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Redox Modulation of hslo Ca®*-Activated K* Channels

Timothy J. DiChiara and Peter H. Reinhart

Department of Neurobiology, Duke University Medical Center, Durham, North Carolina 27710

The modulation of ion channel proteins by cellular redox po-
tential has emerged recently as a significant determinant of
channel function. We have investigated the influence of sulfhy-
dryl redox reagents on human brain Ca®*-activated K* chan-
nels (hslo) expressed in both human embryonic kidney 293 cells
and Xenopus oocytes using macropatch and single-channel
analysis. Intracellular application of the reducing agent dithio-
threitol (DTT): (1) shifts the voltage of half-maximal channel
activation (V, 5) =18 mV to more negative potentials without
affecting the maximal conductance or the slope of the voltage
dependence; (2) slows by ~10-fold a time-dependent right-
shift in Vg 5 values (“run-down”); (3) speeds macroscopic cur-
rent activation kinetics by ~33%; and (4) increases the single-
channel open probability without affecting the unitary

conductance. In contrast to DTT treatment, oxidation with hy-
drogen peroxide shifts macropatch V,, 5 values to more positive
potentials, increases the rate of channel run-down, and de-
creases the single-channel open probability. Ko, channels
cloned from Drosophila differ from hslo channels in that they
show very little run-down and are not modulated by the addi-
tion of DTT. These data indicate that hslo Ca®*-activated K™*
channels may be modulated by changes in the cellular redox
potential as well as by the transmembrane voltage and the
cytoplasmic Ca®* concentration.
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Large conductance Ca>*-activated K" (K¢, ) channels are widely
distributed in brain and are often concentrated in neuronal cell
bodies and nerve terminals (Knaus et al., 1996). The activation of
these channels has at least two functional consequences (for
review, see Latorre et al., 1989; McManus, 1991; Sah, 1996). First,
channel opening caused by either transient elevations in Ca>" or
membrane depolarization can change the shape and duration of
action potentials as well as the amplitude and time course of
afterhyperpolarizations. Such changes can result in novel neuro-
nal firing patterns (Lancaster and Nicoll, 1987; Zhang and
McBain, 1995). A second proposed role of K, channels, partic-
ularly relevant at presynaptic nerve terminals, is to modulate
presynaptic Ca?" influx and hence neurotransmitter secretion.
K¢, channels are often associated with voltage-activated Ca?*
channels and can limit the amount of Ca*" entering cells by acting
as feedback inhibitors of these channels. Such inhibition can lead
to a decrease in neurotransmitter release or neuropeptide secre-
tion (Robitaille and Charlton, 1992; Bielefeldt and Jackson, 1993;
Gola and Crest, 1993; Robitaille et al., 1993; Wisgirda and Dryer,
1994).

The function of many ion channels, including K, channels, can
be modulated by a wide variety of intracellular and extracellular
factors that confers tremendous flexibility on neuronal excitability
(Levitan, 1994). Although regulatory mechanisms such as protein
phosphorylation have been studied in detail for many years,
modulation of ion channels by the cellular redox potential has
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emerged only recently as a significant determinant of channel
function (Ruppersberg et al., 1991; Chiamvimonvat et al., 1995;
Stephens et al., 1996). Redox modulation of ion channels may be
a mechanism by which retrograde messengers such as nitric oxide
(NO) alter channel activity. More generally, it may also provide a
link whereby changes in the metabolic properties of a neuron can
lead to changes in its electrical properties. The most detailed
characterization of this form of modulation has been performed
using native (Aizenman et al., 1989; Lazarewicz et al., 1989; Tang
and Aizenman, 1993) and cloned (Kohr et al., 1994) NMDA
receptors. Sullivan et al. (1994) localized two extracellular cys-
teine residues in the NR1 subunit that were required for the
dithiothreitol (DTT)-induced potentiation of currents through
NMDA receptors.

Our investigation into the redox modulation of K, channels
was prompted by the large number of cysteine residues located
within an extensive, presumably cytoplasmic, domain unique to
these channels. Additional impetus was provided by the observa-
tion that several channel properties change when K., channels
are moved from the relatively reduced cellular environment to the
more oxidized cell-free patch-clamp recording configuration. A
description of the redox modulation of K, channels can now be
rigorously addressed because of the cloning of Ca**-activated K*
channels from Drosophila (dslo) (Atkinson et al., 1991; Adelman
et al., 1992), mouse (mslo) (Butler et al., 1993), and human (Aslo)
(Dworetzky et al., 1994; Pallanck and Ganetzky, 1994; Tseng-
Crank et al., 1994). We have used cloned /slo and dslo channels
expressed in a mammalian cell line and in Xenopus laevis oocytes
to investigate the redox modulation of Ca®*-activated K*
channels.

MATERIALS AND METHODS

Stable transfection of human embryonic kidney (HEK293) cells. HEK293
cells were chosen as an expression system because they contain no
appreciable endogenous K, currents (see Fig. 4). They were obtained
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from ATCC (Rockville, MD) and maintained in modified Eagle’s me-
dium (MEM, Life Technologies, Grand Island, NY) supplemented with
10% heat-inactivated horse serum (Life Technologies) in a humidified
5% CO, incubator at 37°C. Cells were subcultured weekly by treatment
with trypsin-EDTA (Life Technologies). The islo (hbr5 splice variant)
and dslo (A1/C2/E1/G3/10 splice variant) a-subunit constructs were sub-
cloned into the mammalian expression vector pcDNAIII (Invitrogen, San
Diego, CA). These constructs have been shown previously to give rise to
K, channels, as demonstrated by their large single-channel conductance,
Ca?" dependence, ionic selectivity, and iberiotoxin sensitivity (Adelman
et al., 1992; Tseng-Crank et al., 1994).

