
 

35

 

J. Gen. Physiol.

 

 © The Rockefeller University Press 

 

•

 

 0022-1295/97/07/35/10 $2.00
Volume 110 July 1997 35–44

 

Redox Regulation of Large Conductance Ca

 

2

 

1

 

-activated K

 

1

 

 
Channels in Smooth Muscle Cells

 

Zhao-Wen Wang, Masayuki Nara, Yong-Xiao Wang, 

 

and

 

 Michael I. Kotlikoff

 

From the Department of Animal Biology, School of Veterinary Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104

 

abstract

 

The effects of sulfhydryl reduction/oxidation on the gating of large-conductance, Ca

 

2

 

1

 

-activated K

 

1

 

(maxi-K) channels were examined in excised patches from tracheal myocytes. Channel activity was modified by
sulfhydryl redox agents applied to the cytosolic surface, but not the extracellular surface, of membrane patches.
Sulfhydryl reducing agents dithiothreitol, 

 

b

 

-mercaptoethanol, and GSH augmented, whereas sulfhydryl oxidizing
agents diamide, thimerosal, and 2,2

 

9

 

-dithiodipyridine inhibited, channel activity in a concentration-dependent
manner. Channel stimulation by reduction and inhibition by oxidation persisted following washout of the com-
pounds, but the effects of reduction were reversed by subsequent oxidation, and vice versa. The thiol-specific re-
agents 

 

N

 

-ethylmaleimide and (2-aminoethyl)methanethiosulfonate inhibited channel activity and prevented the
effect of subsequent sulfhydryl oxidation. Measurements of macroscopic currents in inside-out patches indicate
that reduction only shifted the voltage/nP

 

o

 

 relationship without an effect on the maximum conductance of the
patch, suggesting that the increase in nP

 

o

 

 following reduction did not result from recruitment of more functional
channels but rather from changes of channel gating. We conclude that redox modulation of cysteine thiol groups,
which probably involves thiol/disulfide exchange, alters maxi-K channel gating, and that this modulation likely af-
fects channel activity under physiological conditions.
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i n t r o d u c t i o n

 

Alterations in the redox state of cysteine residues con-
stitute an important mechanism for the regulation of
cellular functions. The thiol group of cysteine residues
is the most reactive of any amino acid side chain, exist-
ing as free thiols, or, in the presence of appropriate
electron acceptors, disulfides formed between vicinal
thiols (Creighton, 1984, 1993). Thiol/disulfide redox
state exchanges are generally reversible (Gilbert, 1995),
their proportions varying in response to changes in cel-
lular redox potential, which in turn affects the biologi-
cal activities of enzymes, receptors, transporters, and
transcription factors (Gilbert, 1990).

Redox modification of cysteine sulfhydryl groups
may also be an important mechanism of controlling
ion channel function. Redox agents alter the function
of several channels including sarcoplasmic reticulum
Ca

 

2

 

1

 

-release channels in skeletal muscle (Zaidi et al.,
1989), 

 

N

 

-methyl-

 

d

 

-aspartate receptor channels in the

brain (Sucher and Lipton, 1991), voltage-dependent
(Ruppersberg et al., 1991), ATP-regulated K

 

1

 

 channels
(Islam et al., 1993), and nonselective cation channels
in guinea pig ventricular myocytes (Jabr and Cole,
1995) and in yeast 

 

Saccharomyces cerevisiae

 

 vacuolar
membranes (Bertl and Slayman, 1990). These observa-
tions are characterized by the opposite actions of sulf-
hydryl reducing and oxidizing agents on channel func-
tion and the reciprocal reversal of their effects. In the
case of Kv1.4 potassium channels, fast inactivation of
the channel is dependent on the reduced redox status
of a cysteine residue in the ball-domain (Ruppersberg
et al., 1991).

Large conductance, Ca

 

2

 

1

 

-activated K

 

1

 

 (maxi-K)

 

1

 

 chan-
nels are present in a wide variety of cell types. In smooth
muscle cells, maxi-K channels are important determi-
nants of vasomotor tone (Brayden and Nelson, 1992)
and of the cellular responses to hormones and neu-
rotransmitters (Cole et al., 1989; Kume et al., 1989;
Toro et al., 1990; Kume and Kotlikoff, 1991; Anwer et
al., 1992; Kume et al., 1994). In experiments examining
the modulatory actions of protein kinases, protein
phosphatases, and G protein subunits, we observed a
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Abbreviations used in this paper:
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-ME, 

 

b

 

-mercaptoethanol; DTDP, 2,2

 

9

 

