine imidazole group by DEPC can

be reversed by hydroxylamine, and this reversibility is often

used as a sign of the histidine specific action of DEPC

(Dzhandzhugazyan and Plesner, 2000; Kipp et al., 2001).

The reversal reaction with hydroxylamine, however, often

requires $250 mM hydroxylamine (Dzhandzhugazyan and

Plesner, 2000; Kipp et al., 2001), which is incompatible with

our electrophysiology experiments. We found that applica-

tion of 20 mM hydroxylamine for up to 5 min from either

side of the membrane was ineffective in reversing the gating

changes caused by DEPC (data not shown).

FIGURE 1 Low pHi enhances hSlo1 a channel currents in the virtual

absence of Ca21 andMg21. (A) Representative hSlo currents recorded at pHi

¼ 7.2 and 6.2 at 100, 150, and 200 mV. The currents were elicited by pulses

to 100 (left), 150 (center), and 200 (right) mV and then to �40 mV. In each

panel, the currents recorded at pHi¼ 7.2 and 6.2 (denoted by a black dot) are
shown. The internal solution contained 11 mM EDTA. (B) Peak I-V curves

obtained from the representative patch shown in A at pHi ¼ 7.2 and 6.2. The

currents were elicited by pulses to the voltages indicated on the abscissa, and

the peak outward currents were measured. (C) Mean G-V curves at different

pHi from multiple patches. Triangles, pH 7.7; open circles, pH 7.2; inverse

triangles, pH 6.7; filled circles, pH 6.2; squares, pH 5.7. The currents were

elicited by pulses to the voltages indicated on the abscissa, and the tail

currents were recorded at �40 mV to construct the G-V curves. (D) Box-
plots summarizing the changes in V0.5 and Qapp caused by decreasing pHi

from 7.2 to 6.2. The G-V curves were obtained as in C and summarized

using box-plots (Tukey, 1977). In each experiment, the V0.5 and Qapp values

at pHi ¼ 7.2 were subtracted from those at pHi ¼ 6.2. Negative DV0.5 values

indicate shifts in G-V to the left along the voltage axis. Negative Qapp values

indicate that G-V curves are less steep. (E) Normalized macroscopic

conductance as a function of pHi. The macroscopic conductance values

estimated from the tail currents were normalized to the maximal value

obtained after a pulse to 230 mV at pHi ¼ 5.7. The conductance values

obtained at different voltages are shown using different symbols, and the

voltages are indicated next to the curves. At a given voltage, the normalized

conductance is greater at lower pHi. At a given pHi value, the conductance

value is greater at more depolarized voltages. The smooth curves represent

best fits of the data using the equation G0 1 GpH/(1 1 10^(pH 3 N � Kd)).

G0 represents the pH-insensitive conductance fraction, GpH represents the

pH-sensitive conductance fraction, N represents the Hill coefficient, and Kd

represents the dissociation constant. n ¼ 4–9. (F) Apparent Kd values at

different test voltages for the effect of pHi on the hSlo macroscopic

conductance. The Kd values were estimated for individual patches using the

fitting procedures described for E. Each determination is based on 3–5 data

sets depending on the voltage. (G) The values of the Hill coefficient

estimated at different voltages for the effect of pHi on the hSlo macroscopic

conductance. The values were estimated for individual patches using the

fitting procedures described for E.
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DEPC treatment diminishes the stimulatory
effects of low pHi