To create stable cell lines, HEK293 cells were transfected using Lipo-
fectAmine (Life Technologies) lipofection as follows (Critz et al., 1993).
HEK293 cells were grown to 70-80% confluency, washed, and incubated
for 5 hr at 37°C in a 5% CO, incubator with a solution containing 1 ug of
the pcDNAIII-channel construct, 9 ul of the LipofectAmine reagent, and
serum-free Opti-MEM medium (Life Technologies). DMEM containing
20% horse serum was then added to each culture dish, and incubation
continued for another 18—24 hr. At this time, the medium was replaced
with MEM containing 10% horse serum, and incubation continued for an
additional 48 hr. Parallel transfections of a plasmid containing a lacZ
reporter gene indicated that transfection efficiencies were 50-70%. To
select transfectants, cells were passed (1:10) into 60 mm Corning dishes
(Corning, NY) and allowed to attach firmly overnight. The medium was
then exchanged with MEM containing 400 pg/ml G418 Geneticin (Life
Technologies); only cells transfected with pcDNAIII, which contains the
neo" gene, were protected from the aminoglycoside. After 7-10 d, sur-
viving cells were assayed for functional K, channel expression by patch-
clamp analysis. For subsequent recordings, cells were plated weekly on
coverslips coated with 0.5 ug/ml poly-D-lysine (Boehringer Mannheim,
Indianapolis, IN). Stock cultures were maintained in MEM containing
10% horse serum and 200 ug/ml G418.

Expression in Xenopus oocytes. Human hbr5-hslo a-subunits were ex-
pressed in defolliculated Xenopus laevis oocytes as detailed previously
(DiChiara and Reinhart, 1995). In brief, linearized plasmid DNA was
transcribed using the Ambion MEGAscript kit (Austin, TX) in the
presence of the cap analog m7G(5")ppp(5')G. Frogs were anesthetized by
submersion in 0.15% tricaine methanosulphonate for 20 min. Stage V-VI
oocytes were removed surgically and incubated for 2-3 hr in Ca>*-free
frog-86 medium (86 mm NaCl, 1.5 mm KCl, 2 mm MgCl,, 10 mm HEPES,
50 pg/ml gentamycin, pH 7.6) containing 1.5 mg/ml collagenase (170
U/mg; Life Technologies) to remove follicle cells. The oocytes were
stored in frog-92 medium (92 mm NaCl, 1.5 mm KCl, 1.2 mm CaCl,, 2 mm
MgCl,, 10 mm HEPES, 50 ug/ml gentamycin, pH 7.6) and kept at 17°C
for 24 hr before RNA injection. Each oocyte was injected with 40 nl of
cRNA diluted to 100 ng/ul for macroscopic current experiments and to
5-10 ng/ul for single-channel experiments. Immediately before experi-
ments, the vitelline membrane was removed manually with fine forceps.
Oocytes were maintained at 17°C in frog-92 medium that was changed
daily.

Electrophysiology. The expression of K, currents in HEK293 cells was
assayed using the standard gigaohm seal patch-clamp method in the
cell-attached, excised inside-out, and outside-out configurations. Patch
pipettes were fabricated from Corning 7052 borosilicate glass (Warner,
Hamden, CT) and fire-polished to resistances of 1-3 M{) for macropatch
recordings and 5-10 MQ for single-channel recordings. For single-
channel recording, electrodes were coated with SYLGARD (Dow Corn-
ing, Midland, MI) to reduce capacitive currents. Single-channel and
macropatch currents were amplified using an Axopatch 200 amplifier
(Axon Instruments, Foster City, CA), low-pass filtered at 2-5 kHz,
digitized by an Axon AD/DA (TL-1) converter, and digitized at 4-25
kHz. The higher sampling rates were used in the presence of high Ca?*
concentrations (e.g., 10 kHz for 100 um Ca" solutions) because of the
channel’s faster activation kinetics at these concentrations (DiChiara and
Reinhart, 1995). For examination of tail currents (Figs. 1E,F), we used
minimal filtering (50 kHz) and the maximum sampling frequency (83.3
kHz or 12 us/point) allowable by the amplifier and AD/DA converter
circuitry. Capacitance and series resistance compensation was performed
using the built-in amplifier circuitry. Seventy to 80% of series resistance
(<2 MQ) can be compensated in this manner, resulting in a maximal
voltage error of <5 mV. Patches expressing macroscopic currents of >7
nA (at +70 mV) were discarded to minimize voltage errors attributable
to series resistance. Series and seal resistances were examined after every
10 voltage families and did not change significantly during the duration of
the experiments. Ohmic leak currents were subtracted from macropatch
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currents using amplifier circuitry; they were, however, of insignificant size
compared with ionic currents. Pipette potentials were nulled immediately
before seal formation and monitored during recording. Grounding was
achieved via an agarose bridge to avoid junction potential shifts caused by
solution changes.