-
dithiodipyridine; DTT, dithiothreitol; GSH, reduced glutathione;
maxi-K channel, large conductance, Ca
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1

 

-activated K

 

1

 

 channel;
MTSEA, (2-aminoethyl) methanethiosulfonate; NEM, 

 

N

 

-ethylmalei-
mide; nP

 

o

 

, open-state probability.
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marked stimulation of maxi-K channel activity by control
buffer solutions prepared to mimic those used to sus-
pend the proteins. By a process of elimination, the active
components of these buffers were identified as 

 

b

 

-mer-
captoethanol (

 

b

 

-ME) and dithiothreitol (DTT), both
of which are reducing compounds commonly used to
prevent oxidation of protein sulfhydryl groups. We hy-
pothesized that the activity of maxi-K channels is regu-
lated by the redox state of critical sulfhydryl groups in
the channel protein or an associated regulatory pro-
tein, involving exchanges between free thiols and disul-
fides. In the present study, we examined the effects of
several types of sulfhydryl-modifying agents on maxi-K
channel activity in isolated membrane patches from
tracheal smooth muscle cells. We demonstrate that
channel activity is markedly affected by alterations in
cytosolic redox potential; channel activity is augmented
in reducing, and inhibited in oxidizing, conditions,
and the action of oxidizing agents is eliminated follow-
ing alkylation of the sulfhydryl side chain. The mecha-
nism of channel modulation appears to be an effect on
channel gating since the number of functional chan-
nels does not change after reduction.

 

m a t e r i a l s  a n d  m e t h o d s

 

Cell Dissociation

 

Smooth muscle cells were dissociated from tracheas obtained
from horses killed by intravenous injection of pentobarbital so-
dium. The horses were killed for teaching purposes and euthana-
sia procedures were in accordance with the guidelines set by the
Institutional Animal Care and Use Committee of the University
of Pennsylvania. After dissecting away connective tissue on the
adventitial side, a piece of trachealis (1.5 

 

3

 

 1.5 cm) was cut and
cannulated with an 18-gauge needle between the mucosa and
muscle layers. The tissue was tied on the needle, suspended in a
warmed, jacketed chamber, and perfused with dissociation solu-
tion containing 1,750 U collagenase D (Boehringer Mannheim
Corp., Indianapolis, IN), 25 U elastase (Worthington Biochemi-
cal Corp., Freehold, NJ), and 5 mg trypsin inhibitor (Sigma
Chemical Co., St. Louis, MO) in 5 ml of medium M199. After 10–20
min perfusion, the tissue was transferred to a petri dish, and the
softened muscle was dissociated by trituration, filtered through a
nylon mesh, and centrifuged at 5

 

8

 

C and 1,000 rpm for 5 min.

 

Patch-clamp

 

Maxi-K channel activity was measured in inside-out and outside-
out patches as previously described (Kume and Kotlikoff, 1991).
Gigaohm seals were obtained using heat-polished borosilicate
glass pipettes with a resistance of 3–7 M

 

V

 

. For inside-out patches,
the bath solution was (in mM): KCl 135.0, MgCl

 

2

 

 2.0, CaCl

 

2

 

 1.8 or
2.2, EGTA 3.0, HEPES 10.0, pH adjusted to 7.2 with KOH solu-
tion. Free Ca

 

2

 

1

 

 in this solution was either 250 nM (CaCl

 

2

 

 

 

5

 

 1.8
mM) or 500 nM (CaCl

 

2

 

 

 

5

 

 2.2 mM) (Fabiato, 1988). The pipette
solution contained (in mM): NaCl 136.0, KCl 5.0, CaCl

 

2

 

 1.8,
MgCl

 

2

 

 1.0, HEPES 10.0, with pH adjusted to 7.4 with NaOH solu-
tion. Solutions were reversed for outside-out patches. Patches
were examined at a holding potential of 0–40 mV, depending on
the level of control channel activity. After a patch was obtained,
an equilibration period of 

 

z

 

5 min was allowed; patches that

showed large fluctuations in channel activity over this period
were discarded. Thereafter, channel activity was recorded contin-
uously until the end of the experiment. Drug actions were ob-
served for 5–10 min after addition to the bath solution either by
pipette (at 1% of the bath volume) or by perfusion (in a volume
of at least 10 times the bath volume). Unitary currents were am-
plified (EPC-7; List-Medical-Electronic, Darmstadt, Germany),
displayed on a computer (pClamp software; Axon Instruments,
Foster City, CA) and simultaneously stored on a modified Sony
Digital Audio Tape Deck (DC-700). The stored data were later re-
digitized using Axotape or pClamp software (Axon Instruments)
at a sampling rate of 2.5 and 5 kHz after filtration (

 

2

 

3dB, 8-pole
lowpass Bessel filter; Frequency Devices, Inc., Haverhill, MA) at 1
and 2 kHz, respectively.

