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Three methionine residues located within the regulator
of conductance for K™ (RCK) domains confer oxidative
sensitivity to large-conductance Ca*-activated

K™ channels
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Methionine-directed oxidation of the human Slol potassium channel (hSlol) shifts the
half-activation voltage by —30mV and markedly slows channel deactivation at low
concentrations of intracellular Ca>* ([Ca®*];). We demonstrate here that the contemporaneous
mutation of M536, M712 and M739 to leucine renders the channel functionally insensitive
to methionine oxidation caused by the oxidant chloramine-T (Ch-T) without altering other
functional characteristics. Coexpression with the auxiliary 31 subunit fails to restore the full
oxidative sensitivity to this triple mutant channel. The Ch-T effect is mediated specifically by
M536, M712 and M739 because even small changes in this residue combination interfere with
the ability to remove the oxidant sensitivity following mutation. Replacement of M712 or M739,
but not M536, with the hydrophilic residue glutamate largely mimics oxidation of the channel
and essentially removes the Ch-T sensitivity, suggesting that M712 and M739 may be part of a
hydrophobic pocket disrupted by oxidation of non-polar methionine to the more hydrophilic
methionine sulfoxide. The increase in wild-type hSlo1 open probability caused by methionine

oxidation disappears at high [Ca**];

and biophysical modelling of the Ch-T effect on steady-state

activation implicates a decrease in the allosteric coupling between Ca?* binding and the pore.
The dramatic increase in open probability at low [Ca?*]; especially within the physiological
voltage range suggests that oxidation of M536, M712 or M739 may enhance the Slo1 BK activity
during conditions of oxidative stress, such as those associated with ischaemia-reperfusion and
neurodegenerative disease, or in response to metabolic cues.
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Oxidants generated by cellular metabolism are implicated
in normal cellular signalling as well as the pathogenesis
of many diseases, such as neurodegenerative diseases and
various vascular disorders. While the reactive oxidants alter
many cellular constituents, amino acids in proteins are the
prime target for oxidative modification. The amino acid
methionine is particularly susceptible to oxidation due to
the presence of a highly reactive sulphur atom within its
hydrophobic but yet flexible side chain. Upon oxidation
by either endogenous species (e.g. H,O,, hydroxyl radical,
chloramines) or exogenous reagents (e.g. chloramine-T,
dimethyl sulfoxide), methionine is oxidized to methionine
sulfoxide (met-O). The more hydrophilic and less flexible
side chain of met-O can readily alter the secondary
structure of a protein (Stadtman et al. 2003; Weissbach
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et al. 2005). For instance, if a given methionine residue
is clustered with other hydrophobic residues in a ‘pocket’,
then oxidation to the more hydrophilic met-O may cause
the pocket to open or change shape (Vogt, 1995). In
fact, the hydrophobicity index of met-O is comparable
to that of the hydrophilic residues asparagine, glutamine
and lysine (Black & Mould, 1991).

The chemical and physical changes caused by
methionine oxidation drastically alter the functions
of many biological molecules, including «1-proteinase
inhibitor in the lung (Johnson & Travis, 1979; Evans &
Pryor, 1994), selected hormones (Houghten & Li, 1976;
Teh et al. 1987; Zull et al. 1990), Shaker potassium
channels (Ciorba et al. 1997, 1999; Chen et al. 2000),
and calmodulin (Gao et al 1998). The reversibility
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of the methionine—met-O reaction enabled by the
methionine sulfoxide reductases (MSRs), as exemplified by
reactivation of the plasma membrane Ca-ATPase system
following MSR-mediated reduction of calmodulin (Sun
et al. 1999), suggests that modification of methionine
residues may be an important and prevalent component
in signal transduction and the antioxidant system (Levine
et al. 1996). Consistent with the idea, increased levels of
amino acid oxidation caused by a genetic disruption of the
MSR system lead to cerebellar dysfunction and shortened
lifespan in mice (Moskovitz ef al. 2001).

Another important cellular protein subject to
methionine oxidation is the large-conductance calcium-
and voltage-gated BK channel (Tang ef al. 2001; Santarelli
et al. 2004). The opening of BK channels significantly
impacts on the cellular resting membrane potential
because of their large unitary conductance. The net efflux
of potassium ions through BK channels mediates crucial
physiological functions, such as smooth muscle vaso-
relaxation (Nelson et al. 1995; Brenner et al. 2000; Jaggar
etal. 2000), repolarization and the after-hyperpolarization
following an action potential in specific neurones (Storm,
1987; Zhang & McBain, 1995; Shao et al. 1999), and
neurotransmitter release (Hu et al. 2001). Accordingly,
BK channel expression is enriched in the brain and
vascular smooth muscle. In heart muscle, BK channels
located within mitochondria may be important for
preconditioning the heart against ischaemic damage
(Xu et al. 2002). Indeed, activation of the BK channel,
mediated perhaps by oxidative modification, may serve
a protective role in many physiological systems. In
agreement with the wide distribution of BK channels,
the absence of the gene encoding the pore-forming «
subunit (Slo1) leads to a variety of adverse phenotypes,
including elevated blood pressure (Sausbier et al. 2005)
and cerebellar, urinary and erectile dysfunction (Meredith
et al. 2004; Sausbier et al. 2004; Werner et al. 2005).

The Slol subunit contains seven putative
transmembrane-spanning helical segments such that
the SO segment, which is considered to be the main site
of Slol association with auxiliary 8 subunits (Wallner
et al. 1996; Meera et al. 1997), places the amino terminus
of the o subunit into the extracellular milieu. The
extensive intracellular carboxyl terminus, constituting
~70% of the protein, probably provides contact sites for
various modulators of the channel function and contains
two probable RCK (regulator of conductance for K%)
domains (Jiang et al. 2002; Roosild et al. 2004). Three
distinct sites within the RCK domains mediate the overall
divalent cation sensitivity of the channel (Zeng et al.
2005). Analogous to the mechanism proposed to explain
Ca’*-dependent activation of the bacterial MthK channel
(Jiang et al. 2002), the binding of Ca** to the Slo1 channel
is postulated to result in expansion of the gating ring
formed by the RCK domains and subsequent opening of
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the pore (Niu & Magleby, 2002). The energy transduction
process mediated by the gating-ring complex contributes
to the allosteric activation of the Slo1 channel (Horrigan
et al. 1999; Rothberg & Magleby, 2000; Horrigan &
Aldrich, 2002) and may serve as a primary effector for the
numerous modulatory agents (e.g. Horrigan ef al. 2005).

Methionine oxidation promoted by the biologically
relevant oxidant chloramine-T reliably increases the
steady-state activation of the human Slo1 (hSlo1) channel
and slows channel deactivation in the virtual absence of
Ca’* inisolated excised patches (Tang et al. 2001; Santarelli
etal 2004). The functional effects of methionine oxidation
are enhanced by the presence of the auxiliary 81 subunit,
but modification of methionine residues within 81 is
not responsible for the greater leftward shift of the G-V
curve or the dramatic slowing of deactivation (Santarelli
et al. 2004). These results suggest that the methionine
residues modified to cause the characteristic functional
changes, though unidentified, reside within the hSlol «
subunit (Tang et al. 2001; Santarelli et al. 2004). Here,
we show that M536, M712 and M739 located within
the hSlol RCK domains confer methionine oxidative
sensitivity to the channel. When all three residues are
conservatively mutated to leucine, the channel fails to
exhibit the typical electrophysiological consequences of
the oxidative modification. Other functional properties
of the triple mutant channel, such as Ca’" sensitivity,
are not altered by the mutations. Furthermore, the Ca**
dependence of the oxidative effects in wild-type hSlol
suggests that oxidation of the critical methionine residues
diminishes allosteric coupling between Ca’** binding and
movement of the channel gate.

Methods
Channel expression and mutagenesis

The human Slol (hSlo1; KCNMA1; BK,; U11058, hbrl;
Tseng-Crank ef al. 1994) channel alone, or hSlol and 81
(KCNMBI; 1: 1 weight ratio) were transiently expressed
in HEK-tsA cells using FuGENE 6 (Roche) as previously
described (Avdonin et al. 2003). The mouse Slol A1
(mB1; AF020711; Jiang et al. 1999) in pEGFP-NI1
(BD Biosciences) was obtained from the laboratory of
Dr R. Aldrich (Stanford University, Stanford, CA, USA).
The mutant channels were constructed using PCR-based
mutagenesis (Stratagene) and the sequences were verified.

Electrophysiology and data analysis

Macroscopic and single-channel ionic currents were
recorded from excised inside-out patches at room
temperature essentially as described previously (Tang et al.
2001; Santarelli et al. 2004). Patch electrodes (Warner) had
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a typical initial resistance of 1.5-3 M2 when filled with the
solutions described below and the series resistance, ~90%
of the input resistance, was electronically compensated.
Unless otherwise noted, macroscopic capacitative and
leak currents were subtracted using a P/6 protocol as
implemented in Pulse/PulseFit (HEKA). The current
signal was filtered at 10 kHz through the built-in filter
of the patch-clamp amplifier (AxoPatch 200A; Axon) and
digitized at 100 kHz using an ITC-16 AD/DA interface
(Instrutech).