The intracellular (bath) solution for both oocyte and HEK293 experi-
ments consisted of 150 mm K *-gluconate, 2 mM KCl, and 5 mm MOPS,
adjusted to pH 7.35 with KOH and sterile-filtered into acetic acid-rinsed
bottles. The appropriate amount of CaCl, was added (14.7 mg/l for the
100 um Ca?* solution and 0.147 mg/l for the 1 um Ca*" solution). The
extracellular (electrode) solution was 150 mm K *-gluconate, 2 mm KCl,
1 mm EGTA, and 5 mm MOPS, adjusted to pH 7.35 with KOH and
sterile-filtered. Recording solutions were prepared with the purest salts
available, containing <0.0005% Ba?" (in the CaCl,) and <0.001% Ca?*
(in the K-gluconate) (Fluka, Ronkonkoma, NY) to minimize channel
block by divalent cations (Diaz et al., 1996; Rothberg et al., 1996).
Although the reported Ky of the channel for Ba®" is 0.36 mM at 0 mV
(Diaz et al., 1996), we believe that Ba®" contamination does not signif-
icantly affect our results, because the addition of a Ba®* chelator (20 um
of 18-crown-6 ether) does not lead to a significant increase in peak
outward currents under our conditions (data not shown). Occasionally, a
time-dependent blockage of current was seen at voltages >+50 mV, and
these current values were not used for analysis. Solutions were both
calibrated using a Ca?*-sensitive electrode (Orion, Boston, MA) and
tested for reproducibility by verifying that the voltages of half-maximal
activation (V) 5) did not differ by >5 mV between batches. Because the
K-gluconate solution contains a maximal Ca** contamination of ~1 uM,
the appropriate amount of Ca,Cl, was added to our solutions to bring
them to a nominal 1 uM Ca?* based on the Ca>" electrode measure-
ments. Seal-formation was performed in these solutions; during experi-
ments, solutions containing the redox reagent were used. Solution osmo-
larity was set at 260—-280 mOsm. Bath solutions were exchanged using
solenoid valves controlling a gravity-flow perfusion system, at a solution
perfusion rate of ~2 ml/min. The small volume recording chamber was
perfused continually during experiments to prevent artifacts caused by
evaporation or between-solution leakage. All solutions were equilibrated
to room temperature (22°-25°C) before use.

The time dependence of the redox effects was determined by recording
I-V curves every 30 sec over 30—90 min. From a holding potential of —80
mV, the voltage family used for excised patch recordings was —80 to +70
mV in 10 mV increments with 1 sec between pulses; for cell-attached
recordings, the holding potential was —10 mV with pulses from —10 to
+190 mV in 10 mV increments. Raw current families were acquired as
single voltage sweeps, without any averaging. Examination of tail current
reversal potentials indicated that accumulation of K™ in the pipette
during voltage pulses was not significant. 1, 5 values followed the same
time course and the same patterns of modulation when measured using
either tail currents or steady-state currents.

Data analysis. Data acquisition and analysis were facilitated by the use
of a number of software programs. These included pClamp 6.03 (Axon
Instruments), TRANSIT (written by Dr. A. M. J. Van Dongen, Duke
University, Durham, NC), Origin 4.1 (MicroCal, Northampton, MA), and
various custom Visual Basic analysis programs. Macropatch current-
activation curve-fitting was performed using the pCLAMP Chebyshev
algorithm and SSE minimization. Time-dependent current “inactivation,”
most likely attributable to either Ba?* (Diaz et al., 1996) or Ca>" block
(Vergara and Latorre, 1983) at depolarized potentials or to sojourns into
a low-activity gating mode (Rothberg et al., 1996), was not included in the
curve-fitting. Normalized conductance (G/G,,,, ) curves were constructed
by first plotting the /- relationship for each macropatch (measuring the
average current between two time points at steady state) and using the
measured reversal potential (V) to calculate the conductance for each
test potential. The V|, 5 value, slope of the voltage dependence (mV/e-fold
change in open probability), and maximal patch conductance (G, ) were
derived from first-power Boltzmann function fits to these data.

Single-channel records were idealized using either the 50% ampli-
tude threshold criterion or the TRANSIT slope-based algorithm that is
a more sensitive detector of fast transitions (Van Dongen, 1996). Open
probability and dwell time plots were calculated by averaging either 50
or 200 consecutive events, using custom software. To confirm that a
membrane patch contained only a single channel, it was held at
depolarized voltages and exposed to high [Ca®"], conditions under
which the channel open probability is close to 1. Data are expressed as
means = SEM for the number of independent experiments indicated.
A different HEK cell or oocyte was used in each experiment.
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Figure 1. Time-dependent changes in /slo K, channel properties after patch excision. The hbr5 splice variant of the human brain Aslo channel was stably
expressed in HEK293 cells. /- curves (—80 to +70 mV in 10 mV increments from a holding potential of —80 mV with 1 sec between pulses) were
recorded from macropatches every 30 sec. Values for voltages of half-maximal activation (V5 ), the slope of the voltage dependence (mV/e-fold change
in open probability), and maximal patch conductance (G,,,,, ) were derived from Boltzmann fits to macroscopic conductance (G-V) curves calculated from
these I-V" data. Raw currents were low-pass filtered at 5 kHz, leak-subtracted, compensated for series resistance, and digitized at 10 kHz. Solutions
contained symmetrical 150 mM K *-gluconate. 4, Inside-out macropatch currents recorded 10 and 35 min after patch excision. B, Plot of macroscopic
conductance versus membrane voltage for the currents depicted in A4, at 10 min (solid circles) and 35 min (open circles). Lines are optimized fits to the
Boltzmann equation. C, The time dependence of shifts in V/, 5 values after patch excision into solutions containing either 1 um Ca®" (open squares) or
100 um Ca?* (open circles). D, The time dependence of shifts in G, (solid circles) and the slope of the voltage dependence (open circles) after patch
excision. E, V}, 5 values derived from cell-attached recordings. Steady-state outward currents (open circles) were evoked as described in A, whereas peak
tail currents (solid circles) were evoked by a repolarization to —100 mV after voltage pulses from —10 mV to +190 mV from a holding potential of —10
mV. F, G, (solid circles) and slope values (open circles) from steady-state currents recorded in cell-attached mode.
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RESULTS