 

Reagents

 

DTT, 

 

b

 

-ME, thimerosal, diamide, 2, 2

 

9

 

-dithiodipyridine (DTDP),
and 

 

N

 

-ethylmaleimide (NEM) were purchased from Sigma
Chemical Co. Reduced glutathione (GSH) was purchased from
Calbiochem-Novabiochem Corp. (La Jolla, California). (2-Ami-
noethyl)methanethiosulfonate hydrochloride (MTSEA) was pur-
chased from Toronto Research Chemicals Inc. (North York, On-
tario, Canada). Except for DTDP, all the agents were dissolved in
bath solution. DTDP was first dissolved in ethanol to a concentra-
tion of 500 mM, and then diluted with bath solution to the final
concentration of 50 

 

m

 

M. None of the agents had an effect on the
pH of the bath solution at the applied concentration ranges. The
effect of redox agents on free calcium in the solutions used was
determined using fura-2. DTT, 

 

b

 

-ME, DTDP, NEM, thimerosal,
and MTSEA had no effect on free calcium at the highest concen-
trations used. The fluorescence of GSH and diamide prevented a
similar determination.

 

Statistics

 

SigmaStat for Windows (version 1.0; Jandel Corp., San Rafael,
CA) was used for statistical analyses. Significance was determined
by either paired 

 

t

 

 tests or one way analysis of variance (ANOVA)
for repeated measures, depending on the number of treatments
that the patch received. When a significant effect was detected
with ANOVA, Student-Newman-Keuls test was used for pair-wise
comparisons. 

 

P

 

 

 

,

 

 0.05 was considered statistically significant. All
results are expressed as mean 

 

6

 

 SE.

 

r e s u l t s

 

Effects of Sulfhydryl Redox Agents on Maxi-K 
Channel Activity

 

Channel activity in inside-out patches was concentra-
tion-dependently augmented by exposure of the cyto-
solic patch surface to the sulfhydryl reducing agents DTT
(10 

 

m

 

M to 1 mM, in logarithmic increments; Fig. 1), 

 

b

 

-ME
(10 

 

m

 

M to 10 mM, in logarithmic increments; Fig. 2),
and GSH (50 or 170 

 

m

 

M; see Figs. 6 and 8). At the high-
est concentrations applied, open-state probability (nP

 

o

 

)
increased 7.7-fold after addition of DTT (0.028 

 

6

 

 0.009
to 0.216 

 

6

 

 0.062, 

 

n

 

 

 

5

 

 9), 4.3-fold after 

 

b

 

-ME (0.029 

 

6

 

0.014 to 0.125 

 

6

 

 0.028, 

 

n

 

 

 

5

 

 6), and 8.4-fold after GSH
(0.049 

 

6

 

 0.016 to 0.406 

 

6

 

 0.126, 

 

n

 

 

 

5

 

 6). An augment-
ing effect was generally observed within 1 min of drug
application, followed by a continued increase in chan-
nel activity during the next 2 or 3 min; thereafter chan-
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nel activity remained constant. The time course of a typ-
ical experiment in which DTT augmented channel ac-
tivity is shown in Fig. 3; the stimulatory effect of DTT
was not reversed by perfusing the bath for 5 min with
10–20 times the bath volume.

Conversely, application of sulfhydryl oxidizing agents
to the patch membrane cytosolic surface reduced chan-
nel open-state probability. As shown in Fig. 4, concen-
trations as low as 5 

 

m

 

M diamide significantly inhibited
channel activity, and nP

 

o

 

 was only 10% of the control
level at 5 mM of diamide (0.391 

 

6

 

 0.085 to 0.040 

 

6

 

0.011, 

 

n

 

 

 

5

 

 7). Channel activity was similarly inhibited
by DTDP; at a concentration of 50 

 

m

 

M, DTDP signifi-
cantly reduced nP

 

o

 

 from 0.383 

 

6

 

 0.062 to 0.171 

 

6

 

0.033 (

 

n

 

 

 

5

 

 7) (Fig. 5). To eliminate possible solvent ef-
fects, the same concentration (0.01%) of ethanol was
included in the bath solution during the control pe-

riod, and DTDP was applied by perfusing at least 10
times the bath volume.