Data were analysed using Pulse/PulseFit, PatchMachine
(Tang et al. 2001; Avdonin et al. 2003), and IgorPro
(WaveMetrics) running on Mac OS 9/10. Unless otherwise
stated, instantaneous current amplitudes were estimated
from single-exponential fits to the tail currents recorded
at —50 mV following pulses to different voltages from
the holding voltage of 0 mV. The voltage dependence of
the instantaneous current size was then fitted with a simple
Boltzmann function to estimate the normalized G-V curve
characterized by the half-activation voltage (V,5) and
the apparent equivalent charge movement (Q,). The
deactivation time courses were fitted by single exponentials
excluding the initial 120 us segment. A single-exponential
fit to the voltage dependence of the time constant provided
the value of the partial charge movement. To measure
open probability and mean open duration, single-channel
openings were idealized using the hidden Markov method
as implemented in PatchMachine.

Statistical comparisons were made using the unpaired
or paired f test, as appropriate. In some cases, ANOVA
was followed by the Bonferroni post hoc test (DataDesk;
Data Description). Statistical significance was assumed
at P <0.05. Where appropriate, data are presented as
mean = s.e.M. with all n values > 3.

Reagents and solutions

Both the external and internal recording solutions
contained (mm): 140 KCI, 11 EGTA and 10 Hepes;
pH 7.2 adjusted with NMDG. The free Ca** concentration
for these solutions was estimated at < 1nm assuming
20 uM contaminating Ca*t (Patcher’s Power Tools v 1.0,
E. Mendez; http://www.mpibpc.gwdg.de/abteilungen/140/
software/) and also verified (Tang et al. 2001). In some
experiments, the external solution contained (mm): 140
KCl, 2 MgCl, and 10 Hepes; pH 7.2 adjusted with NMDG
to maintain high-resistance seals for longer durations.
The 200 nm free Ca?T internal solution contained (mm):
140 KCI, 0.6 CaCl,, 10 HEDTA and 10 Hepes; pH 7.2
adjusted with NMDG. The 5um free Ca’" internal
solution contained (mm): 140 KCl, 6.1 CaCl,, 10 HEDTA
and 10 Hepes; pH 7.2 adjusted with NMDG. The 120 um
free Ca?" internal solution contained (mm): 140 KCI,
0.12 CaCl, and 10 Hepes; pH 7.2 adjusted with NMDG.
The 200 um free Ca?* internal solution contained (mm):
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140 KCI, 0.2 CaCl, and 10 Hepes; pH 7.2 adjusted with
NMDG.

Chloramine-T (Ch-T; Sigma-Aldrich) was dissolved
in the internal solution immediately before use. Ch-T
(2mmMm) was manually applied with a pipette ensuring
the addition of six times the bath volume (~150 ul).
With Ch-T present, channel current was monitored every
10s for the characteristic features of oxidation by Ch-T:
increased current amplitude and slowed deactivation.
Once these characteristic changes reached steady-state
levels (<8 min), Ch-T was washed out with 1ml of
recording solution. Similar methods were used to apply
1 mm dithiothreitol (DTT; Amresco).

Simulation

Simulations of G-V curves based on the model of Horrigan
and Aldrich (Horrigan & Aldrich, 2002) were performed
using IgorPro essentially as described (Horrigan et al.
2005). The values of the Ca**-dependent parameters in
the model were identical to those from Horrigan & Aldrich
(2002) except for the following small changes that helped
to better describe the experimental control data: allosteric
factor D = 11, and allosteric factor C = 10.

Results
Methionine-to-leucine mutations in hSlo1

To determine whether the oxidation of one methionine
residue within hSlol is responsible for the leftward
shift of V5 and the slowing of channel deactivation
following oxidation by Ch-T, single methionine-to-leucine
point mutants were constructed: 29 hSlol mutants in
total (Fig. 1). Leucine was selected to replace methionine
for the following reasons. The side chain of leucine
is much less prone to oxidation but its other physical
characteristics, such as size and hydrophobicity, are
generally similar to those of the sulphur-containing
methionine side chain. The non-polar nature of its
side chain allows methionine to participate in forming
hydrophobic contacts between different protein segments
and substitution of methionine residues with leucine
is expected to preserve such interactions. Consistent
with this idea, methionine-to-leucine mutations are well
tolerated and preserve near-wild-type-like properties in
many proteins, including ion channels (Ciorba et al. 1997;
Chen et al. 2000).

Ionic currents through the hSlol mutants transiently
expressed in HEK cells were recorded in the inside-out
patch-clamp configuration. In the absence of intra-
cellular Ca**, the majority of the 29 single point mutants
sufficiently expressed and behaved functionally similar
to wild-type hSlol, suggesting that the mutations did
not cause a massive alteration in the channel structure.



332 L. C. Santarelli and others

Simple Boltzmann fits to the voltage dependence of the
extrapolated instantaneous amplitudes of the tail currents
elicited by prepulses to different voltages showed that
the channels were half-activated at 150-200 mV with an
apparent equivalent charge movement of ~1 e (Table 1).
The tail current kinetics of most of the mutants were
indistinguishable from that of the wild-type channel with
the time constants being ~0.1 ms at —200 mV (Table 2).
The activation kinetics of the mutants at depolarized
voltages was also generally indistinguishable from that of
the wild-type channel (data not shown).

A few notable exceptions, however, were observed with
the mutations M285L, M314L and M536L. The M285L
mutation in the pore region typically caused the channel
to produce only very small currents and we could not
detect any clear sign of tail current saturation even after
increasing the prepulse depolarization to 360 mV. This
observation is consistent with the possibility that the
voltage dependence of activation of this mutant is shifted
to extremely depolarized voltages. Since the standard
G-V analysis was not possible for the M285L mutant, its
oxidative sensitivity was determined by changes in the -V
or tail kinetics. The mutation M314L in the S6 segment
produced a noticeable rightward shift of the overall voltage
dependence of activation inferred from the normalized
macroscopic G-V curve. The V5 of the M314L mutant in
the control condition prior to oxidant application was the

s Si

S2 83 S4 S5
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only measurable V 5 value that differed significantly from
that of wild-type hSlol (Table 1, P < 0.0001). Finally, the
M536L mutation in the RCK1 domain significantly slowed
the control deactivation kinetics (Table2, P <0.0001),
but did not markedly alter the voltage dependence of
activation.

No single methionine point mutation in hSlo1
completely eliminates the functional effects
of oxidation

Treatment with the oxidant Ch-T (2 mM) increased the
current amplitudes from each of the 29 single methionine
point mutants in a voltage-dependent manner. As found
with the wild-type channel (Fig.2A, left), the current
increase was accompanied by a significant leftward shift of
the G-V curve from every mutant for which the analysis
was possible (Fig. 2B, Supplementary Fig. 1A). The M314L
mutant, though exhibiting the large right-shifted control
V.5 value, also responded to Ch-T treatment by shifting
the V5 value to the more negative direction. The mean
shift of V5 caused by Ch-T application (AV,s) in each
mutant was typically —30 to —40mV and we found
no statistically significant difference in AV,s among
the wild-type and mutant channels (Fig.2B; Table1,
P> 0.98). Besides the leftward shift in V5, treatment of
hSlo1 with Ch-T produced a slight decrease in the apparent

RCK2

Figure 1. Schematic representation of the methionine residues within hSlo1

A linear depiction of a single hSlo1 subunit illustrating the seven putative transmembrane-spanning segments
(S0-S6), the pore region (P), and the 30 methionine residues (circles). Critical met residues are shown in bold and
red. The two shaded, large intracellular areas represent RCK1 and RCK2 domains. The S4-S5 linker is included as
suggested by the results of Long et al. (2005). Not drawn to scale.
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Table 1. Steady-state activation properties of the wild-type and single point mutant channels in the virtual absence

of Ca2*. (N.D. not determined)

