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ABSTRACT Oxidation of amino acid residues causes noticeable changes in gating of many ion channels. We found that
P/C-type inactivation of Shaker potassium channels expressed in Xenopus oocytes is irreversibly accelerated by patch
excision and that this effect was mimicked by application of the oxidant H,O,, which is normally produced in cells by the
dismutase action on the superoxide anion. The inactivation time course was also accelerated by high concentration of O,.
Substitution of a methionine residue located in the P-segment of the channel with a leucine largely eliminated the channel’s
sensitivity to patch excision, H,O,, and high O,. The results demonstrate that oxidation of methionine is an important
regulator of P/C-type inactivation and that it may play a role in mediating the cellular responses to hypoxia’/hyperoxia.

INTRODUCTION

Oxidation of amino acid residues in proteins is known t01997). Physiological oxidation of methionine residues has
alter their functional properties (Stadtman, 1993). lon chanbeen documented in calmodulin isolated from aged brains
nel proteins are often a target of oxidation induced by aMichaelis et al., 1996). Cellular reduction of met(O) to
diverse array of physiological factors, including those oxi-methionine is catalyzed by the enzyme peptide methionine
dants involved in intracellular signaling, such as nitric oxidesulfoxide reductase (MSRA) using thioredoxin (Rahman et
(NO) (Suzuki et al., 1997; Wolin and Mohazzab, 1997;al., 1992; Moskovitz et al., 1996). Methionine oxidation and
Kourie, 1998). Oxidation of amino acid residues may alsoMSRA may function as a general antioxidant mechanism
mediate the sensitivity of some ion channels to oxygen(Levine et al., 1996; Moskovitz et al., 1998) and also as a
(Lopez-Barneo, 1996). Voltage-gated” Kchannels, which regulator of cellular function (Ciorba et al., 1997; Berlett et
play important roles in action potential generation and acal., 1998; Gao et al., 1998; Ciorba et al., 1999; Kuschel et
tion potential frequency, are regulated by oxidation (Kourie,al., 1999). Localization of human MSRA in some tissues,
1998). Among the cloned Kchannels, oxidation decreases including selected regions of the brain, suggests that methi-
the activity of Kv1.3 (Duprat et al., 1995; Szabo et al., onine oxidation and MSRA may have specific physiological
1997), Kv1l.4, Kvl.5, Kv3.4 (Duprat et al., 1995), and roles (Kuschel et al., 1999). Methionine oxidation has been
Kv3.3 (Vega-Saenz de Miera and Rudy, 1992), while out-shown to modulate N-type inactivation of @rosophila
ward K" currents through HERG channels are enhanced byransient A-type K channel (ShC/B) expressed in oocytes
oxidation (Taglialatela et al., 1997). Deactivation of the(Ciorba et al., 1997). Oxidation of methionine at position 3
Kv1.4 channel is also slowed by oxidation (Stephens et al.in the cytoplasmic inactivation ball domain to met(O) dra-
1996). N-type inactivation mediated by the ball-and-chainmatically slows down inactivation, and heterologous ex-
mechanism in Kvl.4 (RCK4) and Kvl.4/lgvchannels is pression of MSRA accelerates the inactivation time course.
dependent on the cellular redox state in a cysteine-depemitric oxide, possibly working via peroxynitrite, also slows
dent manner (Ruppersberg et al., 1991; Rettig et al., 1994own the ShC/B inactivation time course by promoting
Heinemann et al., 1995). oxidation of the N-terminal methionine (Ciorba et al.,
Methionine is readily oxidized to form methionine sul- 1999).
foxide (met(O)) by the addition of an oxygen to the sulfur In the absence of N-type inactivation, the Shaker channel
atom (Stadtman, 1993; Vogt, 1995). In strong oxidativedisplays P/C-type inactivation (Hoshi et al., 1991; Cha and
conditions, met(O) can be further oxidized to methionineBezanilla, 1997; Olcese et al., 1997; Loots and Isacoff,
sulfone (Vogt, 1995). Oxidation of methionine to met(O) 1998). P/C-type inactivation is mediated at least in part by
alters the side-chain property such that changes in the ovethe amino acid residues in the S5-, P-, and S6-segments of
all protein hydrophobicity may be observed (Chao et al.the channel (lverson and Rudy, 1990; Hoshi et al., 1991;
Lopez-Barneo et al., 1993; Heginbotham et al., 1994; OI-
cese et al., 1997; Yang et al., 1997; Ogielska and Aldrich,
Received for publication 30 June 1999 and in final form 21 Septemberlgg& Ogielska and Aldrich, 1999). In the ShB channel, for
1999. example, both residue 449 in the external mouth of the
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striction of the ion conduction pathway (Yellen et al., 1994; ShBA6-46:T449S channel, depolarizing pulses were applied every 60 s,
Liu et al., 1996: Schlief et al., 1996), and P- and C-typeWhiCh severely hindered the single-channel data collection. The patch-
inactivation mechanisms could be distinguished by usiniiamp output signal was filtered through a Bessel filter unit and digitized
. . . with an ITC-16 interface (Instrutech, Port Washington, NY) attached to an
different eXper'memal protocols (Cha and Bezanilla, 1997Apple Power Macintosh computer. The macroscopic currents were filtered
Meyer and Heinemann, 1997; Olcese et al., 1997; Loots angk 3 kHz, and the single-channel currents were filtered at 5 kHz. The
Isacoff, 1998). It has been suggested that the channel firsingle-channel data were further filtered digitally for later analysis. The
enters the relatively unstable P-type inactivated state angpta were collected and analyzed using Pulse/PulseFit (HEKA, Lambrecht,
then proceeds to enter the more stable C-type inactivate%ermany), PatchMachine (http://www.hoshl.org),_IgorPro (WaveMet_rlcs,
. . L. Lake Oswego, OR), and DataDesk (DataDescriptions, Ithaca, NY). Linear
state (LOQtS a_nd _lsaCOﬁ’ 1998). Like N-type 'naCt'V_at'on’leak and capacitative currents have been subtracted from the data
P/C-type inactivation may be regulated by cytoplasmic facpresented.
tors as patch excision alters the inactivation time course in The macroscopic inactivation time course was fitted with a single
the Kv1.3 channel (Kupper et al., 1995)_ Those Shakegxponential or the sum of two exponentials using IgorPro, excluding the