If the stimulatory effect of low pHi is mediated by the DEPC-

sensitive sites that normally show differential protonation in

the pHi range examined, DEPC, which typically adds a CH3-

OCH2-CO group to histidine, should reduce the channel’s

pHi sensitivity. We recorded hSlo1 a currents at pHi ¼ 7.2

and 6.2 before and after treatment with DEPC. Representa-

tive effects of DEPC on the currents at 90 and 130 mV at pHi

¼ 6.2 and 7.2 are shown in Fig. 8 A, and the normalized G-V

curves are shown in Fig. 8 B. As presented earlier, lowering

pHi from 7.2 to 6.2 shifted the V0.5 value of the control hSlo1

a channel by ;35 mV (Fig. 8 B, left). After treatment with

DEPC, the same pHi decrease had a markedly smaller effect

on the G-V curve (Fig. 8 B, right). Fig. 8 C compares the

changes in V0.5 and Qapp between pHi ¼ 7.2 and 6.2 before

and after DEPC treatment. In the control unmodified hSlo1 a
channel, lowering pHi from 7.2 to 6.2 typically moved the

V0.5 value by;35 mV from 175 mV to 135 mV. After DEPC

treatment, the same pHi decrease changed the V0.5 value only

by ;10 mV from 130 to 120 mV. Lowering pHi was es-

sentially ineffective in altering the Qapp value after DEPC

treatment (Fig. 8 C, right).
The effects of low pHi on the channel kinetics were also

diminished by DEPC. After DEPC treatment, lowering pHi

to 6.2 from 7.2 produced negligible effects on the deacti-

vation time course (\50 mV) or the activation time course

([50 mV; Fig. 8 D, right).

Ca21 and Mg21 interfere with the stimulatory
effect of low pHi

The exclusion of Ca21 and Mg21 from the recording

solutions allowed us to focus on the voltage-dependent gat-

ing steps of the Slo1 channel. We also examined how the

presence of physiological concentrations of these divalent

ions affected the pHi sensitivity of the hSlo1 a channel. With

1 mMMg21 and 1 mM Ca21, the currents recorded at pHi ¼
7.2 and 6.2 were similar in amplitude (Fig. 9 A). In the

presence of these divalent ions, lowering pHi from 7.2 to 6.2

failed to alter the G-V curve in a noticeable way (Fig. 9 B).
We showed earlier that in the virtual absence of Ca21 and

Mg21, the deactivation time course was slower with lower

pHi (cf. Fig. 2) and that the activation time course was faster.

In contrast, in the presence of Ca21 and Mg21, lowering pHi

to 6.2 accelerated the activation and deactivation kinetics;

the time constant values were smaller at all the voltages ex-

amined at pHi ¼ 6.2 (Fig. 9 C).
To examine whether it was Ca21 orMg21 that antagonized

the stimulatory effect of low pHi, we examined how low pHi

interacted with Ca21 and Mg21 separately. Low pHi was

ineffective when the internal solution contained ;10 mM

Mg21 without any added Ca21. Representative hSlo1 cur-

rents recorded with 10 mM Mg21 at pHi ¼ 7.2 and 6.2 are

FIGURE 2 (A) Scaled representative tail currents recorded at �150 and

�100 mV. In each panel, the current recorded at pHi ¼ 7.2 and pHi ¼ 6.2

(denoted by a black dot) are shown. The currents were elicited by 20-ms

prepulses to 160 mV and scaled to facilitate comparison of the time course.

(B) Representative currents recorded at 230 and 250 mV. In each panel, the

currents recorded at pHi ¼ 7.2 and pHi ¼ 6.2 (denoted by a black dot) are

shown. (C) Voltage dependence of the activation and deactivation time

constant at different pHi values. The current activation time course and the

deactivation time course were fitted with a single exponential, and the results

are presented using the semilogarithmic scale. The deactivation time

constants were measured from the tail currents elicited as in A. Triangles, pH

7.7; open circles, pH 7.2; inverse triangles, pH 6.7; filled circles, pH 6.2;

squares, pH 5.7.