Time-dependent behavior of hslo channels

A common feature of hslo Ca®*-activated K* channels is a
decline of current at the midpoint of the voltage—activation curve
after patch excision. To characterize this time-dependent behav-
ior, often referred to as channel “run-down,” recombinant /slo
Ca?*-activated K* channels cloned from human brain (Tseng-
Crank et al., 1994) were stably expressed in the HEK293 cell line.
Inside-out patches were excised from these cells, and current
families were recorded in bath solutions containing symmetrical
150 mm K *-gluconate and 100 um Ca?*. From a holding poten-
tial of —80 mV, currents were elicited by voltage pulses from —80
to +70 mV in 10 mV increments. Inspection of the raw currents
in Figure 14 shows that over the course of 30 min, steady-state
and kinetic parameters change despite an identical family of
voltage pulses. Figure 1B shows the voltage—activation curve
derived from the experiment shown in 4. At 10 min after patch
excision (solid circles), the Vs is —26.5 mV, the slope is 12.1
mV/e-fold change in P_, and the maximal conductance is 73.4 nS.
At 35 min after excision (open circles), the V5 is shifted to +6.2
mV, the slope is 17.2 mV/e-fold change in P,, and the maximal
conductance is 68.3 nS.

Figure 1C demonstrates the averaged time course of these
variables for 32 individual HEK cells. Linear regression of the
data indicates that steady-state V, s values shift to more positive
potentials over time at a mean rate of 1.4 = 0.1 mV/min in 100 um
Ca?* (open circles) and 1.2 = 0.05 mV/min in 1 um Ca** (open
squares). In contrast, the slope of the voltage dependence does not
change significantly (0.05 = 0.004 mV/e-fold change in P,/min)
(Fig. 1D, open circles), and the G,,,, declines slightly at a rate of
0.11 = 0.02 nS/min (Fig. 1D, solid circles; n = 32). Only the 100
uM Ca?" data are shown for clarity. Although most patches
reflect these means, ~10% (3 of 32) show almost no change over
a period of 30 min. This variability may reflect differing initial
redox states of individual HEK293 cells. In addition, for ~5 min
immediately on patch excision, most patches show a faster rate of
current decline (~4 mV/min shift in V,,5) and a decrease in
maximal patch conductance (data not shown). The cause of this
different initial rate is unknown, but a concurrent decline in G,
suggests that a subset of channels in the patch cease to function.

To determine whether the cause of this time-dependent behav-
ior is the consequence of the channels’ removal from the intra-
cellular environment, a gigaohm seal was formed on the surface of
HEK293 cells. Because of the low concentration of Ca®" inside
HEK?293 cells, it was necessary to elicit currents using longer (250
msec) voltage steps to more depolarized voltages. Currents were
evoked by voltage pulses from —10 to +190 mV (in 20 mV
increments) from a holding potential of —10 mV. Figure 1E
demonstrates that the steady-state Vs (Fig. 1E, open circles),
Gax (Fig. 1F, solid circles), and slope values (Fig. 1F, open
circles) show little change during recordings of up to 60 min under
these conditions (13 of 15 cells).

Because outward currents may be attenuated because of time-
dependent Ba*" (Diaz et al., 1996) or Ca** (Vergara and La-
torre, 1983) block or because of a Ca®"-induced low-activity
gating mode (Rothberg et al., 1996), steady-state V|, 5 values
derived from currents may be inaccurate at depolarized voltages.
Therefore, we also examined peak tail current amplitudes during
on-cell recordings by repolarizing to —100 mV after voltage pulses
from —10 to +190 mV (in 20 mV increments) from a holding
potential of —10 mV; this allows us to measure V/, 5 values up to
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+200 mV and record maximal patch conductances. In addition, to
resolve the fast tail currents accurately, we applied minimal fil-
tering (50 kHz) and used high sampling rates (83.3 kHz). The
mean V, 5 values are plotted in Figure 1E (solid circles). Although
the instantaneous tail current V;, 5 of 139.8 = 8.7 mV (n = 9 cells)
differs significantly from the steady-state Vs of 94.5 = 5.9 mV
(n = 15 cells), neither measure reveals any time-dependent
changes in average channel function during cell-attached
recordings.

Effects of the reducing agent DTT

To identify the property of the intracellular environment that is
responsible for the stability of channel function during cell-
attached recordings, we examined the effect of the redox environ-
ment on Aslo channels. To generate reducing conditions, we used
DTT, an agent with a very low redox potential comparable with
the NAD */NADH redox couple (Karlin and Bartels, 1966). Fig-
ure 24 shows recordings from inside-out macropatches from
stably transfected HEK293 cells before (top; t = 5 min), during
(middle; t = 23 min), and after (bottom; t = 38 min) intracellular
(bath) application of DTT (1 mm) in the continual presence of 100
uM Ca?". The corresponding voltage—activation curves for these
currents are shown in Figure 2B. For these data, the V5 is —17.6
mV (at t = 5 min; open squares), —36.5 (at t = 23 min; open
circles), and —21.7 mV (at ¢t = 38 min; solid squares); the slope of
the voltage dependence is 15.2 (att = 5), 13.1 (at ¢ = 23), and 14.8
(at t = 38) mV/e-fold change in P_; and the maximal conductance
is 59.2 nS (att = 5), 61.4 nS (at t = 23), and 59.6 nS (at ¢ = 38).
Averaging the data from eight cells confirms that DTT causes V, 5
values to shift an average of 18.3 £ 1.8 mV to more negative
potentials (Fig. 2C) without affecting the slope of the voltage
dependence (Fig. 2D, solid circles) or macroscopic conductance
(Fig. 2D, open circles). The time course of this potentiation can be
fit with a single exponential having a mean time constant of 7.5 *
0.6 min. In addition, reduction of Aslo channels by DTT consis-
tently slows the rate of channel run-down more than 10-fold, from
an average of 1.5 = 0.1 to 0.11 = 0.06 mV/min (n = 13 cells). In
most patches, run-down is abolished completely during DTT
perfusion. Identical experiments were conducted with outside-out
instead of inside-out patches; in these experiments, extracellular
DTT application also has a similar magnitude effect that occurs at
a similar rate (n = 4 cells; data not shown).