channels with fast P/C-t pe inactivation are also known tdnitial 3.5 ms after the depolarization onset. The rate constant values in the
Y three-state scheme presented (Scheme II; see later) were also estimated

be more se.nsmve to the oxidizing agent Chlora'mme'-l—using IgorPro. The single-channel analysis was performed using PatchMa-
(Ch-T) (Schlief et al., 1996). chine (http://www.hoshi.org) and custom routines implemented in IgorPro
The Shaker potassium channel contains multiple methi¢Avdonin et al., 1997).The normal external/pipette solution contained (in
onine residues at various locations, including the P-segMM) 140 NaCl, 10 KCI, 2 CaGl and 10 HEPES, with the pH adjusted to
ment. Because many residues in the P-segment are known {& with N-methylglucamine (NMG). The high K external/pipette solu-

. . . . L. tion contained (in mM) 10 NacCl, 140 KCI, 2 CaChnd 10 HEPES, with
be involved in regmatlon of P/C-type Inactivation (Iverson the pH adjusted to 7.2 with NMG. The internal/bath solution contained (in

and Rudy, 1990; Hoshi et al., 1991; hez-Barneo et al., mm) 140 KCI, 2 MgCl, 10 EGTA, and 10 HEPES, with the pH adjusted

1993; Olcese et al., 1997; Yang et al., 1997; Ogielska antb 7.2 with NMG. In the presence of this high“Ksolution, after the

Aldrich, 1998), we examined how methionine oxidation Vitg'"”\? memb??”ji;emo‘(a:' the“"‘ﬁcyte? ha‘: attyiziici!”fe;ﬁliﬁoéecqﬁa' of
H . . H ~0 mV, as veriie: an intracellular microelectrode ftile

.may .regl.JIate P/C-type Inactivation in the a.bsence of N'tYP data not shown). T);ws the absolute voltages in the cell-attached and

inactivation. The results show that oxidation of a specifiCiysige-out configurations are expected to be very similar.

methionine residue in the Shaker channel P-segment mod- H,0, (Sigma, St. Louis, MO) solutions were prepared immediately

ulates the inactivation time course and that oxidation of thigefore use. For the high-@xperiments, the bath solution was aerated with

methionine is promoted by highQsuggesting that methi- 100% G for at least 20 min before use.

onine oxidation may play a role in the regulation of cellular

excitability in response to hypoxia/hyperoxia.

RESULTS

MATERIALS AND METHODS Variability in the ShBA6-46:T449S inactivation

time course
Mutant channel

_ The ShR\6-46:T449S channel contains a large deletion in
The ShB&6—46:M440L:T4498 pl_asmld DNA was construct_ed by_st_andardthe N-terminus A6—46) to disrupt N-type inactivation me-
polymerase chain reaction-mediated cassette mutagenesis, usidgnthe = . - .
dill and Nsil sites in the ShR6—46 DNA (Lapez-Barneo et al., 1993). The diated by the ball-and-chain mechanism (Hoshi et al.,
fragment amplified by polymerase chain reaction was sequenced (Th&990). The T449S mutation in the P-segment accelerates the
University of lowa DNA core). P/C-type inactivation time course to a more experimentally
manageable range (pez-Barneo et al., 1993; Schlief et al.,
1996; Meyer and Heinemann, 1997). Representative mac-
roscopic ShR6—-46:T449S currents recorded from 17 dif-
The K" channels were expressed Xenopusoocytes essentially as de- ferent patches in the cell-attached configuration are shown

scribed previously (Hoshi et al., 1990), using an animal use protocolin Fig 1. The inactivation time course of the Sh&-46:
approved by the University of lowa Animal Care and Use Committee. Th L )