Channel Pre-Vo s Post-Vg 5 AVos Pre-Qapp Post-Qapp AQapp
(mV) (mV) (mV) (e) (e) (e)
WT 171.9+45 140.6 £ 6.1 —31.3+£3.3 1.094+0.16 0.84 +0.09 —0.25 4+ 0.07
M10L 168.6 + 10 130.3+ 16 —38.3+9.6 1.26 = 0.14 0.96 £+ 0.01 —0.29 +£0.09
M21L 169.6 = 12 134.0 + 8.6 —35.6+7.8 1.16 £ 0.10 0.80 £ 0.07 —0.354+0.07
M30L 176.0 £ 2.9 126.5+9.0 —49.54+9.9 1.114+0.25 0.85 + 0.06 —0.27 +0.09
M94L 181.3 + 11 156.2 + 9.8 —25.14+29 1.07 £ 0.04 0.84 + 0.06 —0.22 £ 0.06
M104L 146.2 £ 6.5 101.9+9.3 —442 4+ 3.2 1.16 £ 0.11 0.86 £ 0.12 —0.304+0.03
M154L 163.3 + 18 126.7 £ 15 —36.5+4.3 1.09 +0.25 0.76 £ 0.06 —0.33+0.07
M282L 189.7 + 3.9 143.0+ 7.6 —46.6 +5.2 1.00 + 0.04 0.86 + 0.05 —0.14 £ 0.07
M285L N.D. N.D. N.D. N.D. N.D. N.D.
M304L 187.5+3.0 1443 +£6.9 —43.2+4.3 0.95 + 0.07 0.80 + 0.07 —0.154+0.03
M314L 2224 +28 179.3+4.3 —43.1+5.0 0.91 +£0.78 0.78 £ 0.03 —-0.13+0.04
M442L 2024+ 4.8 173.4+7.5 —-29.0+54 1.02+0.03 0.90 £+ 0.03 —0.13 +£0.05
M460L 175.5+6.8 134.1 £ 3.1 —41.4+4.3 1.12 4+ 0.07 0.96 + 0.08 —0.16 + 0.08
M506L 157.5+6.8 119.1+7.0 —38.4+6.8 1.15+0.03 0.94 +£0.10 —0.21 +£0.03
M513L 165.8 £9.0 1347 £ 1 —-31.2+44 0.87 £0.05 0.74 £ 0.06 —0.13 +£0.01
M536L 167.3+4.8 138.3+9.5 —-29.0+55 0.91 +£0.09 0.77 £ 0.06 —0.14 4+ 0.05
M565L 174.7 £ 7.1 128.6 + 5.5 —46.0 + 3.2 1.03 £ 0.11 0.77 £0.08 —0.26 £ 0.07
M652L 1741 £4.0 137.9+8.6 —36.2+6.3 1.01 +£0.07 0.76 £ 0.09 —0.25 +0.02
M663L 163.5+4.5 1285+7.0 —36.9+6.8 1.00 +0.03 0.76 +£0.03 —0.24 4+ 0.002
M679L 153.5+7.4 126.4 +5.0 —-27.1+75 1.27 £ 0.19 0.84 +£0.04 —-0.42 +£0.03
M691L 174.0 £ 2.9 143.3+5.5 —31.6+5.5 1.154+0.04 1.08 +0.04 —0.07 +0.01
M712L 170.4 +£ 8.5 126.4 + 15 —44.0 +8.7 1.07 £0.13 0.95 +0.05 -0.12 +0.05
M739L 161.1 +5.6 137.7 £ 9.6 —23.4+55 1.01 +0.09 0.80 + 0.05 —-0.21 £ 0.06
M799L 143.0 £ 3.7 1147 £ 1.6 —-283+23 1.254+0.13 1.124+0.10 —-0.124+0.04
M830L 159.2 £ 13 128.5+ 15 -30.7+24 0.97 +£0.09 0.75 +£0.09 -0.22 +0.03
M851L 1782+ 7.1 139.1+7.7 —-39.1+1.9 1.01 £ 0.13 0.81 £ 0.09 —0.20 £ 0.06
M864L 157.5+6.4 116.0 7.8 —41.54+£8.9 0.85+0.10 0.69 £ 0.11 —0.16 + 0.07
M924L 154.0 £ 12 120.8 + 11 —33.2+3.9 1.384+0.18 0.94 +0.03 —0.43+0.04
M1009L 160.3 + 6.4 112.2 £ 9.1 —48.1 + 3.1 0.97 £0.13 0.80 +0.08 —0.17 £ 0.05
M1053L 167.1 £4.0 138.6 £ 1.1 —28.5+3.7 1.09 4+ 0.08 0.84 £ 0.06 —0.254+0.03

charge movement (Q,p,) determined from the normalized
G-V curve (Fig. 24, left). A similar decrease in Q,p, due
to modification by Ch-T (AQ,p,) was retained in every
mutant analysed (Fig.2C; Table 1) and no statistically
significant difference in the magnitude of AQ,,, among
the channels was observed (P > 0.99).

In addition to maintaining the changes in steady-state
activation primarily reflected in AV,s, the single
methionine point mutants also exhibited the characteristic
slowing of channel deactivation that was displayed by
the wild-type channel following treatment with Ch-T
(Fig. 2A, centre; Supplementary Fig. 1B). The oxidative
modification led to a significant increase in the values of
the time constants of deactivation at each voltage tested,
including the most hyperpolarized potential (—200 mV;
Fig. 2A, right; Supplementary Fig. 1C; Table 2), at which
even the M536L mutant, whose deactivation kinetics
before Ch-T treatment was slower than that of the
wild-type channel, exhibited clear slowing of deactivation
kinetics similar to that of wild-type hSlol (P =0.77).
The fractional increases in the deactivation time constants
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(tcn-1/Tca) of the wild-type and point mutant channels
were statistically indistinguishable (Fig.2D, Table2,
P>0.99).

Therefore, each individual methionine point mutant of
hSlol retained the hallmark increase in open probability
and the slowing of deactivation caused by treatment
with Ch-T. This observation indicated that no single
methionine residue within the channel was solely
responsible for the functional effects of the oxidation.

Contemporaneous mutation of M536, M712
and M739 removes the oxidative sensitivity

None of the individual methionine-to-leucine mutations
eliminated the Ch-T sensitivity in a statistically
significant manner. Furthermore, the mean AV,; and
Tch-1/Tca values from different mutant channels were
statistically indistinguishable. However, we did notice
some statistically non-significant trends with regard to
two methionine residues located within the RCK1 and
RCK2 domains; the degree of tail slowing of the M536L
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absence of Ca2™. (N.D. not determined)

Channel Pre-t (=200 mV) Post-t (—200 mV) At Ratio
(ms) (ms) (ms) (Post-t/Pre-t)

WT 0.093 +0.004 0.144 £+ 0.008 0.051 £+ 0.007 1.55
M10L 0.085 £+ 0.003 0.117 £ 0.006 0.032 +£0.003 1.38
M21L 0.088 + 0.005 0.123 £ 0.016 0.035 +0.017 1.40
M30L 0.104 £+ 0.007 0.142 +£0.022 0.039 +£0.016 1.37
M94L 0.079 £+ 0.003 0.098 £+ 0.009 0.019 £+ 0.009 1.25
M104L 0.096 4+ 0.012 0.139 £+ 0.039 0.043 +0.028 1.44
M154L 0.095 + 0.007 0.147 £ 0.001 0.052 £+ 0.007 1.55
M282L 0.081 £+ 0.003 0.127 £ 0.007 0.046 £+ 0.005 1.57
M285L N.D. N.D. N.D. N.D.
M304L 0.095 £+ 0.003 0.125 £ 0.007 0.030 £+ 0.006 1.31

M314L 0.072 +0.002 0.088 £+ 0.005 0.016 £+ 0.004 1.22
M442L 0.082 + 0.006 0.102 £ 0.011 0.021 £ 0.005 1.25
M460L 0.092 £+ 0.009 0.123 £0.011 0.031 £+ 0.002 1.34
M506L 0.099 +£0.014 0.126 £ 0.002 0.027 £ 0.012 1.27
M513L 0.085 4 0.003 0.122 £+ 0.004 0.038 £ 0.007 1.44
M536L 0.167 £ 0.011 0.206 £+ 0.022 0.038 - 0.014 1.20
M565L 0.086 +0.010 0.133£0.014 0.048 +£0.018 1.56
M652L 0.086 +0.010 0.137 £0.023 0.051 +0.017 1.59
M663L 0.098 + 0.003 0.158 +£0.013 0.060 +0.010 1.61

M679L 0.079 £+ 0.003 0.114 £ 0.008 0.035 £+ 0.004 1.43
M691L 0.089 + 0.006 0.127 £0.012 0.038 £ 0.007 1.43
M712L 0.090 + 0.005 0.135 +0.024 0.045 £+ 0.020 1.50
M739L 0.089 + 0.005 0.114 £ 0.009 0.025 £+ 0.005 1.29
M799L 0.090 + 0.005 0.126 = 0.011 0.036 +0.010 1.40
M830L 0.093 + 0.009 0.135 £ 0.022 0.042 +£0.014 1.46
M851L 0.082 £+ 0.005 0.125 £ 0.017 0.043 £0.014 1.53
M864L 0.093 £ 0.007 0.172 +£0.028 0.072 +0.027 1.85
M924L 0.103 +0.003 0.125 £+ 0.004 0.014 £+ 0.009 1.21

M1009L 0.100 £+ 0.009 0.147 £ 0.016 0.047 £+ 0.009 1.47
M1053L 0.087 4 0.009 0.114 £+ 0.009 0.027 +0.016 1.31

mutant and the mean AV,s; of the M739L mutant
appeared smaller than those for the wild-type channel.
Nevertheless, a channel containing both the M536L and
M739L mutations retained Ch-T sensitivity statistically
similar to that of wild-type hSlol (Fig. 4A; P =0.99). To
test whether the additional mutation of a third methionine
residue located within close proximity to M739 based on
the linear sequence was necessary to prevent the shift in
Vo.5 following treatment with Ch-T, a triple mutant with
the mutations M536L, M712L and M739L spanning the
RCK domains was created.