The modification of hslo activation kinetics by DTT

Our previous work with hslo Ca?*-activated K" channels dem-
onstrated that the activation kinetics of 4slo macroscopic currents
are much more sensitive to changes in intracellular Ca>* than to
changes in membrane voltage (DiChiara and Reinhart, 1995).
Therefore, a large effect of DTT on current activation would
provide evidence that the channel’s Ca*" affinity, rather than its
voltage dependence, is being modified by redox reagents. To
examine these possibilities, inside-out macropatches were excised
from HEK293 cells, and currents were recorded using the pulse
protocol described for Figure 1. The currents were fit with the sum
of two exponentials as described in Materials and Methods. Fig-
ure 34 shows scaled current traces from a representative experi-
ment in 100 um Ca?*, with only the +40 mV record shown for
illustration. Figure 3B illustrates that first, slo currents activate
more slowly as a function of time; the time constants derived from
these fits increase at a rate of 0.5 * 0.03 msec/min. Second,
intracellular application of DTT halts this run-down of activation
and increases the kinetics by an average of 32.7 = 4.2% (n = 8)
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Figure 2. DTT potentiates Aslo currents and prevents channel run-down. 4, Current-voltage curves (—80 to +70 in 10 mV increments) were recorded
from inside-out macropatches excised from HEK293 cells stably transfected with Aslo-hbr5. The data shown were obtained before (fop), during (middle),
and after (bottom) intracellular (bath) application of the reducing agent DTT (1 mm). B, The voltage—activation curves for the currents depicted in A4,
before (open squares), during (open circles), and after (solid squares) DTT treatment. C, The average time dependence of V, 5 values from eight cells after
patch excision (¢ = 0), the addition of 1 mM DTT (¢ = 5 min), and the washout of DTT (¢ = 25 min). D, The average time dependence of shifts in G,
(open circles) and the slope of the voltage dependence (solid circles) before, during, and after the application of DTT.

to nearly the activation rates measured before DTT treatment. The
fractional areas under these exponential fits reveal that the relative
contribution of the slow time constant predominates (=~75% of the
total) and, additionally, show a tendency to increase its proportion
(by 8—-10%) over the fast with time (data not shown). DTT applica-
tion stabilizes the proportions of the time constants.

DTT increases single-channel open probability

To determine whether the observed effect of DTT on macroscopic
currents is attributable to changes in the number of channels, their
unitary conductances, or some aspect of their gating or perme-

ation, we examined inside-out patches containing only one or
several hslo K, channels. Because the hslo-HEK293 stable cell
line does not express less than several hundred channels per
patch, we used the Xenopus laevis oocyte expression system to
examine single Aslo channel behavior. This necessitated that we
confirm that the Ca*" sensitivity and voltage dependence of Aslo
channels were similar in both expression systems. Thus, oocytes
were injected with Aslo (hbr5) cRNA (100 ng/ul), currents were
recorded 24 hr later, and the data were compared with hslo
channels expressed in HEK293 cells. Figure 44 shows typical raw
hslo currents expressed in HEK293 cells (left) and Xenopus oo-
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Figure 3. DTT modulates Aslo activation kinetics.
Inside-out macropatches were excised from hslo-
HEK?293 cells as in Figure 1. Currents elicited by a
+40 mV voltage pulse from a holding potential of
—80 mV were fit with the sum of two exponentials.
A, Representative current records immediately af-
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cytes (right) at either 100 uMm (top) or 1 uM (middle) Ca**. From
a holding potential of —80 mV, currents were evoked by voltage
pulses from —80 to +70 mV in 10 mV increments for 100 um
Ca?" solutions and from —60 to +90 mV in 10 mV increments for
1 um Ca?* solutions. Neither wild-type HEK293 cells nor unin-
jected oocytes show detectable K, currents (bottom), although
oocytes do contain low numbers of endogenous large-
conductance K, channels that are present in ~5% of all mem-
brane patches (Krause et al., 1996). Figure 4B shows that the
steady-state macroscopic conductance at a range of voltages is not
significantly different when /Aslo channels are expressed in either
HEK?293 cells or oocytes; mean V, 5 values in oocytes are —28.7 =
2.4mV in 100 um Ca®* and +34.8 = 6.8 mVin 1 um Ca*" (n =

ter patch excision (control), 15 min later (run-
down), and 30 min after the addition of 1 mm DTT
(+ DTT). B, The time constants of activation
derived from these fits for the fast (solid circles)
and slow (open circles) kinetic components.

7 oocytes), whereas in HEK293 cells, the values are —30.5 = 1.9
mV in 100 pm Ca** and +35.6 = 4.7 mV in 1 um Ca?* (n = 7
cells). These data indicate that the Ca®" sensitivity of Aslo chan-
nels is similar in both HEK293 cells and Xenopus oocytes.