ShBA6-46:T449S, ShB6—46:T449K, and ShB6—46:M440L:T449S &r44_195 channel is quite fast, comparable to N-type inacti-
DNAs were linearized witiNde, and the RNAs were synthesized with T7 Vation observed in some variants of the Shaker channel

RNA polymerase, using a commercially available kit (Ambion, Austin, (Zagotta et al., 1989). It is also clear that the inactivation
TX). Recombinant purified bovine MSRA (Moskovitz et al.,, 1996) was time course was markedly variable in different patches. To
obtained from N. Brot (Hospital for Special Surgery, New York, NY).  qantify the inactivation kinetics, the current time course of

the ShBA6—-46:T449S channel was approximated by the
Electrophysiology sum of two exponential components, consistent with the

earlier observation of Meyer and Heinemann that the chan-
The patch-clamp recordings were obtained with an AxoPatch 200 amplifief, o undergoes two distinct inactivation phases (Meyer and

(Axon Instruments, Foster City, CA). The borosilicate pipettes were coatej_| . . .
with dental wax to record macroscopic currents and with sylgard to recor einemann, 1997)' In different patCheS' the time constant

single-channel currents. Unless otherwise indicated, the holding voltag¥@lues were similar;-5 and~40 ms (see Fig. D), but the
was —90 mV. Because of the slow recovery from inactivation of the relative amplitudes of the two exponential components were

Expression in oocytes
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FIGURE 1 Inactivation time course of the SAB—46:T449S channel is Time (ms)
variable. @) Currents recorded in the cell-attached configuration in re- B C1.o—

sponse to pulses from90 mV to +50 mV are scaled and shown super-
imposed. The data were obtained from multiple oocytes isolated from one _ 40— l

. . Fast component
animal. The mean peak amplitude of the currents shown was*1@R4)

o

£
nA. The Spearman rank correlation rho between the peak current amplitude g s 0 CRAM
and the relative amplitude of the slow inactivation component wa57. b o CRAV 0.5 —_———
(B) The current traces shown iA were fitted with the sum of two § 20— I
exponential functions, and the relative amplitudes of the slow inactivation E

component in the patches examined are shown. The time constant values Slow °°Tp°"e”t
are shown in Fig. D. 000060000000000000000000
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noticeably different, with the slow component fraction rang- Time (min) Time (min)
ing from 10% to 50% (F|g B) This inactivation variabil- D Fasttime constant Slow time constant  Siow component fraction
ity was even present in multiple patches taken from the 10 80 . 04
same oocyte. The observed variability indicates that the _ s N * §
inactivation process is subject to biological regulation. N- £ [ . *;; 08
type inactivation of the ShC/B channel expresseX&mo- § & - £ 10l B g 02
pusoocytes also shows similar variability, and methionine  § 4 § £
oxidation has been shown to underlie this variability (Ci- g , 2 50 ‘é o1
orba et al., 1997). - F »

CA 10 CRAM 0 CA 10 CRAM 0.0 CA 10 CRAM
Patch excision accelerates the inactivation

. FIGURE 2 Patch excision accelerates the 86B46:T449S channel
time course

inactivation. f) Consecutive currents recorded in response to pulses from
Patch excision is known to influence inactivation of several %0 MV to +50 mV in the cell-attached (CA), inside-out (10), and

heterol | d It d dentck | cramming (CRAM) configurations in one representative experiment. The
eterologously expressed voltage-depende anneis, current traces recorded in the cell-attached configuration were slower than

including Kv1.4 (Ruppersberg et al., 1991), KV1.4/KV those in the inside-out or cramming configuratioB) The currents traces
(Rettig et al., 1994; Heinemann et al., 1995), Kv1.3 (Kuppershown inA were fitted with the sum of two exponentials, and the time
et al., 1995), Raw3 (Kv3.4) (Ruppersberg et al., 1991), angonstant values in the three patch-clamp configurations, as indicated by the

ShC/B (Ciorba et al., 1997). These observations have bee[ﬁnzontal bars_, are plotted. The 'tlme con:stant values were not affect_ed by
int ted t t that th h | lated the patch configuration.Q) Relative amplitudes of the two exponential
Interpreteéd 1o sugges a e channels are regulaie k%mponents in the three patch-clamp configurations. The current traces in