FIGURE 3 Lowering pHe does not alter hSlo1 currents. (A) Representa-

tive hSlo1 currents recorded in the outside-out configuration at pHe ¼ 7.2

and 6.2. The currents were elicited by pulses from 0 to 100 (left) and 150

(right) mV and then to�40 mV. In each panel, the current recorded at pHe¼
7.2 and 6.2 are shown. (B) G-V data from two representative experiments

recorded at pHe ¼ 7.2 and 6.2.
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shown in Fig. 9 D and the G-V curves are shown in Fig. 9 E.
The results indicate that high Mg21 alone is capable of in-

terfering with the stimulatory effect of low pHi. Similarly,

highCa21without any addedMg21 also antagonized the stim-

ulatory effect of low pHi. Representative hSlo currents rec-

ordedwith high internal Ca21 (200mM) are shown in Fig. 9F,
and the resulting G-V curves are summarized in Fig. 9 G.

The pHi sensitivity is retained when the auxiliary
subunit mouse b1 is coexpressed

TheSlob1 subunit contributes to the Slo currents, particularly
in smoothmuscle cells (Knaus et al., 1995; Tseng-Crank et al.,

1996; Chang et al., 1997). Low internal pHi was effective in

enhancing currents through hSlo1 a/mouse b1 channels. The
markedly slower activation and deactivation time courses

confirmed functional expression of mouseb1 (Fig. 10 A (Cox

and Aldrich, 2000)). Lowering pHi from 7.2 to 6.2 enhanced

the currents by shifting the V0.5 value to more negative volt-

ages (Fig. 10, B andC). TheQapp value was also decreased by

the pHi decrease (Fig. 10 C). These changes observed using

the hSlo1 a/mouse b1 channel complex are similar to those

observed with the a subunit alone.

DEPC modifies hSlo1 a/mouse b1
channel currents

As expected from the observation presented above that the

pHi-sensitivity is retained in the hSlo1 a/mouse b1 channel

complex, DEPC was also effective in enhancing the currents

when mouse b1 was coexpressed. The effects of DEPC on

hSlo1 a/mouse b1 channel complexes are summarized in

Fig. 11. Treatment with DEPC was effective in increasing

FIGURE 4 Enhancement of hSlo1 currents by DEPC. (A) Representative
hSlo1 currents at 130 mV before and after DEPC treatment. Freshly pre-

pared DEPC was applied to the intracellular side of the inside-out patch

for 5 min and the chamber was subsequently washed free of DEPC. The

control and the current recorded after the DEPC treatment and wash

(denoted by a black dot) are shown. The currents were elicited by pulses

from 0 to 130 mV and then to 40 mV. (B) The peak hSlo1 current amplitude

as a function of time in a representative experiment. The currents were

elicited by pulses from 0 mV to 130 mV every 20 s. The black bar indicates

the DEPC treatment duration (10 mM). (C) ‘‘Aged’’ DEPC solution does not

alter hSlo1 currents. Representative hSlo1 currents recorded at 130 mV

before and after treatment with 10 mM DEPC that was prepared 4 h before

the experiment. The DEPC solution was applied to the patch for 5 min and

washed out. The tail currents were recorded at 40 mV. (D) Box-plots

showing relative changes in the hSlo1 current amplitude at 130 mV caused

by fresh (n ¼ 11) and aged (n ¼ 5) 10 mM DEPC solutions. DEPC was

applied for 5 min and washed out. The currents were elicited by pulses from

0 to 130 mV.

FIGURE 5 DEPC treatment shifts the hSlo1 channel activation to more

negative voltages. (A) Representative hSlo1 currents recorded in the inside-

out configuration at 100 and 150 mV before and after DEPC treatment. The

currents were elicited by pulses from�30 to 100 or 150 mV and then to�40

mV. DEPC (10 mM) was applied for 5 min and washed out (denoted by

black dots). (B) Representative hSlo1 peak I-V curves before (open circles)

and after (filled circles) DEPC treatment. The currents were elicited and

DEPC treatment was performed as described in A. (C) Normalized mac-

roscopic conductance before (open circles) and after (filled circles) DEPC

modification. The tail hSlo1 currents were recorded at �40 mV after pre-

pulses to different voltages and fitted with a single exponential. The extra-

polated current values at time t ¼ 0 were normalized to the maximal value

recorded after a prepulse to 250 mV in each condition in each patch. n ¼ 6.