To characterize the effects of reducing and oxidizing reagents
on single &slo channels, we injected Xenopus oocytes with cRNA
encoding the hbr5 splice variant of Aslo at 5-10 ng/ul. Figure 54
depicts an experiment in which an inside-out patch containing a
single channel was bathed in a solution containing 100 uMm free
Ca?* and was voltage-clamped at +20 mV. Figure 5B depicts the
entire 30 min recording from this experiment, showing a sponta-
neous decline in channel open probability (P,) over ~3 min. In
this plot, each vertical line represents the averaged P, for 50
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Figure 4. Comparison of hslo-hbr5 channel properties expressed in HEK293 cells and Xenopus oocytes. A, Representative current families from
inside-out patches excised from either HEK293 cells (left) or oocytes (right) and evoked by voltage pulses from either —80 to +70 mV (100 pum Ca?*
solutions) or —60 to +90 mV (1 uM Ca?* solutions) in 10 mV increments. Control cells show no significant K¢, currents in either expression system. Raw
currents were low-pass filtered at 5 kHz, leak-subtracted, compensated for series resistance, and digitized at 10 kHz. B, The mean macroscopic
conductance curves corresponding to hslo currents expressed in either HEK293 cells (open symbols) or oocytes (solid symbols) with an intracellular Ca?*
of 1 uM (squares) or 100 uM (circles). The voltages of half-maximal activation (V}, 5) of currents expressed in oocytes or HEK293 cells were not significantly

different.

consecutive open and closed events. Slow changes in open prob-
ability are sometimes observed during such recordings (Silberberg
et al., 1996), but these P, variations are always less than the
decline seen in Figure 5B or the increase seen after DTT treat-
ment (Fig. 6B). The mean P, before the transition is 0.87 * 0.09

and 0.21 = 0.13 afterward (n = 8). Figure 5C plots the time course
of mean dwell times in the open state (open circles) and closed
state (solid circles) from the same channel depicted in Figure 5, A
and B. Each data point is the average dwell time of 200 consec-
utive open or closed events, respectively; this experiment con-
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Figure 5. Changes in single Aslo channel properties after membrane patch excision. cRNA encoding Aslo (10 ng/ul) was injected in Xenopus oocytes, and
excised inside-out patches were examined for channel activity 24 hr later. Patches containing single islo channels were voltage-clamped at +20 mV and
assayed in symmetrical 150 mm K *-gluconate solutions containing 100 uM intracellular Ca?*. Currents were filtered at 2 kHz and digitized at 5 kHz. 4,
Representative single-channel recording ~8 min (a) and 26 min after excision (b). The closed state of the channel is indicated by the solid line. B, A
continuous 30 min recording showing the time course of open probability changes after patch excision. Each vertical data line in the plot represents the
average P, for 50 consecutive transitions. a and b denote times at which single-channel transitions shown in 4 were recorded. C, The time course of
changes in mean dwell times in the open state (open circles) and closed state (solid circles) for the same channel depicted in A and B. Each data point
represents the average dwell time for 200 consecutive gating events.
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Figure 6. DTT increases the open probability of single Aslo channels. 4, Raw current traces from a single Aslo channel expressed in Xenopus oocytes,
voltage-clamped at +20 mV, and bathed in symmetrical 150 mm K "-gluconate solutions containing 100 um free Ca>*. Currents were filtered at 2 kHz and
digitized at 10 kHz. The closed state of the channel is depicted by solid lines. B, The time course of open probability changes after the application of 1 mm DTT
(horizontal line). The letters denote times at which single-channel transitions shown in 4 were recorded. Each vertical data line in the plot represents the average
P, for 50 consecutive transitions. C, The average open probability after patch excision and the addition of 1 mm DTT (¢t = 21 min; dashed vertical line) for five
experiments.
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tained a total of >420,000 events. Even though the multiple open
and closed states that exist are averaged in this analysis (see
DiChiara and Reinhart, 1995), it is clear that the decline in P,
corresponds to both a decrease in mean open time intervals and a
concomitant increase in mean closed durations.

A similar set of single-channel experiments was performed to
examine the effects of DTT on open probability. In Figure 6B, it
can be seen that the intracellular application of DTT (1 mwm)
rescues an already run-down channel to near its basal open
probability. Raw current traces from the regions indicated are
shown in Figure 6A4. The average of five complete experiments
(Fig. 6C) indicates that the mean P, before DTT application (at
point @) is 0.29 = 0.11 and 23 min afterward (at point d) is 0.75 =
0.12 (n = 5 cells). The DTT effect on single Aslo channels approx-
imates the time course of the DTT effect observed with macro-
scopic currents (compare with Fig. 2C). In these and the previous
experiments, the number of channels in a patch did not change in
10 of 13 experiments; in the remainder, 1 or 2 channels stopped
functioning within the first minute after patch excision, a process
unaffected by DTT application. -V curves showed no changes in
single-channel slope conductance or unitary amplitudes after
DTT treatment (data not shown).