cytoplasmic factors. Oxidative modifications of cysteine a were fitted with the sum of two exponentials. The relative amplitude of
and methionine account for the changes in N-type inactivathe slow inactivation component is smaller in the inside-out and cramming
tion induced by patch excision in Kv1.4 (Ruppersberg et al. configurations, and patch-cramming did not restore the fractional ampli-
1991), Kv1.4/K\3 (Rettig et al., 1994; Heinemann et al., _tud_z. D) Com%arison of_the ina<;_tivatio_n fit p?;rametersinthe <f:e||-attaclh_e(|j,
. . inside-out, and cramming configurations. Currents traces from multiple
1995), and Sh_C/B (_Clo_rba _et al., 1997), respectively. Wepatchesm = 10) were fitted with the sum of two exponentials, and the
found that the inactivation time course of the R¥B-46:  inactivation parameters in different configurations are shown using box
T449S channel that displays only P/C-type inactivation waslots (Velleman and Hoaglin, 1981). Briefly, the central box represents the
accelerated by patch excision. FigAZ:ompareS represen- middle 50% of the data, and the center line shows the median. The
tative ShB\6—46:T449S currents recorded from one patChwhiskers show the main body of the data, excluding outliers. The shaded
. . . . rea represents the 95% confidence interval of the median. The difference
n the cell-attached and the excised conf!gura_tlon_s. P_atc the slow component fraction between the cell-attached and inside-out
excision markedly accelerated the overall inactivation timegonfigurations is significant gt = 0.002 (paired sign test).
course. The inactivation time course was fitted with the sum
of two exponentials, and the time constant values and the

relative amplitudes of the two exponential components are

Biophysical Journal 78(1) 174-187
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plotted as a function of time in the experiment in FigR2, A
and C. The results show that patch excision noticeably 2pA

decreased the fractional amplitude of the slow inactivation m M l

component without markedly affecting the time constant i b
values of the two components. Patch cramming, where the m

electrode tip is inserted back into the oocyte cytoplasm to AN S

expose the channels to the cytoplasmic factors (Kramer, wmmww JMMWWMM
1990), did not restore the inactivation time course of the
ShBA6-46:T449 channel (Fig. B andC). The effect by MMM ]
patch excision of accelerating the inactivation kinetics was
complete within 5-10 min. The inactivation parameters NWMW I o

pooled from multiple patches are compared in FigDR2 M ﬂ

using box plots. The comparison again shows that patch
excision did not markedly affect the time constant values, A — oo

but it specifically decreased the relative amplitude of the

slow inactivation componenp(= 0.002, paired sign test). MMJUMN MMWW
Although patch excision significantly decreased the relative M

fraction of the slow component, it did not totally eliminate MMMWMM
it, typically leaving 5—10%. These results indicate that patch . h NM f‘ M

excision destroys or exhausts the factors necessary to keep

the P/C-type inactivation time course slow and that regen- I l | [ ] 1 1

CA

eration of those factors in the oocyte cytoplasm is very slow. Cmems " Cmeme
The changes in the inactivation time course observed (Fig.
2 A) are also reminiscent of the inactivation variability B Cio

X 9]

observed in different patches (Fig.A) in that the relative

N

fraction of the slow inactivation component is preferentially

0.
=
altered, suggesting that the same mechanism may underlieg £ ca
these phenomena. 20.1— CA gos~
& a
&
.. 0.0—
Patch excision decreases the mean open and (o}
burst durations T I P 00 I ,
) o ) 0.0 0.1 0.2 o 20 40
We examined the effects of patch excision at the single- Time (s) First latency (ms)

channel level, and the results from a representative experi-

. . ) . . FIGURE 3 Patch excision inhibits late single-channel opening$. (
ment are shown in Fig. 3. In the cell-attached Conflgl‘lratlonRepresentative single channel records obtained in the cell-attalgigd (

several bursts of openings are observed late in the puﬂse ( and inside-outr{ght) configurations. The openings were elicited by pulses
25 ms). After patch excision, multiple bursts were rarelyfrom —100 mV to 0 mV every 60 s. After the sweeps shown in the left
observed in a single sweep, and no openings were found agénel were collected, the patch was excised. The data shown in the right
t > 25 ms. The results obtained from multiple single- panel were collected 10 min after the patch excision. The records shown

_ . are consecutive sweeps recorded. The records shown were digitally low-
channel patchesi(= 6) show that patch excision decreased pass filtered at 2 kHz.B) Ensemble averages obtained from idealized

the mean open duration from 2.4 ms to 1.7 mK(O'OO:I-* single-channel openings recorded at 0 mV in the cell-attached and inside-
Wilcoxon signed rank test). The burst analysis using 9 ms asut configurations. Data from six single-channel patches were pooled
the burst criterion, which considers both the &d G because it was not practical to obtain a large number of sweeps from one
closed events (HOShi et al., 1994) as intraburst eventdatch because of the slow recovery from inactivati@). The first latency
'?tributions obtained in the cell-attachadi¢k line) and inside-outthin

showed that patch excision also decreased the mean buE%e) configurations. The channel openings are elicited asAinEach

duration from 15 to 6.5 m_sp(s 0.0001, Wilcoxon Signed distribution shows the probability that the channel has opened by the time
rank test). The decrease in the mean open and burst duridicated on thex axis, given that there was at least one opening in the

tions indicates that patch excision destabilizes the statescord. Data from six single-channel patches containing 57 and 61 first
involved in the channel’s burst behavior. Consistent withlatency events in the cell-attached and inside-out configurations are pooled.
the macroscopic results, the decay of the ensemble average

current became noticeably faster on patch excision (Fig. 3

B). To record the single-channel current data, depolarizatiofrom multiple single-channel patches in the cell-attached
pulses were applied every 60 s because of the slow recovegnd inside-out configurations, and the resulting distributions
from inactivation, making collection of the first latency data are compared in Fig. 8. The first latency distributions are
difficult. Thus we pooled the first latency data collected statistically indistinguishable (Kolmogorov-Smirnov test,