(D) Comparisons of the estimatedV0.5 andQapp values before and after DEPC

treatment. In each patch, macroscopic G-V curves were estimated as in C

and fitted with Boltzmann curves. The V0.5 (left) and Qapp values (right)
before and after DEPC treatment are compared using boxplots. n ¼ 6.
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the currents elicited with small and moderate depolarization

by shifting the G-V curve to the left.

Low pHi stimulates native BK channels

Many studies reported that low pHi inhibited native BK

channels (Kume et al., 1990; Peers and Green, 1991; Church

et al., 1998; Liu et al., 1999). To better relate our results

obtained using heterologously-expressed hSlo channels with

defined subunit compositions to the existing results obtained

using nativeBK channels, we also examined how low internal

pHi affected native BK channels in rat hippocampal neurons.

Fig. 12 illustrates representativeBKchannel openings elicited

by pulses to 80 mV in the virtual absence of Ca21 and Mg21

with EDTA. These openings were identified as BK channel

openings based on the large single-channel current amplitude,

high Ca21 sensitivity, and K1-selectivity (data not shown).

Decreasing pHi from 7.2 to 6.2 dramatically increased the

channel activity. This is clearly observed in the ensemble

averages constructed from [100 sweeps. In the example

patch shown, the peak open probability at pHi ¼ 6.2 was;8

times greater than that at pHi¼ 7.2. In contrast with the drastic

change in the channel gating, the single channel amplitude

was not altered by the pHi decrease.

DISCUSSION

Low pHi stimulates the hSlo channel activity in the virtual

absence of Ca21 and Mg21 by shifting the G-V curve to

more negative voltages. This shift in G-V is accompanied by

acceleration of the activation time course and by slowing of

the deactivation time course. Treatment with the histidine

modifying reagent DEPC largely mimics the effects of low

pHi. The effect of low pHi to shift the G-V curve is absent in

the presence of a high concentration of Mg21 or Ca21.

DEPC targets

Low pHi enhances hSlo1 currents by shifting the voltage

dependence of activation to more negative voltages. Treat-

ment of hSlo channels with freshly prepared DEPC for[3

min typically causes similar gating changes and markedly

diminishes the channel’s sensitivity toward pHi, suggesting

that DEPC-sensitive sites may mediate the stimulatory ef-

fects of low pHi. Although DEPC is frequently used to spec-

ifically modify the amino acid histidine, the target specificity

of DEPC is not perfect. DEPC may react with other amino

acids under some conditions (Miles, 1977), and some cau-

tion is warranted with its specificity (Meves, 2001). Hydro-

xylamine reacts with DEPC-modified histidine to re-form the

imidazole group, and this reversibility is used to confirm the

FIGURE 6 DEPC accelerates the hSlo1 activation time course and slows

the deactivation time course. (A) Scaled representative hSlo1 tail currents

before and after DEPC treatment at �50 and �20 mV. The currents were

elicited by prepulses to 160 mV for 20 ms and scaled for comparison. In each

panel, the control current and the current after DEPC treatment are shown

(denoted by a black dot). DEPC (10 mM) was applied for 5 min and washed

out. (B) Representative hSlo1 activation time courses at 230 and 250 mV.

The currents were elicited by pulses to 230 and 250 mV. (C) Voltage

dependence of the activation and deactivation time constant before (open
circles) and after ( filled circles) DEPC treatment. The currents elicited at the

voltages indicated on the abscissa were fitted with a single exponential, and

time constant values were plotted as a function of the test voltage. n ¼ 4–8.