Effects of hydrogen peroxide on hslo

If the underlying cause of the DTT potentiation of Aslo currents is
attributable to their effects as reducing agents, then oxidizing
agents should have the opposite effect, i.e., current downmodula-
tion. To examine this possibility, we applied 0.3% hydrogen per-
oxide (H,O,) to the intracellular surface of inside-out macro-
patches from hslo-HEK cells as described previously. Figure 74
shows that when the patch is preincubated with DTT for 20 min,
bath perfusion of H,O, results in a reversal of the DTT potenti-
ation and a continuation of channel run-down, as reflected in a
right shift of steady-state 1/, 5 values (n = 4). In three of four cells,
subsequent DTT treatment did not result in changes to V, 5; only
a cessation of run-down was observed. In the remaining experi-
ment, DTT treatment at this point caused a 5.3 mV shift to more
negative potentials (data not shown); however, this information is
obscured in the average. Figure 7B demonstrates that oxidation of
hslo channels with hydrogen peroxide without previous treatment
with DTT also increases the rate of channel run-down from 1.6 *
0.06 mV/min to 2.9 = 0.03 mV/min (n = 5). A representative
experiment with a single channel expressed in Xenopus oocytes is
shown in Figure 7C. The channels were expressed and recorded in
the same manner as described in Figure 5. The data show that the
single-channel open probability is decreased by application of
H,O, on a time scale similar to that seen during normal run-down
of the channel (Fig. 54). Similar results were observed in four
additional experiments.

Drosophila (dslo) channels are not modulated by DTT

A HEK293 cell line stably expressing the Drosophila dslo channel
(the A1/C2/E1/G3/10 splice variant) (Adelman et al., 1992) was
created to compare its modulation by redox reagents with that of
hslo channels. dslo currents recorded from inside-out HEK293 cell
patches demonstrate indistinguishable properties as currents re-
corded from cRNA-injected oocytes (DiChiara and Reinhart,
1995). In addition, they retain the same functional differences with
hslo currents, i.e., slower and less voltage-dependent activation
kinetics and more positive V,, 5 values at a given Ca®* concentra-
tion (compare Figs. 84 and 24). However, Figure 8 B shows that
at a given Ca®" concentration (100 uM in this case), V, 5 values
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shift to more positive potentials only slightly as a function of time;
the mean rate of run-down is ~10-fold less than the Aslo rate,
0.15 * 0.08 mV/min (n = 11 cells), with a number of membrane
patches showing no run-down at all. Macroscopic conductance
(Fig. 8C, solid circles) and slope (Fig. 8C, open circles) values were
unchanged during this time. Additionally, reduction by DTT (5
mM) had no effect on the steady-state currents (n = 5; Fig. 8 B) or
the kinetics of activation (data not shown).

DISCUSSION

By examining the effects of a direct application of reducing and
oxidizing reagents to the intracellular surface of cloned Ca?*-
activated K channels, we have shown that the function of these
channels can be modulated by changes in their redox environ-
ment. The reducing agent DTT enhances and stabilizes the activ-
ity of K, channels, whereas the oxidizing agent H,O, leads to a
decrease in K, channel open probability over time.

Time-dependent run-down of channel activity is a common
feature of ion channel recording (Strupp et al., 1992; Schlief et al.,
1996), and a number of different mechanisms appear to underlie
this phenomenon for individual channel types. We have demon-
strated that the run-down of Aslo channels seen in excised patches
is largely a response to the oxidative environment resulting from
patch excision. By continuously monitoring the voltage of half-
maximal activation, the macroscopic conductance, and the slope
of the voltage dependence, we have shown that the shift in V{5
values over time (Fig. 1) starts immediately at excision of the
membrane patch and corresponds to the average of many single
channels undergoing large, step-like changes in channel open
probability (Fig. 5). Although we have demonstrated that there is
no Ca>* dependence of run-down over a 100-fold concentration
range (1-100 um), we cannot rule out the possibility that run-
down is slowed at nanomolar Ca>" conditions.

These data are consistent with the formation of disulfide bonds
in the Aslo protein after removal of the patch from the cell. The
channel’s cysteines are usually exposed to the relatively reduced
state in the interior of a cell, but after patch excision, some of
these residues may be slowly oxidized. An alternative possibility is
that a redox-sensitive process endogenous to HEK cells may
indirectly mask or enhance the consequences of run-down, which
is itself not sensitive to the redox potential. Such a process may
involve undefined accessory proteins, or it may result from an
indirect alteration of Ca®* binding to the channel. For example,
because it is known that cysteine residues have a high affinity for
some divalent cations, redox reagents may be perturbing /Aslo’s
Ca?*-binding site(s) in an allosteric manner. Indeed, Serre et al.
(1995) have observed an effect of redox reagents on the cooper-
ativity of nucleotide binding in cGMP channels. A relationship
between the redox environment and Ca** binding may have been
revealed by observing large effects of redox reagents on hslo
activation kinetics, because previous data have shown that K,
channel activation kinetics are strongly dependent on intracellular
Ca?* concentration (Markwardt and Isenberg, 1992; DiChiara
and Reinhart, 1995). However, the ~33% change in Aslo activa-
tion kinetics measured in response to DTT (Fig. 3) is not of a
significant magnitude to allow us to differentiate between an effect
of these agents on the channel’s voltage-sensing apparatus or on
Ca?" activation.