Biophysical Journal 78(1) 174-187
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p > 0.2), confirming that patch excision directly affected the P-type inactivated state and thestate may represent
the inactivation mechanisms. These single-channel resulthe C-type inactivated state. The results from macroscopic
thus suggest that individual SAB—46:T449S channels are current data presented below were analyzed using Scheme
capable of showing both fast and slow inactivation patterndl as the framework, which in turn is consistent with the
and that patch excision promotes the fast inactivation modeesults of Loots and Isacoff (1998) that the channel sequen-
These single-channel results are consistent with the resultilly enters P- and then C-type inactivated states. The
of an earlier thermodynamics study, in which this channelScheme Il rate constant values in the cell-attached, inside-
shows two distinguishable inactivation components (Meyeout, and cramming configurations from one representative
and Heinemann, 1997). The results also argue against thmatch are shown in Fig. A. Patch excision increased the
possibility that those channels showing slow inactivationvalue of k,; by ~100% from 150 s* to 300 s* and
preferentially disappear on patch excision. decreased the value &f, by 50% from~40 s * to ~20

s . Thek,, andk,, values were not noticeably affected by

patch excision. Furthermore, patch cramming did not affect
Analysis using three-state models any of the rate constants. The rate constant values estimated

from multiple patches are compared in FigB4 showing

Beca_use a gi\{en channel is capable of showing both fast a%ain that onlyk,, andk,, are noticeably affected by patch
slow inactivation components, the double-exponential macgy ision. The increase iky, is consistent with the single-

roscopic inactivation time course in the Sh&- 46:T449S  channel results that patch excision decreased the mean burst
channel could be interpreted in the following two ways:  4,ration. Using the interpretation of the double-exponential

fast inactivation time course presented above, this kinetic anal-
k(V' 4 ysis suggests that the kinetic transitions between the open
/ and the P-type inactivated states are preferentially affected

0 k1o by patch excision.

K2
kk High external K* does not alter the sensitivity to

patch excision

slow |2
High external K~ slows entry into P/C-type inactivation by
Schemel preventing clearance of ions from the channel porgpéz
Barneo et al., 1993; Baukrowitz and Yellen, 1995; Levy and
k_01_ k_1§ Deutsch, 1996; Starkus et al., 1997). We examined whether

O P I P o high K* influences the acceleration of the inactivation time
10 21 course of the ShB6—46:T449S channel induced by patch
Scheme 2 excision. The ShB6—-46:T449S currents were recorded in

the presence of 140 mM extracellular"KAs shown in

In Scheme 1, the channel enters two distinct inactivatecbther ShRA6—-46 channels without N-type inactivation
states in a mutually exclusive manner. The Gahd O-L,  (L6pez-Barneo et al., 1993), high external Klowed the
pathways in Scheme | account for the fast and slow inactioverall inactivation time course of the SAB—46:T449S
vation components in the macroscopic inactivation timechannel. The double-exponential nature of the inactivation
course of the ShB6—46:T449S channel, respectively (Fig. time course observed with low Kwas maintained in the

2). With this interpretation, the results in Fig.Qindicate  presence of 140 mM extracellulafKThe inactivation time
that patch excision causes the channel to inactivate via theonstant values were approximately twice as great as those
O-1, pathway more frequently by increasing the relativefound with low K", and the relative fraction of the slow
value ofk,, over that ofk,,. Based on the relative ampli- inactivation was also greater with high"Kranging from
tudes of the two macroscopic inactivation components, ir80% to 60% in the cell-attached configuration (cf. Fig. 2). In
the cell-attached configuration, the probability of the chan-the presence of high external'Kpatch excision still accel-
nel inactivating via the slow Oslpathway is~0.3, and erated the inactivation time course most noticeably by de-
patch excision decreases the probability to less than 0.1.Akreasing the relative fraction of the slow inactivation com-
ternatively, in Scheme I, the channel sequentially enterponent (Fig. 5,B and C). A small decrease in the time
two kinetically distinct inactivated states. Scheme 1l is con-constant value of the slow component was also observed.
sistent with the observation that, in the absence of N-typ&he currents recorded in the cell-attached and inside-out
inactivation, the Shaker channel may first enter the relaconfigurations using low external®Kand high external K
tively unstable P-type inactivated state and then the morare scaled and compared in Fig.06 High external K
stable C-type inactivated state (Loots and Isacoff, 1998)slowed the inactivation time course in both the cell-attached
According to this interpretation, thg ktate may represent and inside-out configurations in a qualitatively similar man-
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A We also estimated the time courses of recovery from

ko1 g0 K12 inactivation in the cell-attached and inside-out configura-

o CRAM tions, using a standard double-pulse protocol. We found that
- the recovery kinetics was not affected by patch excision at