To confirm that the change in channel activity fol-
lowing a redox agent resulted from redox state modifi-
cation, we tested whether alteration of channel activity
produced by sulfhydryl reduction could be reversed by
subsequent oxidation, and vice versa. As shown in Fig.
6, GSH (50 

 

m

 

M) markedly augmented maxi-K channel
activity, which was reversed by diamide (500 

 

m

 

M). In
five experiments, nP

 

o

 

 increased 4.5-fold after GSH
(0.022 

 

6

 

 0.002 to 0.100 

 

6

 

 0.020), and was then re-
duced to 8% of the stimulated value (0.100 

 

6

 

 0.020 to
0.008 

 

6

 

 0.002) following diamide. Likewise, inhibition
of channel activity following sulfhydryl oxidation was
reversed by sulfhydryl reduction. As shown on the left
panel of Fig. 7, the oxidizing agent thimerosal (10 

 

m

 

M)
applied to the cytosolic surface of inside-out patches re-
duced channel nP

 

o

 

, which persisted after washout but
was reversed by DTT (1 mM). Three identically de-
signed experiments using diamide instead of thimero-

Figure 1. The reducing agent dithiothreitol augments maxi-K
channel activity in inside-out patches. (A) Continuous current
trace from a representative experiment showing the effect of se-
quential additions of DTT to the cytoplasmic surface of an inside-
out patch (holding potential 5 20 mV). The effect at 10 mM was
variable and did not always result in marked stimulation. The large
positive deflections are due to noise associated with bath addition.
(B) The relationship between DTT concentration and nPo (mean
6 SE) from a series of experiments similar to that shown in A. In
some cases single concentrations of DTT were utilized. * indicates
statistical significance (P , 0.05). n 5 the number of patches.

Figure 2. b-mercaptoethanol (b-ME) activates maxi-K channels.
(A) Continuous current trace of a representative experiment
showing the effect of b-ME on maxi-K channel activity in an inside-
out patch (holding potential 5 20 mV). Large deflections were
due to bath addition. (B) nPo (mean 6 SE) as a function of b-ME
concentration in six experiments. * indicates statistical significance
(P , 0.05). n 5 the number of patches.
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sal produced similar results; nPo dropped from 0.342 6
0.086 to 0.093 6 0.024 following diamide (5 mM), and
remained at the low level after washing for 5 min
(0.091 6 0.037). Two of the three patches were ex-
posed to DTT (1 mM) following diamide. In these
patches nPo increased by 14.4-fold and 21.1-fold, re-
spectively. The new levels of nPo were 4.6 and 2.7 times
of the initial control values, respectively. The opposite
actions of sulfhydryl reducing and oxidizing agents,
and the reciprocal reversal of their effects, suggest that
the activity of maxi-K channels is dependent on the re-
dox status of one or more sulfhydryl groups on the
channel protein, or an associated regulatory protein.

Redox Modulation Occurs at the Cytosolic Patch Surface

To determine whether the sulfhydryl group(s) involved
in the response to redox agents is located on the intra-
cellular or extracellular side of the membrane, we com-

pared the effects of reducing and oxidizing agents ap-
plied to the bath solution in inside-out and outside-out
patches. As shown in Fig. 7, thimerosal markedly inhib-
ited channel activity when added to the bath solution
of inside-out, but not outside-out, patches. Immediately
after application of thimerosal to the cytosolic surface
of inside-out patches, channel activity was markedly in-
hibited. In the experiment shown, nPo dropped to
about 10% of the control level within the first minute
after thimerosal application; the effect was not reversed
by washout of the oxidizing agent, but subsequent addi-
tion of DTT rapidly reversed the effect of the oxidizing
agent. By contrast, when thimerosal was applied to six
outside-out patches, nPo tended to decline slowly and
the effect was not significant after 8 min (Fig. 7 C). The
slow decline in channel activity likely reflects some
thimerosal permeation. Similarly, the relatively mem-

Figure 3. Time course of the effect of dithiothreitol. (A) Bar
graph shows the mean open-state probability before, during, and
after washout of 1 mM DTT from four inside-out patches. The ef-
fect of DTT was not reversed after over 5 min washout. * indicates
statistical significance (P , 0.05). n 5 the number of patches. (B)
The time course of a representative experiment (holding
potential 5 0 mV). After exposure to DTT (1 mM), channel activ-
ity increased within 1 min and reached a plateau within 3 min. The
increase in channel activity was not reversed following washout of
DTT. (C) Current traces from data points indicated in B.