The steady-state activation and kinetic properties of the
M536L-M712L-M739L mutant, referred to as Triple Met
hereafter, were similar to those of the wild-type channel
prior to oxidant treatment (Fig. 3). However, in striking
contrast with the large increase in current amplitude
exhibited by wild-type hSlol following application of
Ch-T, Triple Met demonstrated no change in current
amplitude after the modification as shown in Fig. 3A.
The currents recorded from the Triple Met channel at
other voltages were also unaltered by Ch-T (Fig.3B).

Furthermore, Triple Met displayed no significant leftward
shift of Vs following the oxidant treatment (Fig.3C).
The insensitivity of the mutant V5 to Ch-T pooled
from multiple experiments is further illustrated in Fig. 3D.
Whereas the wild-type channels exhibited a mean AV s
value of —30 mV, the Triple Met mean AV s value was
—2.4+1.3mV (n=8); modification by Ch-T failed to
cause a statistically significant difference in V5 of the
mutant channel (Fig. 3D, left; Table 3, P = 0.1). Unlike the
decrease in the steepness of the G-V slope exhibited by
wild-type hSlo1 following application of Ch-T, oxidation
did not significantly alter the Triple Met mean Q,,,, value
(Fig. 3D, right; AQu, =—0.1740.09; P> 0.1). Even
when the duration of the treatment with Ch-T (2 mm)
was increased to 15 min, nearly twice as long than usual,
no change in the peak current amplitude or deactivation
kinetics was observed (data not shown).

Slowing of channel deactivation at extreme negative
voltages where the closing rate constants dominate and the
channel activation is negligible is another characteristic
feature of Ch-T modification of wild-type hSlol. Triple

© 2006 The Authors. Journal compilation © 2006 The Physiological Society
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Figure 2. Individual mutation of single methionine residues within hSlo1 does not remove the functional
sensitivity to oxidation by Ch-T

A, left: representative wild-type hSlo1 G-V curve before (0) and after (®) modification by 2 mm Ch-T. The
macroscopic currents were elicited by pulses to different test voltages from the holding voltage of 0 mV. Centre:
scaled tail currents recorded at —200 mV after pulses to 180 mV before (thin sweep) and after (thick sweep)
Ch-T modification. Right: voltage dependence of the deactivation time constants for wild-type hSlo1 before
(0) and after (®) application of Ch-T. B, mean AVqs and C, AQapp caused by treatment with Ch-T from the
single point-mutant channels compared with those of wild-type hSlo1. See Table 1 for mean % s.e.M. values.
See Supplementary Fig. 1A for single point-mutant G-V curves and results regarding the M285L mutant. D,
relative increase in the time constant due to treatment with Ch-T measured at —200 mV for the single point-mutant
channels compared with that of wild-type hSlo1. See Table 2 for mean + s.e.m. values; n = 3. See Supplementary
Fig. 1B for single point-mutant scaled tail currents and Supplementary Fig. 1C for the voltage dependence of the
deactivation time constants of the single point-mutant channels.
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Met demonstrated no significant slowing of deactivation
at any of the voltages examined (Fig. 3E-G, Table 4). In
addition, the voltage dependence of the tail time constant
for both wild-type hSlol and the Triple Met mutant did
not change following treatment with Ch-T (Fig. 3G).
While Ch-T preferentially oxidizes methionine residues
in many proteins, it could also induce cysteine oxidation
(Vogt, 1995). Previous results using a systematic removal
of cysteine residues demonstrated that cysteine oxidation
does not underlie the functional changes caused by Ch-T
in wild-type hSlol (Tang et al. 2001). This is further
corroborated by the observation here that the Ch-T
sensitivity is not discernable in Triple Met, which contains
only methionine mutations. However, any underlying
sensitivity of the Triple Met mutant might have been
masked or counteracted by the effect of cysteine oxidation,
which generally decreases the open probability of Slol
(Dichiara & Reinhart, 1997; Soto et al. 2002; Tang et al.
2004). To rule against this possibility, DTT, a reducing
agent capable of reducing oxidized cysteine, was applied
to the Triple Met channel following oxidation with Ch-T
(Fig.3C). The mean Vs value after DTT treatment
(159.6 £5.9mV, n=3) was not significantly different
from those values before or after Ch-T modification
(161.1 £4.8 and 158.7 £ 4.3 mV, respectively; P=0.9).
The reducing agent DTT also failed to alter the Triple
Met deactivation kinetics (Fig.3G; P=0.5). The lack
of any DTT effect generally favours the idea that
cysteine oxidation played no major role. Taken together
with the finding here that the Ch-T sensitivity is not
observed in Triple Met, Ch-T appears to be indeed a

Figure 3. Concurrent mutation of M536, M712 and M739 in
hSlo1 eliminates the functional effects of methionine oxidation
A, representative wild-type hSlo1 (top) and Triple Met mutant (bottom)
currents before (thin sweep) and after (thick sweep) Ch-T treatment.
The currents were elicited in response to pulses from 0 to 120 mV, a
voltage at which the channel open probability is not saturated. Dotted
lines represent the zero current level. B, relative changes in current
amplitude caused by Ch-T as a function of voltage for wild-type hSlo1
(o) and Triple Met (m). C, wild-type hSlo1 (circles, left) and Triple Met
(squares, right) G-V curves before (open symbols) and after (filled
symbols) modification by Ch-T and DTT (triangles). See Table 3 for
mean =+ s.e.M. values; n = 8. D, box-plots summarizing the changes in
Vo5 (left) and Qapp (right) induced by Ch-T in wild-type hSlo1 and the
Triple Met mutant. The shaded region represents the 95% confidence
interval of the median. A negative Qapp value denotes a decrease in
the steepness of the G-V curve. E, wild-type hSlo1 (top) and Triple
Met (bottom) scaled tail currents recorded at —200 mV after pulses to
180 mV before (thin sweep) and after (thick sweep) Ch-T application.
F, relative changes in the value of the wild-type hSlo1 (0) and Triple
Met (m) deactivation time constants due to treatment with Ch-T as a
function of voltage. G, voltage dependence of the deactivation time
constant for wild-type hSlo1 (circles) and the Triple Met mutant
(squares) before (open symbols) and after (filled symbols) modification
by Ch-T and DTT (triangles). See Table 4 for mean = s.e.m. values;
n=38.
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Table 3. Steady-state activation properties of the wild-type, multiple M-to-L, and M-to-E mutant channels in the virtual absence

of Ca?t
Channel Pre-Vy s Post-Vq 5 AVos Pre-Qapp Post-Qapp AQapp
(mV) (mV) (mV) (e) (e) (e)
WT 171.9+45 140.6 £+ 6.1 —-31.3+3.3 1.14+0.16 0.84 +0.09 —0.25 4+ 0.07
Triple Met 161.1+4.8 158.7 +4.3 —-24+13 1.1 +£0.07 0.90 £+ 0.06 —-0.17 £0.09
M536L-M712L 177.9 £ 5.6 144.0 £ 8.8 —-33.94+3.3 0.7 £0.05 0.61 £ 0.02 —0.07 £0.07
M536L-M739L 166.5 + 6.6 141.8+5.4 —-24.84+2.7 1.14+£0.01 0.97 £+ 0.01 —0.11 4+ 0.003
M712L-M739L 1715+ 6.0 131.8+4.4 —-39.8+79 1.0+ 0.15 0.90 +0.09 —-0.15+0.10
M460L-M712L-M739L 164.0 £ 2.8 125.3 £ 3.1 —38.6+25 1.240.10 0.97 £0.12 —0.28 £ 0.17
M652L-M712L-M739L 123.8+4.9 90.18 + 3.3 —-33.6+6.9 1.340.04 1.03 +0.05 —0.28 4+ 0.005
M712L-M739L-M851L 152.7 + 3.4 121.6 4.4 -31.1+1.1 1.2+ 0.11 1.01 £ 0.11 —0.22 £0.029
M563E 226.7 +4.4 194.1+7.8 —32.7+5.3 0.940.02 0.77 £ 0.08 —0.16 + 0.059
M712E 140.7 £ 4.0 128.2 +£5.0 —-1254+2.8 1.2+0.11 0.91 +£0.09 —0.27 £ 0.058
M739E 109.6 + 2.6 99.73 £ 3.1 -9.84+23 1.3+0.03 0.95 + 0.06 —0.35+0.04