400 —

2 00 2 40 —90 mV (n = 5; data not shown).
o GRAM Hydrogen peroxide accelerates the inactivation
0 | — °7 ] T time course
0 10 0 10 20 _ S
Time (min) Time (min) Cellular reduction of met(O) to methionine is catalyzed by
Kio Ko+ MSRA (Rahman et al., 1992; Moskovitz et al., 1996; Kus-
807 27 chel et al., 1999). Because oocytes have a low level of
© CRam b _chu MSRA activity (Ciorba et al., 1997), the effect of methio-

nine oxidation on channel function is expected to be essen-
tially irreversible without exogenous MSRA. The observa-
tion that the effect of patch excision is not reversed by patch
cramming is consistent with the idea that oxidation of

ko (1

5

EzérC§)§§
ket (1/8)

|

oy I I °'| , i methionine might be involved in regulation of the P/C-type
0 10 0 10 20 inactivation time course of the SM6—-46:T449S channel
Time (min) Time (min) . . .
B by patch excision described above. Hydrogen peroxide
so0 Ko1 s Kio (H,0,) is normally produced in cells by the action of the

dismutase on the superoxide anion,(Q (Chance et al.,
1979; Wolin and Mohazzab, 1997), and it has been used
widely to induce oxidation in many different experimental
systems (Vega-Saenz de Miera and Rudy, 1992; Wang et
al., 1996; Kourie, 1998). kD, is capable of oxidizing
methionine to met(O) (Vogt, 1995; Keck, 1996). Thus we

(1/s)

k

0 0 attempted to determine whether,®, could mimic the
CA 10 CRAM CA 10 CRAM effect of patch excision to accelerate the inactivation time
k1o Ko course of the ShB6—-46:T449S channel by decreasing the
60 fractional amplitude of the slow inactivation component.
1.5 Representative currents recorded in the cell-attached con-

figuration before and after addition of,B, are shown in

Fig. 6. H,0, (0.03—-0.1%) accelerated the overall inactiva-

by tion time course. The kD, concentration required to accel-

erate the inactivation time course and the effect latency

- were variable in the different oocytes examined. In some

CA 10 CRAM 07 A o cram patches, 0.03% 0, immediately accelerated the inactiva-

tion time course, while in others 0.1%,8, accelerated the

FIGURE 4 Patch excisio'n al_ters the r:_;tte cor_lstants near the open stat8me course only after a few minutes of incubation. This

(A) Currents traces shown in Fig 2were fitted with the thr_ee-statg model variability may reflect different oxidant scavenging capa-

(Scheme II; see text), and the rate constant values estimated in the three . . . .

patch-clamp configurations, as indicated by the horizontal bars, are plotte .'“t'es of different oocytes. We also monitored the reversal

(B) Comparison of the values of the rate constants in the three-state mod@otential of the macroscopic current and found thaOH

(Scheme II; see text) in the cell-attached, inside-out, and cramming conglid not affect the reversal potential, suggesting that the ion

figurations in .multiple patches. Thg results frc_)m 10 different patches afaselectivity of the channel was unaltered bij (data not

compared using box plots. The differenceski and ki, between the g1y The effect of KD, was not reversed by washing

cell-attached and inside-out configurations are significapt-at0.002 and . . .

0.002, respectively (paired sign test). the bath with HO,-free solution for up to 10 minn(= 3;
data not shown). As observed with patch excisiopOH
also accelerated the SAB-46:T449S currents in the pres-

ner, suggesting that patch excision does not influence thence of high external K (n = 4; data not shown).

inactivation time course by regulating its external Ken- The effect of HO, was analyzed by fitting the macro-
sitivity. The results obtained with high external"Kwvere  scopic current time course with the sum of two exponen-
also analyzed using Scheme Il (FigBp. As found using tials. As found with patch excision, J@, accelerated the
low external K, patch excision markedly increased the overall inactivation time course by decreasing the fractional
value ofk,,; and decreased the value lqgf, amplitude of the slow inactivation component without
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(1/s)
5

k
k
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markedly affecting the time constant values (Fid3)6 The
analysis using Scheme Il also shows thaOkslapplication
increased the value df,; and decreased the value lof,
(Fig. 6C; p = 0.0078 and 0.031, paired sign test). Thus the
effects of patch excision and,B, are similar in that they
both alterk,, andk,, (Fig. 4 and 6).