FIGURE 7 DEPC also alters hSlo1 channels when applied from the

extracellular side. (A) Representative hSlo1 currents recorded in the

outside-out configuration at 100 and 150 mV before and after DEPC

treatment (denoted by a black dot). DEPC 10mMwas present in the chamber

for 5 min and washed out. The currents were elicited by pulses from 0 mV to

the voltages indicated and then to 40 mV. (B) Normalized macroscopic

conductance before (open circles) and after ( filled circles) DEPC treatment in

the outside-out configuration. The currents were elicited as in A. n ¼ 6. The

V0.5 andQapp values before DEPCwere 159mV and 0.99 e�, and after DEPC
treatment they were 114 mV and 0.68 e�.

Internal pH Regulation of BK Channels 2975

Biophysical Journal 84(5) 2969–2980



histidine-specific action of DEPC (Dzhandzhugazyan and

Plesner, 2000; Pojasek et al., 2000; Kipp et al., 2001). How-

ever, the reaction of hydroxylamine itself may not be com-

pletely specific, and the concentration required, often $250

mM, is not compatible with electrophysiological measure-

ments. We did not find any consistent reversibility at 10 mM.

The failure to reverse the effects of DEPC by hydroxylamine

is most likely related to the low hydroxylamine concentra-

tion used. Although we were not able to demonstrate the re-

versibility using hydroxylamine, we suggest that histidine is

important in mediating the low pHi effect for the following

reasons. First, the electrophysiological effects of low pHi

and DEPC treatment are similar. Second, the low pHi-sensi-

tivity of the hSlo1 channel is largely absent after DEPC treat-

ment. Third, the apparent Kd of the low pHi effect on the hSlo

G-V curve is within the range of pKa reported for the imida-

zole group (Creighton, 1993).

Possible mechanisms underlying the actions of
DEPC and low pHi

The presence of a high concentration of Ca21 or Mg21 abo-

lishes the stimulatory effects of low pHi on the hSlo1 channel.

This finding suggests that the action of H1 may involve the

divalent sensitivitymechanismof the channel. Voltage, Ca21,

and Mg21 are considered to represent three allosteric tiers in

activation of the hSlo1 channel, each acting distinctly to open

the channel pore gate (Shi and Cui, 2001; Zhang et al., 2001).

These allosteric variables contribute to the total free energy of

the channel opening in an additive fashion (Shi andCui, 2001;

Zhang et al., 2001). Since the stimulatory H1 action is es-

sentially absent in the presence of high concentrations ofCa21

or Mg21, our results do not directly support the idea that H1

represents an additional full allosteric tier of the channel

gating scheme. We cannot, however, exclude the possibility

that the intrinsic stimulatory effect of H1 is somehowmasked

by high concentrations of divalent ions. H1 may induce the

same allosteric conformational changes promoted by Mg21

and/or Ca21 such that the channel becomes preactivated and

opens more readily with depolarization.

The Slo1 channel possesses at least two distinct divalent-

sensitive gatingmechanisms: the high-affinity Ca21-selective

mechanism and the low-affinity nonselective mechanism

(Zhang et al., 1995; Shi and Cui, 2001; Zhang et al., 2001; Shi

et al., 2002; Xia et al., 2002). The low-affinity mechanism

could be activated bymillimolar concentrations ofMg21 and/

or Ca21, and it involves the RCK domain located downstream

of S6 in thea subunit primary amino acid sequence (Shi et al.,

2002; Xia et al., 2002). The high-affinity mechanism may

involve both the Ca21 bowl located in the distal C-terminus of

the channel (Schreiber and Salkoff, 1997) and the RCK do-

main (Bao et al., 2002; Xia et al., 2002), although the impor-

tance of the core domain cannot be excluded (Piskorowski

and Aldrich, 2002). The RCK domains in some bacterial K1

FIGURE 8 DEPC treatment diminishes the stimulatory effect of low pHi.