Table 4. Deactivation kinetics of the wild-type, multiple M-to-L, and M-to-E mutant channels in the virtual

absence of Ca?™

Channel Pre-t (—200 mV) Post-t (—200 mV) Delta Ratio
(ms) (ms) (ms) (Post-t/Pre-t)
WT 0.093 + 0.004 0.144 + 0.008 0.051 4+ 0.007 1.55
Triple Met 0.144 +0.012 0.129 4+ 0.009 —0.015 4+ 0.011 0.90
M536L-M712L 0.164 4+ 0.011 0.243 +0.016 0.079 +0.010 1.48
M536L-M739L 0.115 £+ 0.009 0.141 £ 0.012 0.018 +0.022 1.23
M712L-M739L 0.100 £+ 0.011 0.131 +£0.011 0.031 +0.019 1.31
M460L-M712L-M739L 0.105 +0.016 0.156 4+ 0.022 0.042 £+ 0.001 1.49
M652L-M712L-M739L 0.121 £ 0.005 0.163 +£0.017 0.042 +£0.016 1.35
M712L-M739L-M851L 0.097 4+ 0.002 0.121 4+ 0.002 0.024 4 0.002 1.25
M563E 0.086 + 0.005 0.110 4+ 0.005 0.025 4+ 0.004 1.27
M712E 0.098 + 0.001 0.111 +£0.008 0.013 +£0.008 1.14
M739E 0.120 4+ 0.004 0.139 4+ 0.004 0.019 4 0.003 1.16

methionine-specific modifying reagent with regard to the
functional effects of hSlo1 oxidation.

Double mutations involving M536, M712 and M739
fail to eliminate the oxidative sensitivity

Individual methionine-to-leucine mutations did not
remove the sensitivity of the channels to treatment with
Ch-T, but the triple mutation M536L-M712L-M739L
effectively abolished the functional effects due to
modification by the oxidant. Thus, we examined whether
double mutations encompassing combinations of these
key methionine residues retained any Ch-T sensitivity. All
channels containing mutations at only two of the three
key methionine sites (M536L-M712L, M536L-M739L
and M7121L-M739L) maintained the leftward shift of
the G-V curve and the slowing of deactivation kinetics
after treatment with Ch-T in a manner statistically
indistinguishable from that of wild-type hSlol (Fig. 4A,
Tables 3 and 4, P> 0.9). In addition, the modification
time courses of the single- and double-mutant channels
did not appreciably differ from that of wild-type hSlo1l

© 2006 The Authors. Journal compilation © 2006 The Physiological Society

(data not shown). Therefore, the requirement of the triple
mutation to abolish the functional effects of modification
by Ch-T suggests that the oxidation of one of these three
residues must be sufficient to confer the observed oxidative
sensitivity.

Other triple mutations do not remove
the oxidative sensitivity

The results presented above did not exclude the possibility
that other triple methionine-to-leucine mutations within
hSlol could also disrupt the oxidative sensitivity. A
systematic examination of all other triple mutants covering
the 29 methionine residues (i.e. 3653 combinations)
to completely exclude this possibility was clearly
impractical. Thus, we used a more focused and selected
approach to ensure the specificity/uniqueness of the triple
mutation M536L-M712L-M739L. Other methionine
residues located near the identified critical locations
(M460, M652, M851) were selected and triple mutants
involving these nearby residues (M460L-M712L-M739L,
M6521L-M7121-M739L and M712L-M739L-M851L)
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were examined for Ch-T sensitivity. Each of these other
triple mutants also exhibited a robust increase in the
channel open probability and slowing of deactivation
kinetics that were statistically indistinguishable from those
of the wild-type channel (Fig. 4B, Tables 3and 4, P > 0.9).
Therefore, even a seemingly small variation in the triple
mutation sequence reinstates the channel’s sensitivity to
oxidation, affirming the specificity of the sequence set
M536-M712-M739.

The presence of 31 does not restore wild-type-like
Ch-T sensitivity to the Triple Met mutant channel

Whereas the triple mutation M536L-M712L-M739L
abolishes the functional outcomes of methionine
oxidation within hSlol, the typical effects caused by
Ch-T treatment of the wild-type channel are noticeably
enhanced by the presence of the auxiliary 81 subunit; the
mean AV, s is about twice as large (—75mV) and the
slowing of the channel deactivation is much more dramatic
(Santarelli et al. 2004). Since the introduction of A1
reinstates Ca*" sensitivity to an otherwise Ca’"-insensitive
mutant Slol channel (Qian & Magleby, 2003), we
asked whether coexpression with 81 could restore this
remarkably large oxidation-induced shift of V5 and
slowing of the deactivation kinetics in the Triple Met
channel, which is essentially Ch-T insensitive when
expressed alone.

The slower activation and deactivation exhibited by
Triple Met+ 81 confirmed the functional presence of
the auxiliary subunit in the channel complex (Fig.5A).
However, the Triple Met+ 81 channel complex did
not display the striking enhancement of the functional
effects of Ch-T treatment typically observed with the
wild-type hSlo1 + 81 complex. The mean AV, s value
for Triple Met 4 81 (—22 £ 3.4 mV, n=15) was 70% less
than that of WT + 81 (—75%3.5mV; Fig.5B), with
certain experiments producing AV,s values closer to
—10mV for Triple Met + B1. In addition, the channel
complex consisting of the Triple Met o subunit and

Figure 4. As compared with M536L-M712L-M739L, other
combinations of methionine mutations do not remove Ch-T
sensitivity

A, left: double methionine mutant G-V curves before (open symbols)
and after (filled symbols) treatment with Ch-T. See Table 3 for

mean =+ s.e.M. values; n = 3. Right: scaled tail currents recorded at
—200 mV after pulses to 180 mV before (thin sweep) and after (thick
sweep) Ch-T application. See Table 4 for mean =+ s.t.m. values. B, left:
alternative combinations of triple methionine mutant G-V curves
before (open symbols) and after (filled symbols) treatment with Ch-T.
See Table 3 for mean =+ s.e.m. values; n = 3. Right: scaled tail currents
recorded at —200 mV after pulses to 180 mV before (thin sweep) and
after (thick sweep) Ch-T application. See Table 4 for mean =+ s.e.m.
values.
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Figure 5. Coexpression of 31 with the Triple Met mutant does
not restore wild-type hSlo1 + 31-like Ch-T sensitivity

A, representative wild-type hSlo1 + 81 (top), Triple Met mutant + 81
(middle), and Triple Met mutant + Triple mutant 81 currents (bottom)
before (thin sweep) and after (thick sweep) Ch-T treatment. The
activation currents were elicited in response to pulses from 0 to

110 mV and the dotted lines represent the zero current level. The
Triple mutant g1 contains methionine-to-leucine mutations at M7,
located at the intracellular amino terminus, and M23 and M177,
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a mutant 81 (Triple B1), in which three methionine
residues (M7, M23 and M177) have been concurrently
mutated to leucine essentially rendering it Ch-T insensitive
(Santarelli et al. 2004), exhibited Ch-T sensitivity similar
to that of Triple Met + wild-type 81 (P =0.12), thereby
excluding any possible effects from oxidation within 81.
Furthermore, Triple Met plus either the wild-type or Triple
B1 exhibited no significant slowing of channel deactivation
following treatment with Ch-T (Fig. 5C; P=10.4 and 0.8,
respectively). Therefore, the presence of A1 is not capable
of returning wild-type hSlo1 + B1-like Ch-T sensitivity to
the Ch-T-insensitive Triple Met channel, suggesting the
critical role of the amino acids M536, M712 and M739 in
mediating the oxidant sensitivity.

Hydrophilic substitution at M712 or M739 mimics
the oxidized channel

Changes in protein function caused by methionine
oxidation have been attributed to the drastic change in
the physical characteristic of the side chain from flexible
and hydrophobic in nature for methionine to stiff and
polar/hydrophilic for methionine sulfoxide (met-O). Such
changes disrupt the non-polar milieu normally provided
by methionine. For example, oxidation of a methionine
residue in the distal N-terminal segment of the ball domain
in a Shaker potassium channel mimics the introduction
of a charged amino acid into the otherwise non-polar
area and drastically slows the inactivation time course
(Ciorba et al. 1997). Thus, we hypothesized that oxidation
of any one of the three identified critical methionine
residues shifts the Vs and slows the deactivation in part
by inserting a polar element into a normally hydrophobic
local environment. In its simplest form, this idea predicts
that introduction of a charged amino acid at any of
the three key sites should mimic the effects of Ch-T,
such that the control V5 value should be left-shifted and

located within the transmembrane-spanning segments. B, G-V curves
before and after modification by Ch-T. The wild-type hSlo1 + 81 (top)
mean Vg s values for the results obtained before (0) and after (@)
Ch-T application were 163.8 + 3.8 and 89.2 + 4.1 mV (AV 5 range
—50 to —99 mV), respectively. The Triple Met mutant + 81 (middle)
mean Vg s values for the results obtained before (00) and after (m) Ch-T
application were 119.7 £ 7.4 and 96.8 £ 9.9 mV (AVq 5 range —10
to —33 mV), respectively. The Triple Met mutant + Triple mutant g1
(bottom) mean Vg5 values for the results obtained before (A) and
after (A) Ch-T application were 116.8 £ 4.9 and 88.5 £ 4.5 mV
(AVo5 range —23 to —33 mV), respectively; (n = 5). C, top:
representative wild-type hSlo1 + g1 (left), Triple Met mutant + 81
(middle), and Triple Met mutant + Triple mutant A1 (right) scaled tail
currents recorded at —200 mV after pulses to 180 mV before (thin
sweep) and after (thick sweep) Ch-T treatment. Bottom: voltage
dependence of the deactivation time constant for wild-type

hSlo1 + B1 (circles), Triple Met mutant + 81 (squares), and Triple Met
mutant + Triple mutant 81 (triangles) before (open symbols) and after
(filled symbols) Ch-T treatment.
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the deactivation kinetics should be slower, and that these
parameters should be insensitive to Ch-T treatment.