Hyperoxia accelerates the inactivation
time course

Reactive oxygen species, such as Cand H,0,, are con-
sidered to be involved in cellular response to a variety of
stimuli, including changes in Suzuki et al., 1997; Wolin
and Mohazzab, 1997). Therefore we attempted to determine
whether high Q could accelerate the inactivation time
course of the ShB6—-46:T449S channel. Representative
macroscopic ShB6—-46:T449S currents recorded before
and after the bath was perfused with the solution aerated
with 100% O, are shown in Fig. 7. As found with J@,, the
high-G, solution markedly accelerated the overall inactiva-
tion time course by decreasing the fractional amplitude of
the slow inactivation component within 5—-10 min of appli-
cation. Thus patch excision,,B, and G, affect the inac-
tivation time course in similar ways.

ShBA6-46:T449K is also affected by
patch excision

Position 449 in the ShB channel is one of the major deter-
minants of P/C-type inactivation (lpe@z-Barneo et al.,
1993; Schlief et al., 1996). With a lysine at this position
(ShBA6-46:T449K), the overall inactivation time course is
noticeably slower than with a serine at the same position
(ShBA6-46:T449S) (Fig. 8; also see Schlief et al., 1996).
The time course of recovery from inactivation in the
ShBA6-46:T449K channel is also markedly faster. Kupper
et al. (1995) showed that the patch excision sensitivity of
Kv1.3 may be dependent on the amino acid residue present

The currents traces shown Mwere fitted with the sum of two exponen-
tials, and the time constant values in the three patch-clamp configurations,
as indicated by the horizontal bars, are plottéZ). Relative amplitudes of

the two exponential components in the three patch-clamp configurations.
The current traces iA were fitted with the sum of two exponentials. The
relative amplitude of the slow inactivation component is smaller in the
inside-out and cramming configuration®)(Scaled currents recorded at
+50 mV in the cell-attached and inside-out configurations in the presence
of low external K (10 mM) and high external K (140 mM) are shown.

The left panel shows the currents recorded in the cell-attached configura-
tion (CA), and the right panel shows the currents recorded after patch
excision (I0). In each panel, the data shown are from two separate
experiments, one using low'Kand the other high K. (E) Comparison of

inside-out (10), and cramming (CRAM) configurations in one representa-the values of the rate constants in the three-state model (Scheme II; see

tive experiment in the presence of 140 mM'Kn the extracellular

text) in the cell-attached, inside-out, and cramming configurations in

medium. The current traces recorded in the cell-attached configuratiomultiple patches. The results from seven different patches are compared
were slower than those in the inside-out or cramming configurati@)s. ( using box plots.
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course. A) Representative current traces recorded+&0 mV in the
_ 40t 10t " cell-attached configuration before and after application of the highath
V4 - . . .
= solution. The normal bath solution, aerated with 100%f@ at least 20
5400" min, was applied (three times the bath volume) every 4 min. The current
x 201 “0.5+ shown was recorded 10 min after application of the highs@lution. B)
The current traces before and after application highsBlution from
o multiple patchesr( = 9) were fitted with the sum of two exponentials. The
s o o~ 0.0% = fit parameters are compar ing box plots. The difference in the slow
Control H,0, Control H,0, Control H,0, Control 1,0, t parameters are compared using box plots. The difference in the slo

inactivation fraction between the control and afteri©significant atp <

. L . 0.0001 (paired sign test).
FIGURE 6 H0O, accelerates the SH6—46:T449S inactivation time

course. ) Representative current traces recorded+&0 mV in the
cell-attached configuration before and after application g©}(0.1%).

H,0, was applied to the bath, and the current shown was recorded 10 miiVi440 in the P-segment may mediate the

Iatct';‘rh ®) C_urielnt tracefitbsfor_zteh ?rr]\d afterZCIfBQt (0.1%) fromt_ Tul;i_;:}le o channel sensitivity to patch excision,
patches if = 11) were fitted wi e sum of two exponentials. The fi H,0,, and hyperoxia

parameters are compared using box plots. The difference in the slow

inactivation fraction between the control and afteyG4 is significant at  The results presented thus far suggest that patch excision

p = 0.001 (paired sign test)Cj Comparison of the values of the rate . _AR- . _
constants in the three-state model (Scheme II; see text) before and afteHrzOZ and high Q accelerate the Shi%-46:T449S inac