(A) Representative currents at pHi ¼ 7.2 and 6.2 recorded in the inside-out

configuration at 90 and 130 mV before (left) and after (right) DEPC

treatment. The tail currents were recorded at �40 mV. In each panel, the

currents recorded at pHi ¼ 7.2 and 6.2 (denoted by a black dot) are shown

superimposed. The patch was treated with DEPC (10 mM) for 5 min and

DEPC was washed out. (B) G-V curves at pHi¼ 6.2 and 7.2 before (left) and

after (right) DEPC treatment. In each panel, the G-V curve at pHi ¼ 7.2

(open circles) and 6.2 ( filled circles) are shown superimposed. The currents

were elicited as in A to generate the G-V curves. (C) Comparison of the G-V

curve parameters V0.5 and Qapp at pHi ¼ 7.2 and 6.2 before and after DEPC

treatment. In each boxplot, the parameter values at pHi ¼ 7.2 and 6.2 are

compared. In each experiment, the G-V curves at pHi ¼ 7.2 and 6.2 were

first obtained. The patch was then treated with DEPC (10 mM) for 5 min and

DEPC was washed out. G-V curves were then determined again at pHi¼ 7.2

and 6.2. n ¼ 5. (D) Voltage dependence of the activation/deactivation time

constant before (left) and after (right) DEPC treatment. In each panel, the

time constant values at pHi ¼ 7.2 (open circles) and 6.2 (filled circles) are
shown superimposed. The currents were elicited as in A.

2976 Avdonin et al.

Biophysical Journal 84(5) 2969–2980



channels are considered to be an essential gating machi-

nery (Jiang et al., 2002b; Jiang et al., 2002a). The informa-

tion concerning binding of Ca21 andMg21 to their respective

binding sites on the Slo1 channel may be transmitted to the

channel pore via the RCK domain. Based on the findings that

the RCK domain in the hSlo a channel is involved in both the

high-affinity and low-affinity divalent ion sensitivity (Xia

et al., 2002) and that the lowpHi effects are largely diminished

by Ca21 or Mg21, we suggest that the stimulatory action of

H1 is in part mediated by the RCK domain.

D367 in the Slo1 RCK domain is considered to contribute

to the high-affinity Ca21-dependent activation mechanism

(Xia et al., 2002). E374, Q397, and E399 are important in the

low-affinitydivalent sensitivityof thechannel (Shi et al., 2002;

Xia et al., 2002), probably by directly coordinating binding of

FIGURE 9 High Ca21 and Mg21 antagonize the stimulatory effect of

low pHi. (A) Representative hSlo1 currents recorded in the inside-out

configuration in the presence of 1 mM Mg21 and 1 mM Ca21 in the bath

solution. The currents were elicited by pulses from �30 mV to the voltages

indicated and then to�40 mV. The pHi¼ 7.2 internal solution contained (in

mM): 140 KCl, 1 EDTA, 2 MgCl2, 0.1 CaCl2, 10 HEPES (NMDG). The pHi

¼ 6.2 internal solution contained (in mM): 140 KCl, 1 EDTA, 2 MgCl2, 0.1

CaCl2, 10 MES (NMDG). In each panel, the currents recorded at pHi ¼ 7.2

and pHi ¼ 6.2 (denoted by black dots) are shown. (B) G-V curves at pHi ¼
7.2 (open circles) and 6.2 ( filled circles) with 1 mMMg21 and 1 mM Ca21.

The estimated mean V0.5 and Qapp at pHi ¼ 7.2 are 100 mV and 1.1 e�, and
94 mV and 1.1 e� at pHi ¼ 6.2. n ¼ 8. (C) Voltage dependence of the

activation and deactivation time constants at pHi¼ 7.2 (open circles) and 6.2

( filled circles). (D) Representative hSlo1 currents recorded in the inside-out

configuration in the presence of 10 mM Mg21 and no added Ca21. The

currents were elicited by pulses from �40 mV to the voltages indicated and

then �50 mV. The pHi ¼ 7.2 internal solution contained (in mM): 140 KCl,

2 EDTA, 12 MgCl2, 10 HEPES (NMDG). The pHi ¼ 6.2 internal solution

contained MES in place of HEPES. Free [Mg21] is calculated to be ;10

mM. The data were filtered at 10 kHz and sampled at 100 kHz. (E) G-V

curves at pHi ¼ 7.2 (open circles) and 6.2 (filled circles) with 10 mMMg21.