Figure 4. The oxidizing agent diamide inhibits maxi-K channel
activity in inside-out patches. (A) Continuous current trace show-
ing a representative experiment in which the cytoplasmic surface
of an inside-out patch was exposed to 5 mM diamide (holding po-
tential 5 0 mV). Channel activity was rapidly inhibited but not
abolished. Large deflections were due to bath addition. (B) Mean
data from 7 patches in which increasing concentrations of diamide
were sequentially added to inside-out patches. Diamide inhibited
maxi-K activity in a concentration-dependent fashion between 5
mM and 5 mM. * indicates statistical significance.
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brane-impermeant reducing agent GSH (DiPaola et al.,
1989) also was shown to be effective only in inside-out
patches. As shown in Fig. 8, GSH (170 mM) increased
the nPo of maxi-K channels by more than eightfold (n 5
6) when applied to inside-out patches (n 5 6) but had
no effect in outside-out patches (n 5 4). The effect of
GSH on inside-out patches could be observed within
30 s in continuous traces. The configuration depen-
dence and time course of the action of these relatively
impermeant oxidizing and reducing agents on channel
activity suggest that the cysteine residue(s) responsible
for redox regulation is located on the cytoplasmic as-
pect of the cell membrane.

Modification of Sulfhydryl Groups by NEM and MTSEA 
Inhibits Maxi-K Channel Activity and Prevents the Effect of 
Patch Oxidation

We reasoned that the action of redox agents on maxi-K
channel activity was due to the modification of the sulf-

hydryl group of cysteine residues, and the formation or
breakdown of one or more disulfide bonds. To confirm
that the modification of reactive thiols underlies the
observed effect of redox agents, we examined the re-
sponse of maxi-K channels to oxidizing agents in NEM-
treated patches. NEM alkylates free sulfhydryl groups
(Creighton, 1993). If free thiols are involved in the re-
sponses to oxidizing agents, covalent modification of
the free thiols by NEM should prevent disulfide bond
formation, and attendant alterations in channel activ-
ity, following exposure to oxidizing agents. As shown in
Fig. 9 A, addition of NEM (1 mM) to the bath solution
rapidly inhibited maxi-K channel opening in inside-out
patches and prevented the subsequent inhibition of
channel activity upon exposure to diamide (0.5 mM).
The concentration of diamide applied was 100-fold
greater than that required to significantly inhibit chan-
nel activity in nonalkylated patches (compare Fig. 4).
The results of six similar experiments are summarized
in Fig. 9 B.

We also examined the effect of MTSEA on channel
activity. MTSEA is a thiol-specific reagent that co-
valently modifies free thiol groups on cysteine residues

Figure 5. DTDP inhibits maxi-K channel activity. (A) Addition
of the oxidizing agent 2,29-dithiodipyridine (DTDP) also inhibited
channel activity. Continuous current trace of a representative ex-
periment showing the effect of 50 mM DTDP on maxi-K channel
activity (holding potential 5 10 mV). Large deflections were pro-
duced by a temporary increase of the gain of the patch-clamp am-
plifier to mark the drug addition event. (B) Average results from 7
patches exposed to 50 mM DTDP. * indicates statistical significance.

Figure 6. Oxidation reverses the stimulatory effect of patch re-
duction. (A) A continuous recording showing the stimulation of
maxi-K activity by the reducing agent GSH, and the reversal of this
effect after addition of an excess of the oxidizing agent diamide
(holding potential 5 40 mV). (B) Mean open-state probability dur-
ing control, GSH treatment, and GSH plus diamide from 5 inside-
out patches. * indicates statistical significance compared with con-
trol and GSH 1 diamide. n 5 the number of patches.
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(Akabas et al., 1992; Stauffer and Karlin, 1994). As
shown in Fig. 10, MTSEA (2.5 mM) itself markedly in-
hibited channel activity, and this effect was not re-
versed by washout. Moreover, MTSEA eliminated the
inhibitory action of thimerosal (10 mM). In the experi-
ment shown, channel activity was increased by stepping
to positive voltages, so that inhibitory effects would not
be obscured by the low nPo following MTSEA. In MTSEA-
treated patches (n 5 3), subsequent exposure to thi-
merosal had no effect on channel activity. Experiments
were also performed to determine whether MTSEA and
NEM, both covalent modifiers of cysteine thiol groups,
were functionally competitive. After channel inhibition
by MTSEA, exposure to NEM did not further inhibit
channel activity. In four patches, nPo was 0.0105 6
0.0041 before and 0.0113 6 0.0078 after NEM (data
not shown). These data indicate that the inhibitory ac-

tion of oxidizing agents on maxi-K channels requires
the presence of reactive sulfhydryl groups. Moreover,
the inhibition of maxi-K channel activity by NEM and
MTSEA provides further evidence of the relationship
between the state of critical cysteine sulfhydryl group(s)
and channel activity. Taken together, these results pro-
vide further evidence that the modulation of maxi-K
channel activity by redox reagents results from a chem-
ical modification of sulfhydryl groups.