The prediction was tested with the hSlol mutants
M536E, M712E and M?739E, in which a negatively
charged glutamate was introduced at the respective
methionine position. Consistent with the supposition,
the control Vs values for the M712E and M739E
mutants prior to any oxidant application were shifted to
more hyperpolarized voltages (Table 3; 140.7 & 4.0 and
109.6 £ 2.6 mV, respectively; n=5) compared with that
of wild-type hSlol (~170 mV), practically functioning
as if they had been already oxidized by Ch-T. Moreover,
treatment with Ch-T did not appreciably shift the G-V
curve (Fig. 6A) or slow the deactivation kinetics (Fig. 6B
and C) in the mutants M712E or M739E (Tables3
and 4). In contrast, the M536E mutant maintained the
characteristic increase in open probability and slowed
deactivation following application of Ch-T, indicating
that the hydrophilic property of met-O at this position
does not account for the functional changes. Taken
together, these results suggest that disruption of the
hydrophobic environment surrounding M712 or M739
may account for the ability of met-O at those locations
to cause the functional effects of oxidation, whereas
oxidative modification of M536 may ultimately lead to

J Physiol 571.2

structural changes within the channel by a different
mechanism.

Ch-T effects disappear with increasing [Ca?™"];

To assess how methionine oxidation alters the
Ca**-dependent gating of hSlol, we examined the
Ch-T sensitivity in a broad range of [Ca’*"];, including
5um and 120 um. The former concentration is within
the range of the Kp values of the mSlol Ca*" binding
sites, which vary depending on the states of the intrinsic
gate and the voltage sensors (Horrigan & Aldrich,
2002). At the latter concentration, the high-affinity Ca**
sites are probably saturated (Cox et al. 1997; Zhang
et al. 2001; Zeng et al. 2005). The G-V curves at these
[Ca*"]; levels and the resulting Ca®* dependence of
Vo5, which is an approximate measure of the overall
Ca’t dependence, before and after treatment with Ch-T
are shown in Fig. 7B. The wild-type hSlol Ch-T effects
were conspicuous at 0 and 200 nm [Ca**];, but absent at
both 5 um and 120 um (Fig. 7A). The Triple Met mutant
retained Ca’"-dependent activation indistinguishable
from that of the wild-type channel, such that 120 um
[Ca*"]; also represented a saturating concentration for
this mutant channel with 200 um [Ca*"]; failing to
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Figure 6. Substitution of M712 or M739 with glutamate mimics oxidation

A, representative M536E (left), M712E (middle), and M739E (right) G-V curves before (open symbols) and after
(filled symbols) treatment with Ch-T. See Table 3 for mean =+ s.t.m. values; n = 5. B, M536E (left), M712E (middle),
and M739E (right) scaled tail currents recorded at —200 mV after pulses to 180 mV before (thin sweep) and after
(thick sweep) Ch-T modification. C, voltage dependence of the deactivation time constant for M536E (diamonds),
M712E (squares), and M739E (triangles) before (open symbols) and after (filled symbols) application of Ch-T. See

Table 4 for mean = s.e.Mm. values.
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produce a greater effect on open probability (Fig.7C).
Furthermore, unlike the wild-type hSlo1 results, oxidative
modification did not shift the V5 of Triple Met to
more hyperpolarized voltages at any of the [Ca®'];
concentrations (Fig.7D). Small decreases in the open
probability of both the wild-type and mutant channels
at 5um and 120 um [Ca’*]; following treatment with
Ch-T were readily reversed by the reducing agent DTT,
suggesting that cysteine oxidation may have contributed
to the observations at these high [Ca®*]; values (Tang et al.
2004).

Simulation of the Ch-T effect on hSlo1 G-V curves

Gating of the Slol channel, which involves allosteric
interactions among its intrinsic gate, voltage sensors and
divalent cation binding sites, is well approximated by the
HA model (Fig. 8Aii) (Horrigan & Aldrich, 2002), which
incorporates Ca*" into the earlier HCA model (Fig. 8Ai)
(Horrigan et al. 1999). These biophysical models provide
a framework to examine the effects of Ca’"t binding

Figure 7. The effect of Ch-T on channel open probability
depends on [Ca?']

A, representative wild-type hSlo1 (top) and Triple Met mutant (bottom)
currents before (thin sweep) and after (thick sweep) Ch-T treatment.
The zero, 200 nm, 5 um, and 120 um [CaZt]; currents were elicited in
response to pulses from 0 to 120 mV, 0 to 100 mV, —80 to 20 mV, and
—130 to —20 mV, respectively. Grey sweeps denote currents in 5 um
[CaZ*]; post-DTT treatment. Dotted lines represent the zero current
level. B, representative wild-type hSlo1 G-V curves before (0) and
after (®) modification by Ch-T. Currents were first elicited by pulsing to
different test potentials in the virtual absence of Ca2*. This recording
protocol was repeated after bath application of 200 nm, 5 um, or

120 M Ca%t. Tail currents in zero, 200 nm, 5 um, and 120 um [CaZt];
were measured at —50, —50, —80, and —120 mV, respectively.
Following a return to zero Ca?* for treatment with 2 mm Ch-T,

the recording protocols were again repeated in zero and then the
appropriate [Ca*];. The zero, 200 nm, 5 um and 120 um [Ca2*]; mean
V.5 values for the results obtained before and after Ch-T application
were 150.8 2.8 and 119.6 4.4 mV (AVps5 = —31.2 mV),
13554+£3.8and 111.7+£2.9mV (AVys=-23.8mV), 21.8 +3.9
and 35.3 4+ 2.6 mV (AVps = 13.5mV), and —36.9 & 15 and

—2.64+ 11 mV (AVgs = 24.3 mV), respectively. The 5 um [Ca?t];
mean V5 value obtained after DTT (dotted squares) application was
32.3+£2.8mV (AVps = 10.5mV). C, representative Triple Met
mutant G-V curves before (0) and after (®) treatment with Ch-T. The
recording protocol was identical to that in B. The 0, 200 nm, 5 uM and
120 M [Ca2™]; mean Vo s values for the results obtained before and
after Ch-T application were 155.2 + 4.7 and 151.7 £ 4.5 mV

(AVps =-3.5mV), 150.3 +8.4and 1482+ 7.8 mV (AVys5 =
—-2.1mV),31.04+£59and 56.7 &£ 7.1 mV (AVp5 = 25.7 mV), and
—15.6+4.0and 1.6 = 1.1 mV (AVy 5 = 17.2 mV), respectively. The

5 uM [Ca%t]; mean Vg 5 value obtained after DTT (dotted squares)
application was 40.4 + 7.9 mV (AVq5 = 9.4 mV). The 200 um [Ca2];
control mean V5 value (open sideways triangles) was

—17.1 £ 2.1 mV. D, wild-type hSlo1 (left) and Triple Met (right) Vo5
values before (0) and after (®) treatment with Ch-T at different
concentrations of [Ca2*];. The symbols for Triple Met in the control
condition may be located directly under those of the Ch-T condition.
The error bars in some cases are smaller than the symbol size (n = 3).
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Figure 8. Simulation of the Ch-T effect on hSlo1 function at various [Ca2*] using the HA model