The estimated V0.5 and Qapp at pHi ¼ 7.2 are 82 mV and 1.3 e�, and 85 mV

and 1.2 e� at pHi ¼ 6.2. The currents were elicited as in D. n ¼ 7. (F)

Representative hSlo1 currents recorded with 200 mM Ca21. The currents

were elicited by pulses from �100 to �20 or 20 mV and then to �110 mV.

The pHi ¼ 7.2 solution contained (in mM): 140 KCl, 0.2 CaCl2, 10 HEPES

(NMDG). The pHi ¼ 6.2 solution contained (in mM): 140 KCl, 0.2 CaCl2,

10 MES (NMDG). No divalent chelator was used. (G) G-V curves at pHi ¼
7.2 (open circles) and 6.2 (closed circles) with 200 mM Ca21. The currents

were elicited as in F. The V0.5 and Qapp values at pHi ¼ 7.2 and 6.2 were 17

mV, 1.0 e� and 15 mV, 0.98 e�. n ¼ 6.

FIGURE 10 Low pHi stimulates the Slo1 currents in the presence of the

mouse b1 subunit. (A) Representative hSlo1 a/mouse b1 currents at 80 and

120 mV at pHi ¼ 7.2 and pHi ¼ 6.2 (denoted by black dots). The currents

were elicited by pulses to the voltages indicated and then to �40 mV. (B)

Mean G-V curves at pHi ¼ 7.2 (open circles) and 6.2 (filled circles). The tail
currents were recorded at �40 mV after prepulses to the voltages indicated

on the abscissa to construct the G-V curves. (C) Changes in the estimated

V0.5 value andQapp value in response to lowering pHi from 7.2 to 6.2. In each

experiment, the V0.5 and Qapp values were estimated at the two pHi values

and the values at pHi ¼ 7.2 were subtracted from those at pHi ¼ 6.2.
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Mg21 to the Slo1 a channel (Shi et al., 2002). Furthermore,

H350 and H379 may be located close to these binding sites,

and the histidine side chains may be arranged in a stacking

manner to influence the channel pore in response to Mg21

binding (Shi et al., 2002). Therefore, we postulate that DEPC

and pHi may work via H350 and/or H379; protonation and

DEPC-inducedmodifications of these residuesmimic the con-

formation changes promoted by Mg21 binding and possibly

Ca21 binding to theRCKdomain to facilitate the channel pore

opening. Protonation of H350 and H379may repel each other

through electrostatic mechanisms and DEPC treatment may

displace these two histidine residues by steric mechanisms,

predisposing the channel to open by ;1.4–1.6 kcal/mol. In

contrast with the stimulatory effect on Slo1 as demonstrated

here, low pHi inhibits the Ca
21-independent mSlo3 channel

expressed in spermatocytes (Schreiber et al., 1998). H350 and

H379 in hSlo1 are conserved in mSlo3, suggesting that the

inhibitory pH-sensitivity of Slo3 may involve a different

mechanism.

Undoubtedly, pHi is expected to alter multiple sites in the

channel. For example, H1 could influence the side chains of

E374 and E399 involved in the Mg21 action and of D367

involved in the Ca21 action. The pKa values of these residues

are expected to be markedly lower than the H1 concentrat-

ions examined in this study, and the results reported here are

not likely to include major contributions from these acidic

residues. Nevertheless, the small shift in G-V observed even

after treatment with DEPC may reflect such contributions

from these residues.