Mechanism of Channel Modulation by Sulfhydryl 
Redox Agents

The increase in maxi-K channel nPo after sulfhydryl re-
duction could occur either by the recruitment of maxi-K
channels that are unavailable for K1 conductance in
the oxidized state (increased n), or by an increase in
the open probability (Po) of available channels. To de-
termine if an increase in available maxi-K channel

Figure 7. The inhibitory effect of oxidation on maxi-K channel
activity requires cytosolic access. (A) Bath addition of 10 mM
thimerosal to an inside-out patch (left, holding potential 5 20 mV)
but not an outside-out patch (right, holding potential 5 10 mV),
resulted in a rapid inhibition of channel activity. The time course
of two representative experiments are shown. (B) Current traces
from the periods indicated in A. (C) Mean data for control, the
first 4 min after exposure to thimerosal (thim.1), the following 4
min (thim.2), and the 4–5 min period after washout. The inhibi-
tory effect of thimerosal was reversed by subsequent addition of 1
mM DTT. * indicates statistical significance compared with con-
trol, and # indicates statistical significance compared with both
control and wash. n 5 the number of patches.

Figure 8. The stimulatory effect of patch reduction requires cy-
tosolic access. (A) Continuous recording traces of inside-out (top,
holding potential 5 10 mV) and outside-out (bottom, holding po-
tential 5 0 mV) patches subjected to bath addition of 170 mM
GSH. GSH augmented channel activity only in the inside-out
patch. Large deflections were due to bath addition. (B) Average ef-
fect of GSH on maxi-K channel activity in inside-out and outside-
out patches. * indicates statistical significance. n 5 the number of
patches.
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number is involved in the augmentation of channel ac-
tivity after the reduction of cytosolic sulfhydryl groups,
the effect of b-ME on macroscopic currents was exam-
ined in inside-out patches. The contribution of delayed
rectifier potassium channels to the macroscopic cur-
rents was minimized by holding patches at 220 mV and
by including 4-aminopyridine (5 mM) in the pipette so-
lution (Boyle et al., 1992). Macroscopic currents from
inside-out patches were averaged from voltage-clamp
steps to 130 mV to determine whether the maximum
conductance of individual patches increased after sulf-
hydryl reduction. An example of such an experiment
and the normalized conductance for six patches before
and after reduction is shown in Fig. 11. b-ME shifted
the conductance-voltage relationship of the evoked
currents by 217.7 mV, without altering either the max-
imum conductance or the slope values (14.8 and 16.6
for control and b-ME, respectively) of the Boltzmann

fits (n 5 6). It is apparent that sulfhydryl reduction has
no influence on available channel numbers, and the
major response to it is a shift in the voltage-Po relation-
ship resulting from changes in channel gating. Typical
traces illustrating single channel kinetics before and af-
ter treatment with thiol reagents are shown in Fig. 12.
The traces indicate that reduction increased open-state
probability primarily by decreasing the mean shut in-
tervals between openings, and that the open-state dura-
tion was not substantially altered. Conversely, patch ox-
idation decreased nPo by increasing mean shut inter-
vals (Fig. 12, bottom). Kinetic analysis indicated that
mean open times were not different after exposure to
thiol modifying agents, whereas the duration of shut in-
tervals was decreased after sulfhydryl reduction (GSH)
and increased after sulfhydryl oxidation (thimerosal)
and alkylation (NEM) (data not shown). While the

Figure 9. The thiol alkylating agent NEM inhibits maxi-K chan-
nels and blocks the effect of oxidation. (A) Continuous trace show-
ing the effects of N-ethylmaleimide (NEM (1 mM)) and subsequent
diamide (0.5 mM) on maxi-K activity in an inside-out patch (hold-
ing potential 5 10 mV). After recording control (control 1) activity,
the patch was exposed to NEM for 5 min and then washed. Chan-
nel activity was recorded for about 3 min (control 2) before addi-
tion of diamide (0.5 mM). (B) Mean data from six similar experi-
ments. NEM inhibited maxi-K channel activity significantly (indi-
cated by *), and diamide had no additional effect.