A, the model parameters adjusted to account for the changes in hSlo1 function at ~0, 200 nm, 5 uM and
120 um [Ca?t]; caused by treatment with Ch-T. The HCA model used to analyse low Ca?* data is shown
using equilibrium constants (i) and the HA model, an extension of the HCA model incorporating Ca%*-binding
events, is depicted below (ii). The HA diagram includes three allosteric components: the intrinsic pore opening
and closing (top), four voltage sensors (bottom left) and four Ca?* binding segments (bottom right). The pore
is either closed (C) or open (0), each voltage sensor is at rest (R) or activated (A), and each Ca?* binding
site is empty (X) or occupied by Ca?t (XeCa2*). The allosteric interaction factors D, C and E specify the
extent of interactions among the three allosteric components. The HCA model (i, top), a subset of the HA
model, does not consider Ca?* binding and the equilibrium constants J and L and the allosteric interaction
factor D are as in the HA model. The equilibrium constant Lo represents L at 0 mV. B, representative channel
openings from a single patch in 0 [Ca?t], at —150 mV in the control condition (top) and after modification
by Ch-T (bottom). Downward deflections represent opening transitions. The mean open probability before and
after Ch-T was 0.0018 + 0.0006 and 0.0083 =4 0.004, respectively (n =5). The mean open duration before
and after oxidation was 0.066 + 0.007 and 0.083 4 0.002 ms, respectively. C, simulated G-V curves before
(dashed lines) and after (thick lines) application of Ch-T superimposed upon experimental G-V curves before
(0) and after (®) oxidation. The data presented in the 5 um [Ca2*]; post-Ch-T condition corresponds to
treatment after both Ch-T and DTT to remove the unwanted influence of cysteine oxidation at high [CaZt];.
Simulated curves representing the control condition were generated with parameter values similar to those of
the HA model except for the following changes which better described the data: D = 11 (from 11.6) and C = 10

LT
NWWW 1.2 ms i
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and other modulatory influences on the gating process
(Tang et al. 2001; Santarelli et al. 2004; Horrigan et al.
2005). While many states are formally present in the HA
model, estimation of the parameter values in the model
is facilitated by measurements taken at extreme voltages
and/or Ca’* levels to functionally isolate subsets of the
gating behaviour. For example, the intrinsic gating of
the channel pore without any influence from the voltage
sensors or Ca’" binding sites, denoted as the equilibrium
constant Ly in the HCA and HA models, may be inferred
from the single-channel measurements at very negative
voltages (—150 mV) without Ca** (Fig. 8B). Under such
conditions, we found that treatment with Ch-T increased
the open probability by ~4-fold and increased the mean
open duration by ~25% (n=>5).

Tang et al. (2001) simulated the leftward shift of the
G-V curve following treatment with Ch-T in low [Ca**];
by increasing the highly voltage-dependent equilibrium
constant J. We implemented a similar increase in J, along
with the increase in Ly and a 30% decrease in the parameter
D, which describes the allosteric interaction between the
voltage sensors and the pore, to account for the G-V slope
change (A Q,y,) following oxidation, which is statistically
absent from that of the Triple Met mutant. However, these
three changes were not sufficient to reproduce the effect
of oxidation by Ch-T over a wide range of voltages and
[Ca**"]; because such changes predict that the leftward
shift of G-V persists even at saturating levels of Ca**
(e.g. > 100 um; see Fig. 7). The Ca*t dependence of the
Ch-T effect was simulated by decreasing the value of the
parameter C, which describes the allosteric interaction
between Ca’" binding and opening of the pore, by 50%.
This change in C in conjunction with the experimentally
measured increase in L, (Fig. 8B) and the changes in J
and D (Fig. 8A) successfully simulate the Ch-T-induced
changes in G-V over the entire range of [Ca*"];, from 0 to
120 uwMm (Fig. 8C).

The decrease in the allosteric factor C implemented
in our simulation was experimentally corroborated in
the following manner. According to the HA model, the
Slo1 channel activity at extreme negative voltages in the
presence of saturating [Ca”"]; is described by Ly*C* as the
model assumes four subunits. If the value of C decreases,
as suggested by our simulation, the channel activity should
decrease following treatment with Ch-T. Consistent with
this prediction, the open probability of the wild-type hSlo1
channel at —160 mV and 120 um [Ca?*]; did markedly
decrease by ~2-fold following treatment with Ch-T, as
exemplified by the single-channel measurements shown
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in Fig. 8D. We do note, however, that the decrease in open
probability observed is generally smaller than predicted by
the simulation results.

Discussion

M536, M712 and M739 specifically confer oxidative
sensitivity to hSlo1

Methionine oxidation within hSlol consistently leads
to a marked increase in the channel open probability
and slowing of deactivation within the physiologically
relevant voltage range in isolated membrane patches at
low [Ca’"]; (Tang et al. 2001; Santarelli et al. 2004).
Here, we demonstrate that these functional effects of
methionine oxidation are mediated by M536, M712
and M739 located in the cytoplasmic RCK1-RCK2
domains. Contemporaneous mutation of these three
specific methionine residues to leucine eliminates the
hallmark leftward shift of the G-V curve and the slowing
of deactivation caused by the oxidant Ch-T. Neither
conservative mutation of single methionine residues
throughout hSlo1 nor mutations of any two of these three
key methionine residues abolishes or even reduces the
functional sensitivity to the oxidant. Furthermore,
this set of three residues is unique in that channels
comprised of different assortments of three closely related
methionine-to-leucine mutations maintain the typical
oxidative sensitivity; however, the effectiveness of a
vastly different, alternative mutation combination, though
unlikely, cannot be formally excluded.

The concurrent mutation of M536, M712 and M739 to
leucine is required to eliminate the oxidative sensitivity
because the modification of only one of these key
methionine residues is sufficient to generate the functional
effects following oxidation by Ch-T. Hence, our results
under these conditions do not readily support an additive
type of oxidative sensitivity, whereby each of the three
methionine residues contributes a small fixed portion
of the Ch-T sensitivity to the channel so that only
when all three are oxidized is the sensitivity detectable.
Indeed, the oxidative sensitivities of the single and double
methionine mutants are not significantly less than that
of the wild-type channel. Furthermore, the idea that the
triple methionine-to-leucine mutation hinders the access
of Ch-T to the true single-methionine target elsewhere
can be rejected because none of the single methionine
point mutants demonstrated a loss in Ch-T sensitivity.
The ability of any one of the three critical methionine

(from 8). Simulated curves representing the Ch-T condition were produced from the model following the alterations
shown in A. D, representative channel openings from a single patch in 120 um [Ca%*]; at —160 mV in the control
condition (left) and after modification by Ch-T (right). Downward deflections represent opening transitions. The
individual sweep duration was shorter than that exhibited in Bin order to maintain patch stability with high [Ca%*];.
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residues to cause the functional changes observed
predicts that the oxidative modification kinetics of the
single- and double-mutant channels be slower than that
of the wild-type hSlo1 channel because the mutants have
fewer targets. However, our results failed to reveal any
measurable difference in the modification kinetics among
the mutant and wild-type channels.

The results presented here demonstrate that the
sensitivity to methionine oxidation is conferred by
the presence of at least one of the three critical methionine
residues in Slol. Since four Slol subunits form one
functional complex (Shen ef al. 1994), each Slo1 channel
in turn contains 12 potential target methionine residues.
How the targets in the four subunits interact to cause the
observed electrophysiological consequences remains to be
investigated.

(31 does not fully recover the functional effects
of oxidation lost to mutation

Expression of auxiliary subunits with mutant ion channels
is often utilized as a tool to better understand the effects
of a mutation and to determine whether a functional
alteration by the mutation can be rescued (Nuss et al. 1996;
Qian & Magleby, 2003; Hatano et al. 2004). For instance,
near-normal Ca’" sensitivity is restored in an otherwise
Ca*"-insensitive Slol channel by coexpression with 1
(Qian & Magleby, 2003). However, our results show that
B1 does not restore the characteristic Ch-T sensitivity
observed in the wild-type Slo1 + 81 complex (i.e. =75 mV
shift in V{5 and substantial slowing of deactivation) to
the Triple Met mutant that is functionally insensitive to
methionine oxidation. Although the Triple Met + 1 does
not show any slowing of deactivation following treatment
with Ch-T, the cause of the small residual shift in V5
observed is unknown. Perhaps an additional, albeit less
effective, oxidation target site within the pore-forming
portion of the channel complex may become exposed for
modification and/or only influence the open probability,
but not deactivation, within the presence of 1.

HA model-based interpretations

Tang et al. (2001) simulated hSlol currents recorded in
the absence of [Ca?*]; before and after oxidation with
Ch-T using the HCA model (Horrigan et al. 1999). The
HCA model equilibrium constant J, pertaining to the
steeply voltage-dependent transitions that most probably
reflect the voltage-sensor movements, was increased by
approximately 2-fold to account for the leftward shift in
G-V. Whereas that strategy required a change in only one
model parameter to account for most of the observed
change in Vi in the absence of [Ca*"];, the results
presented in this study clearly show that the change in
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J must be accompanied by alterations in additional model
parameters to adequately describe the functional effects
of methionine oxidation over wide ranges of voltage and
[Ca*t];.