Potential physiological implications

Free intracellular Mg21 concentrations have been estimated

to be 0.25 and 1 mM, and intracellular ATP may play an

important role in regulation of free Mg21 levels by acting

as anMg21 sink (Grubbs, 2002). The apparent Kd of the Slo1

channel to intracellular Mg21 is voltage dependent, decre-

asing exponentially to 10 mM at 120 mV (Shi and Cui, 2001;

Zhang et al., 2001). This study estimates that the Kd value of

the channel for H1 is ;0.35 mM (pH 6.5) at 120 mV, ;5

times the typical intracellular H1 concentration. Any intra-

cellular acidosis, such as that after hypoxia (Kintner et al.,

2000), will increase the likelihood that the stimulatory action

of H1 on the Slo1 channel described here could play a phy-

siological role. After hypoxia, pHi in the brain may fall from

7 to 6.4 (Kintner et al., 2000), comparable to the Kd value

estimated for the H1 action on the Slo1 channel.

Previous studies showed that low pHi inhibited native BK

channels in a variety of preparations (Kume et al., 1990;

Peers and Green, 1991; Church et al., 1998; Liu et al., 1999).

We find that neither the presence of the auxiliary subunit

mouse b1 nor moderate to high levels of Ca21 and Mg21

consistently turns the effect of low pHi on the heterolo-

gously-expressed Slo channel into an inhibitory one. Low

pHi inhibits the rat skeletal muscle BK channel by shifting

FIGURE 11 DEPC alters hSlo1 currents in the presence of the mouse b1

subunit. (A) Representative hSlo1 a/mouse b1 currents before and after

treatment with 10 mM DEPC (denoted by black dots). DEPC was applied to

the patch in the inside-out configuration for 5 min and washed out. The

currents were elicited by pulses to 80 mV (left) and 120 mV (right) and then

to �40 mV. In each panel, the currents before and after DEPC treatment are

shown. (B) G-V curves before (open circles) and after (filled circles) DEPC

treatment. n¼ 7. (C) Comparison of the V0.5 andQapp values before and after

DEPC treatment using boxplots. n ¼ 7.

FIGURE 12 Low pHi stimulates the activity of rat hippocampal neuron

BK channels. (A) Representative rat hippocampal neuron BK channel

openings elicited by pulses from 0 to 80 mV in the inside-out configuration

at pHi ¼ 7.2 (left) and 6.2 (right). In each panel, the ensemble average

constructed from[100 sweeps is shown at the bottom. The openings were

recorded using the standard low Ca21/Mg21 high K1 solutions in the pipette

and in the recording chamber. This patch contained four channels as

evidenced by four overlapping openings when the internal Ca21

concentration was raised to 13 mM. The data were filtered at 10 kHz and

sampled at 100 kHz. Similar results were obtained in four other patches.
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the G-V curve to more positive voltages in a Ca21-inde-

pendent manner (Laurido et al., 1991). This is essentially the

exact opposite of our observation. The skeletal muscle BK

channels are likely to be formed without b subunits (Brenner

et al., 2000b), and the results presented here using the hSlo1

a subunit alone may be comparable. In addition, Church et al.

(1998) reported a potent inhibition of BK channels in rat

hippocampal neurons by low pHi without internal Mg21.

Our own results using rat hippocampal neurons show that

native Ca21-sensitive BK channels are potently simulated by

low pHi in the virtual absence of divalent ions. Therefore,

this study establishes that both native and heterologously ex-

pressed BK channels have an intrinsic ability to be stimu-

lated by low pHi. It remains unresolved why some native

BK channels appear to be inhibited by pHi. Given the com-

plexity of the BK channel gating with multiple allosteric

tiers and a large modulatory repertoire, H1 may act as an

inhibitory stimulus only under restricted conditions. A sys-

tematic study involving voltage,Ca21,Mg21, H1, splice vari-

ants, subunit compositions, and other modulatory conditions

will be required to resolve this issue.
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