Figure 10. The thiol modifying reagent MTSEA inhibits Maxi-K
channels and blocks the effect of oxidation. (A) The time course
of maxi-K channel activity following addition of 2.5 mM (2-amino-
ethyl)methanethiosulfonate (MTSEA) to an inside-out patch.
MTSEA rapidly inhibited channel activity, and this effect was not
reversed after washout. Channel activity was increased by stepping
from 0 to 130 mV before examining the inhibitory action of
thimerosal (10 mM). Thimerosal had no effect on channel activity
in patches previously exposed to MTSEA. (B) Current traces from
the periods indicated.
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presence of multiple channels in patches of smooth
muscle membranes complicates the kinetic analysis
(particularly the interpretation of closed times), these
results together with the findings illustrated in Fig. 11
suggest that reducing agents increase open-state proba-
bility by increasing the probability that a shut channel
will open, rather than altering the open-state dwell time.

d i s c u s s i o n

Our results demonstrate that maxi-K channels in smooth
muscle cells are regulated by agents that alter the redox
state of sulfhydryl groups. We have shown that sulfhydryl
reduction increases nPo of the channel whereas oxida-
tion has the opposite effect. Maxi-K channels in patches

pulled from smooth muscle cells appear to exist in a
mixed redox state, since either reduction or oxidation
markedly affected channel activity. This mixed redox
state could occur either because some channels in the
patch exist in the reduced state whereas others are in
the oxidized state, or because each channel has more
than one redox modulatory site existing in different re-
dox states. Since membrane patches from airway myo-
cytes always contain multiple channels, we could not
differentiate between these two possibilities.

We compared the normalized conductance-voltage
curves constructed from macroscopic currents in re-
sponse to step-depolarization during control and after
sulfhydryl reduction to determine whether reduction
would lead to an increase in the maximum conduc-
tance of the patch. The conductance-voltage curve was
shifted leftward following b-ME, but there was no in-
crease in the maximal conductance, suggesting that the
increase in nPo resulted from an increase in the open
probability of initially available channels (Fig. 11) and
that reduction does not lead to the opening of previ-
ously silent channels.

The thiol specificity of the redox agents was con-
firmed by experiments with NEM and MTSEA. NEM is
a thiol-alkylating agent, which is commonly used to trap
protein thiols in their existing redox states (Creighton,
1984; Gilbert, 1995). Alkylation by NEM removes free
thiols and should therefore prevent the formation of
disulfides in response to sulfhydryl oxidizing agents. In
the present study, maxi-K channel activity was inhibited
after exposure to NEM. In addition, the inhibitory ef-
fect of diamide was abolished by NEM pretreatment, as
would be predicted for a thiol-specific action (Petro-
nilli et al., 1994). We did not test the effect of reducing
agents following NEM pretreatment because NEM alky-
lates free thiols but not disulfides, and, therefore, re-
ducing agents may still work after NEM pretreatment
in channels existing in “mixed” redox states. We also
used MTSEA, which reacts specifically and rapidly with
thiols to form mixed disulfides (Akabas et al., 1992;
Stauffer and Karlin, 1994), to investigate the thiol-spe-
cific nature of redox modulation. As with NEM, expo-
sure of inside-out patches to MTSEA inhibited maxi-K
channel activity and blocked the modulatory action of
oxidizing agents. After treatment of inside-out patches
with MTSEA, thimerosal no longer inhibited channel
activity (Fig. 10). Moreover, the inhibitory actions of
MTSEA and NEM were mutually exclusive, in that fol-
lowing treatment with MTSEA, NEM no longer modu-
lated channel activity. Taken together, these experi-
ments strongly support the hypothesis that the inhibi-
tion of channel activity by oxidizing agents results from
reactions involving one or more protein thiol groups.

The mechanisms of action of the redox agents used
are well known. Reducing and oxidizing agents exert

Figure 11. Reduction does not increase the maximum conduc-
tance of a patch. (A) The effect of 10 mM b-mercaptoethanol on
the macroscopic current of inside-out patches was examined.
Patches were held at 220 mV and stepped from 10 to 130 mV in
15-mV increments for 400 or 500 ms before and after addition of
b-ME. The current traces shown are averaged from 10 to 15 leak-
subtracted families. The maximum current was not increased fol-
lowing channel stimulation by b-ME. (B) Conductance data from
six patches were normalized and fit by a Boltzmann equation; the
average current measured during the last 100 ms of the voltage
clamp step was used and the maximum current observed before
b-ME addition was taken to be 100. b-ME shifted the midpoint of
the Boltzmann relationship without affecting the maximum con-
ductance or slope value (see text).
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their effects through two sequential thiol-disulfide ex-
changes with a mixed disulfide of the redox agent and
a protein cysteine residue as the intermediate (Creigh-
ton, 1993; Brocklehurst, 1979; Kosower and Kosower,
1995). The opposite actions of sulfhydryl reducing and
oxidizing agents and the reciprocal reversal of their ac-
tions on nPo are consistent with a mechanism of thiol/
disulfide exchange.