The Slo1 channel behaviour in the presence of [Ca®"];
is successfully described by the HA model (Horrigan
& Aldrich, 2002), which builds on the HCA model by
incorporating Ca’>" binding as an additional allosteric
dimension (see also Rothberg & Magleby, 2000). Using
the HA model, we have demonstrated here that changes in
three other parameters, in addition to J, more accurately
simulate the functional effects of methionine oxidation in
hSlol. At —150 mV in the virtual absence [Ca®**];, where
the voltage-sensor and Ca’"-mediated activation of the
channel is negligible, methionine oxidation significantly
enhances the open probability, which in turn suggests that
oxidation alters the equilibrium constant L, that describes
the intrinsic pore gate behaviour. However, changes in L,
and J do not satisfactorily reproduce the observed decrease
in the steepness of the G-V slope or the lack of a leftward
shift of the G-V curve in high [Ca?*];. Indeed, decreases in
the values of the allosteric factors D and C, along with the
alterations in J and Ly, successfully simulate the functional
outcomes of methionine oxidation in hSlo1 (Fig. 8).

The way in which oxidation of M536, M712 or M739
in the cytoplasmic RCK domains affects channel function
may be similar to the mechanism that has been proposed to
explain how Ca** binding affects the shape of the gating
ring to promote opening of the Slo channel (Jiang et al.
2002; Niu et al. 2004). Both processes increase the open
probability of the channel; however, the effects of Ca**
binding and methionine oxidation on the open probability
are additive only at low to moderate [Ca®t];. At high
[Ca**];, the increase in the open probability following
oxidation is no longer present. This Ca*" dependence
is accounted for in our simulations by a decrease in
the strength of allosteric coupling between Ca*" binding
and the movement of the channel gate reflected in the
allosteric coupling factor C in the HA model. Thus, our
simulations suggest that oxidation of M536, M712 or
M739 in hSlol renders the channel less sensitive to Ca®*
(smaller C), which would shift V5 to the more positive
direction in a Ca’'-dependent manner, but that this
inhibitory effect on open probability is counteracted by
the oxidative enhancement of the voltage-sensor-mediated
gating (greater J) and the intrinsic gating (greater Ly).

Horrigan et al. (2005) analysed the action of
intracellular heme on the Slol BK channel using the HA
model and found that heme increases L, and decreases
D and C in the model. The same HA model parameters
are also affected by methionine oxidation within hSlo1
in a similar manner. Thus, as suggested by Horrigan
et al. (2005) to explain the heme action, we postulate
that the L, increase reflects a partial expansion of the
gating-ring complex when the pore gate is closed to favour
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the open state of the channel. The decreases in D and
C probably represent the less-than-normal expansion of
the gating-ring complex when the pore gate is open. How
oxidation of the methionine residues in hSlol increases
] is less certain. If the oxidation alters the interaction
between the voltage sensor and the gating-ring complex to
favour the activated state of the voltage sensor irrespective
of the pore gate status, then the value of the parameter J is
expected to increase.

Physical mechanisms

The physical mechanism by which oxidation of M536,
M712 or M739 in the cytoplasmic domain of hSlol
causes the postulated changes in the behaviour of the
gating-ring complex and the voltage sensors in hSlol
can only be conjectured. Comparison of the amino-acid
sequences of hSlo1 and the bacterial channel MthK whose
crystallographic structure is known (Jiang et al. 2002)
suggests M536 is located within the RCK1 domain near the
flexible interface and closer to the transmembrane domain
(Jiang et al. 2001, 2002), while M712 and M739 may be
located at relatively more distant sites in the probable RCK2
domain. We postulate that the side chains of M712 and
M739 may be situated within close proximity in a relatively
hydrophobic environment in part because introduction
of the hydrophilic amino acid glutamate at either of the
two positions mimics oxidative treatment and essentially
removes oxidant sensitivity. Thus, oxidation of either of
the two residues to met-O, making the side chain much
more polar and comparable to lysine (Black & Mould,
1991), may lead to repulsion between the side chains of the
met-O and nearby non-polar residues or repositioning to
expose the met-O to water, thereby disrupting the normally
hydrophobic milieu. Any resulting structural or energetic
changes due to the oxidation could then be coupled to the
channel’s pore gate.

If the oxidative effects at M712 and M739 do not
directly affect the pore, then a good candidate for coupling
such functional changes in the channel might be M536,
which is probably located on the flexible interface of the
RCK1 domain (Jiang et al. 2001, 2002). The presence of
methionine at position 536 in the RCK1 domain confers
full oxidative sensitivity for the channel, as demonstrated
by the robust Ch-T sensitivity in the double mutant
M712L-M739L. Therefore, we suggest that oxidation of
M536 fully reproduces the changes induced by oxidation of
M712 and M739 to met-O in the RCK2 domain. However,
in contrast to the mechanism proposed for modification
of M712 or M739 that relies on the change from a hydro-
phobic to hydrophilic residue, changes in hydrophobicity
atposition 536 are unlikely to be critical because the M536E
channel retains noticeable oxidant sensitivity. Instead, the
increased rigidity of the met-O side chain as compared
with that of methionine may alter the local structure of
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the flexible interface near M536, ultimately affecting the
position of the pore gate.

In the absence of a high-resolution structure of the
hSlol channel and additional functional information,
alternative models to account for the mechanism of
action of methionine oxidation on Slo1 channel function
are possible. Nevertheless, the concurrent mutation of
M536, M712 and M739 removes the methionine-directed
oxidative sensitivity from hSlol. Although the physical
bases for the roles played by M536 and M712/M739 are
probably different, the functional outcomes due to their
modification are indistinguishable and not additive in
nature.

Physiological implications

The individual ability of not one, but three specific
methionine residues in hSlol, to generate the complete
functional effects of methionine oxidation suggests
substantial evolutionary and adaptive significance. Indeed,
M536, M712 and M739 are well conserved in the fly,
mouse, rat and human Slo1 channels. Any modulation of
the Slo1 channel activity will clearly influence vital physio-
logical processes given its abundant expression in vascular
smooth muscle and brain, and crucial contributions
to smooth muscle tone and neuronal excitability. With
a greater role being assigned to oxidants as signal
transduction messengers and the reversible nature of
methionine oxidation, the Slo1 channel may be a critical
component in oxidation-sensitive signalling cascades.
The obvious increase in open probability and slowed
deactivation following methionine oxidation of the
channel at low [Ca?*]; indicates that oxidation within
hSlol may serve as a protective mechanism by allowing
for a greater degree of potassium efflux, consequently
favouring the resting or inactive state of the cell. This
role would be particularly advantageous at pathological
times of assault by increased levels of reactive oxygen
species, such as those associated with reperfusion following
ischaemia or during neurodegenerative disease, when
heightened cellular activity has been shown to lead to
cell death (Halliwell, 1992; Lipton, 1999; Agar & Durham,
2003). Under such stress conditions, the Ca**-dependent
activation of BK channels may act as a feedback mechanism
to prevent excitotoxicity. In contrast, increased activation
of the channels facilitated by methionine oxidation at low
[Ca**]; where the channels do have a relatively low open
probability under physiological conditions may serve as a
pre-emptive feed-forward mechanism of cell protection.
Furthermore, restriction of the oxidative effects to low
[Ca*"]; may be beneficial. Indeed, an hSlol genetic
mutation that increases open probability in a wide range
of [Ca’t]; by increasing the Ca®t sensitivity by 3- to
5-fold has been shown to underlie inherited, coexisting
generalized epilepsy and paroxysmal dyskinesia (Du et al.
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2005). Therefore, the lack of a further increase in open
probability due to methionine-directed oxidation at high
[Ca*"]; may in fact be vital.

Pharmacologically enhanced opening of BK channels
located within cardiac mitochondria, where reactive
oxygen species are produced, confers a preconditioning
role that significantly reduces infarct size following
ischaemic injury in the heart (Xu et al. 2002; Sato et al.
2005). Similarly, in the brain, modulation of BK channel
activity influences the extent of cell degeneration following
ischaemia, with blockade of the channels exacerbating the
detrimental effects of the glutamate toxicity (Runden-Pran
et al. 2002). In addition, oxidation has been shown to
reduce hippocampal susceptibility to hypoxia-induced
spreading of anoxic depolarization via the activation of
BK channels (Hepp et al. 2005). These aforementioned
examples strongly suggest that methionine oxidation of
the BK channel may indeed be cell protective.

In summary, we have demonstrated that three specific
hSlol methionine residues (M536, M712 and M739)
confer oxidative sensitivity to the channel. Oxidation
of at least one of these methionine residues causes an
increase in the open probability of the channel and a
slowing of deactivation in low [Ca’*"];, though these
functional effects are not evident at saturating [Ca®*];.
Oxidants are known to cause alteration in protein function,
but the precise molecular targets for oxidation and the
mechanism by which the modification ultimately leads
to the functional changes remain largely obscure. Hence,
methionine oxidation within the hSlo1 channel maybe one
of a handful of examples (Ciorba et al. 1997) where these
goals have been realized. Whether methionine-specific
oxidation of the Slo channel occurs in vivo remains to
be determined. However, explicit targeting of methionine
residues in the channel may provide a new approach to
enhance BK channel activity and thereby significantly
impact the state of the cell during normal homeostasis
and oxidative stress.
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