Although our results do not allow us to rule out indirect redox
effects mediated by endogenous accessory proteins, several lines
of evidence argue for direct redox effects on the channel protein.
First, the overexpression of these channels (>500 channels per
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Figure 7. The effect of hydrogen peroxide (H,O,) on Aslo currents. A, H,O, (0.3%) was applied to the intracellular surface of inside-out patches
expressing hslo currents excised from HEK293 cells. Membrane patches were preincubated with 1 mm DTT for 20 min in the presence of 100 um Ca?*,
followed by bath perfusion of H,O, for 10 min. The observed shift of V;, 5 values induced by reducing and oxidizing agents could be repeated several times
in the same patch. B, Oxidation of Aslo currents with hydrogen peroxide increases the rate of run-down after patch excision. C, Time dependence of
changes in the single-channel open probability after the application of H,O, (dashed vertical line). Hslo channels were expressed in Xenopus oocytes as
described in Figure 5 and held at +20 mV during the experiment. Each vertical data line in the plot represents the average P, for 50 consecutive transitions.
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Figure 8. dslo K, channels are not modulated by redox reagents. Currents were elicited from a HEK293 cell line stably expressing Drosophila dslo
channels (splice variant A1/C2/E1/G3/10) (Adelman et al., 1992) as described in Figure 1. A, Current families evoked by command voltage steps ranging
from —80 mV to +70 mV from a holding potential of —80 mV. B, The time dependence of dslo V|, 5 changes after patch excision, the addition of 5 mm
DTT (¢ = 25 min), and the washout of this agent (f = 45 min). C, The time dependence of macroscopic conductance values (solid circles) and the slope

of the voltage dependence (open circles) after excision and DTT treatment.

patch) in heterologous systems such as HEK cells argues against
a concomitant increase in expression of an associated endogenous
molecule. Second, the lack of a redox effect on dslo channels
requires the existence of an endogenous factor that differentially
modulates two very similar proteins. Although the mammalian
K¢, channel B-subunit is an example of a protein that does
modulate Aslo but not dslo (Meera et al., 1996; Wallner et al,,
1996), the more parsimonious explanation is that dslo does not
contain cysteines in the necessary number or position for the
direct redox modulation seen in Aslo. A comparison of protein
sequences reveals that there are nine cysteine residues that are
not conserved between the two channels.

The hslo (hbr5) protein contains 27 cysteine residues, 24 of
which occur on presumed intracellular or transmembrane do-
mains, largely concentrated in the large C-terminal “tail” region
unique to these channels. However, Aslo channels recorded in
outside-out patches also exhibit DTT modulation (data not
shown). This result, combined with the observation that DTT can
cross membranes, precludes us from clearly differentiating be-

tween intracellular and extracellular sites of action. The formation
of disulfide bridges requires an oxidative environment, and thus
they are not usually found in intracellular domains of proteins that
exist in the cell’s reductive environment. Indeed, mutagenesis of
the NMDA receptor has localized a redox modulatory site to an
extracellular domain (Aizenman et al., 1989), and the use of
membrane-impermeant redox reagents has shown that extracel-
lular cysteine residues in cardiac Ca®* and Na™ channels are
redox-sensitive (Chiamvimonvat et al., 1995). However, there is
precedent for an intracellular locus of action; by using membrane-
impermeant oxidizing reagents such as thimerosal, cytoplasmic
redox sites in K,p channels that decrease open probability and
alter ATP sensitivity have been characterized (Islam et al., 1993;
Coetzee et al., 1995).

One major endogenous redox factor that may control K.,
channel function in intact cells is glutathione, present in millimo-
lar concentrations in brain (Slivka et al., 1987; Philbert et al,,
1991). The majority of this glutathione is located within cells and
is in the reduced (GSH) form; during periods of oxidative stress,
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GSH is converted to the oxidized form (GSSG) to prevent dam-
age from oxygen free radicals (Sucher and Lipton, 1991). Endog-
enous production of NO during normal synaptic function may also
alter the cellular redox potential and thus modulate K, channel
function. NO has been shown to regulate ion channel activity both
by a direct mechanism, i.e., S-nitrosylation/oxidation of cysteine
residues in the channel (Lei et al., 1992; Bolotina et al., 1994;
Campbell et al, 1996) and by indirectly activating cGMP-
dependent and protein kinase G signaling pathways (Schmidt et
al., 1993; Campbell et al., 1996). Little is known, however, about
the nature and regulation of enzymes responsible for the mainte-
nance of the overall thiol/disulfide balance in cells (Ziegler, 1985).

Ion channels respond to redox reagents in diverse ways. For
example, an oxidative environment causes the closure of NMDAR,
K1p, and Aslo K, channels, but it opens some Ca** channels and
removes inactivation in K, 1.4 channels (Stephens et al., 1996). This
diversity of redox effects may be attributable to the reactivity of the
sulfhydryl groups of cysteine residues; they may be alkylated, acy-
lated, arylated, and oxidized to form some combination of sulfenic,
sulfinic, or sulfonic compounds with varying stability. These adducts
may contribute in complex ways to the covalent modification of redox
modulatory sites (Dalton et al., 1993).

The rates of redox modulation are also heterogeneous in different
ion channel types. Some reports indicate that formation of disulfide
bridges can occur on a millisecond time scale (Ruppersberg et al.,
1991), whereas the maximal effect of DTT on hslo and NMDAR
currents requires up to 20 min. Our data indicate that the time course
of the redox effects on macroscopic Aslo currents may correspond to
single channels undergoing more rapid modulation occurring at
different times during the recording. The spontaneous transition
from high to low P, seen in Aslo channel records during channel
run-down (Fig. 54) and the time course of the increase in P,
measured after DTT treatment (Fig. 6C) indicate that either multiple
sites are being modulated or that subsequent to a fast modification of
one residue, there are slow conformational changes leading to a
change in current flow. Additionally, the lack of a DTT effect after
H,O, treatment (Fig. 74) may indicate that reversal of the H,O,
effect is slower than reduction because of different downstream
conformational changes.

In summary, our data show that the function of /slo but not dslo
K, channels can be modulated by fluctuations in the cytoplasmic
redox ratio. Cellular redox potential thus may act as a signaling
pathway serving to link metabolic status or the concentration of
retrograde messengers to the electrical activity of neurons.
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