It is not clear how changes in redox state regulate
maxi-K channel activity. Since the activity of this chan-
nel is highly dependent on Ca21, one possibility for the
change in nPo is that thiol/disulfide exchanges are as-
sociated with changes in protein conformation that in-
fluence channel Ca21 binding affinity, which deter-
mines the rate constant for channel gating. Free pro-
tein thiols can exist either in the reduced state (-SH) or
as thiolate anions (-S2), depending on pH and the pKa
of the thiol under consideration. One possibility is that
one or more sulfhydryl groups close to the Ca21-bind-
ing region of the channel exists in the anion form, con-
tributing to the Ca21 binding affinity. The formation of
disulfides, or side chain modification by NEM or MTSEA,
would eliminate the negative charge and lower the
Ca21 binding affinity. Although cysteine thiols have an
intrinsic pKa in the range of 9.0–9.5 (Creighton, 1993),
thiols attached to protein molecules may deviate from
this typical value by many orders of magnitude, due to
electrostatic interactions within the protein (Gilbert,
1990). For example, the pKa of one of the two thiols in
the active site of thioredoxin reductase has been esti-
mated as z7.0 while the pKa of the comparable active

site thiol of lipoamide dehydrogenase is ,5.5 (Gilbert,
1990).

Thiol/disulfide exchange involves covalent modifica-
tions, which occur only when appropriate electron ac-
ceptors (oxidizing agents) or donors (reducing agents)
are present. We found that alterations of channel activ-
ity after redox modification were not reversed by wash-
out of the redox agents, but were rapidly reversed by
exposure to the counteracting reagents. The covalent
nature of the modification likely underlies the fact that
channel rundown is not commonly observed following
patch excision, even though the reducing power of cy-
tosolic solution is likely stronger than routine patch-
clamp solutions.

We believe that the modulatory actions reported
here are likely to be of physiological relevance. The in-
tracellular concentration of GSH ranges from 0.1 to 10
mM (Meister, 1995), and in the present study GSH aug-
mented channel activity significantly at a concentration
as low as 50 mM, and increased channel activity over
eightfold at 170 mM (Figs. 6 and 8), suggesting that
shifts in GSH concentration in the physiological range
are likely to alter maxi-K channel activity. In addition,
our study has important implications for patch-clamp
experiments examining the regulatory features of maxi-K
channels. Reducing agents such as DTT and b-ME are
included in many protein preparations in order to pro-
tect free sulfhydryl groups. Our results predict that
stimulatory effects on maxi-K channels, associated with
the presence of the reducing agent, will be observed in
experiments utilizing common protein preparations such

Figure 12. The action of thiol
reagents on single channel kinet-
ics. Representative traces of sin-
gle channel kinetics before and
after thiol modification. The ma-
jor kinetic feature of oxidation
by thimerosal (top) or alkylation
by NEM (middle) was an increase
in the duration of the long shut
intervals, with no effect on open
times. Conversely, sulfhydryl re-
duction by GSH markedly de-
creased long closed times with-
out affecting open times (bottom).
Holding potential was 0 mV for
thimerosal and NEM and 210
mV for GSH. Data were filtered
at 2 kHz and sampled at 5 kHz.
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as kinases and phosphatases, and will therefore tend to
confuse the interpretation of these experiments. This
complication can be particularly pernicious, since we
have observed that the augmenting effect of DTT on
maxi-K channels is removed by boiling the buffer solu-
tion. Therefore experiments using protein preparations
containing sulfhydryl reducing agents should be inter-
preted with caution, and boiling of the protein prepara-
tion alone is not adequate to rule out buffer actions.

In summary, we report the modulation of maxi-K
channel gating by alterations in the redox state of the
patch. The site of redox modulation is likely a cytosolic

cysteine residue or residues(s), since the poorly mem-
brane-permeant reducing agent GSH and oxidizing
agent thimerosal altered maxi-K channel activity only
when applied to the intracellular side of the patch
membrane. Alkylation of sulfhydryl groups ablated the
redox modulation. We have recently performed experi-
ments on the recombinant a-subunit of maxi-K chan-
nels expressed in Xenopus oocytes and shown that the
expressed channels are modulated by redox agents in a
similar manner. Experiments are currently underway to
locate the cysteine residue(s) responsible for the redox
modulation.
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