H,0, (0.1%) application. The results from 11 different patches are com-UValion time course in a kinetically similar manner, sug-
pared using box plots. The differenceskisy andk,, between the control  gesting that their underlying mechanisms are common.
and after HO, are significant atp = 0.0078 and 0.0313, respectively H,O, is known to oxidize methionine to met(O) (Vogt,
(paired sign test). 1995), and, in some conditions, this oxidant may specifi-
cally affect methionine (Keck, 1996). Because many resi-
at the 449 equivalent position. We investigated whether thelues in the S5-, P-, and S6-segments are known to affect the
ShBA6—-46:T449K channel was also affected by patch ex{/C-type inactivation time course (lverson and Rudy, 1990;
cision. As found with the ShB6—46:T449S channel, patch Hoshi et al., 1991; [pez-Barneo et al., 1993; Heginbotham
excision did accelerate the overall inactivation time courseet al., 1994; Schlief et al., 1996; Olcese et al., 1997; Yang
of the ShBA6—-46:T449K channel, although the effect waset al., 1997; Ogielska and Aldrich, 1998), we hypothesized
less pronounced (Fig. 8). Patch cramming did not restore that oxidation of methionine at position 440 (M440 in ShB
the inactivation time course. The inactivation time course ofnumbering) located in the P-segment could account for the
the ShBA6—-46:T449K channel was well approximated by aacceleration of the inactivation time course by patch exci-
single exponential without requiring the sum of two expo-sion, H,0O,, and high Q. According to this hypothesis,
nentials as found in the S —46:T449S channel. Patch when M440 is not oxidized the slow component of the
excision decreased the inactivation time constant value asactivation time course is prominent, and when M440 is
compared in Fig. 8. oxidized to met(O), the slow component fraction decreases.
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FIGURE 8 The inactivation time course of the SklB-46:T449K chan- FIGURE 9 The inactivation time course of the Sk-46:M440L:

nel is also sensitive to patch excisioA) Representative currents recorded 1449S channel is less sensitive to patch excisid¥). Representative

in response to pulses from90 mV to +50 mV in the cell-attached (CA), ~ currents recorded in response to pulses fre80 mV to +50 mV in the
inside-out (10), and cramming (CRAM) configurations in one representa-cell-attached (CA), inside-out (10), and cramming (CRAM) configurations
tive experiment.®) The current traces in the cell-attached (CA), inside-out in one experiment.&) The currents traces from the experiment shown in
(10), and cramming (CRAM) configurations are fitted with a single expo- A were fitted with a single exponential, and the time constant value is
nential. The time constant values are plotted as a function of time in onélotted as a function of time. The patch-clamp configurations are indicated
representative experimentCY Time constant of inactivation measured by the horizontal barsQ) The current traces from multiple patches=

from multiple patchesr( = 4) in different patch-clamp configurations is 7) are fitted with a single exponential, and the time constant values are
compared using box plots. compared using box plots.

To test this hypothesis, we mutated M440 to L, which is lesdigurations are compared in Fig.@ The difference in the
readily oxidized than methionine (Stadtman, 1993; Vogt,mean time constant value between the cell-attached and
1995). In the ShB6-46:T449K background, mutation of inside-out configurations was significanp (= 0.0136,
M440 to | is known to accelerate the inactivation time paired t-test). However, the difference between the cell-
course (Schlief et al., 1996). Representative macroscopiattached and cramming configurations was not significant
currents from the ShB6—-46:M440L:T449S channels re- (p = 0.3085, paired-test), confirming the full reversibility.
corded are shown in Fig. A. Unlike the inactivation time This observation indicates that M440 may be responsible in
course of the ShB6-46:T449S channel, that of the part for the effect by patch excision of accelerating the
ShBA6-46:M440L:T449S channel was consistent amongnactivation time course of the S —46:T449S channel.
the patches examined. Furthermore, the S&B46: We also tested the sensitivity of the Sh—46:M440L:
M440L:T449S inactivation time course was well describedT449S channel to O, and found that HO, (up to 0.3%)

by a single exponential whose time constant vatu€)—80  did not alter the channel inactivation time course (Fig. 10).
ms (Fig. 9B), was similar to that of the slow exponential The inactivation time constant values estimated before and
component in the ShB6—-46:T449S channel (see Fig. 2). after H,O, application are compared in Fig. @) using box
Representative Shi5-46:M440L:T449S currents re- plots, showing the lack of the J@,-sensitivity of this chan-
corded in the three patch-clamp configurations are shown imel. H,O,, however, slightly increased the peak current
Fig. 9A. Patch excision slightly accelerated the inactivationamplitude in many patches. Furthermore, high @hich
time course and unexpectedly enhanced the peak curreatcelerated the SR¥6—46:T449S inactivation time course
amplitude. However, unlike the effect of patch excision(see Fig. 7), failed to affect the inactivation time course of
observed on the ShB—-46:T449S channel, these effects the channel in a noticeable manner (Fig. 11). As wifOk
were fully reversible upon patch cramming (FigBR The  high G, slightly increased the peak current amplitude. These
inactivation time constant values obtained from multipleresults further suggest that the effects of patch excision,
patches in the cell-attached, inside-out, and cramming corH,0,, and GQ observed in the ShB5—-46:T449S channel
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W ShBA6-46:M440L:T449S channelA] Representative currents recorded

P in response to pulses from90 mV to +50 mV in the cell-attached
' configuration before and after application of the high $dlution. The
normal bath solution, aerated with 100% for at least 20 min, was applied
(three times the bath volume) every 4 min. The current shown was recorded
14 min after application of the high-Osolution. 8) The current traces
from multiple experimentsn(= 5) were fitted with a single exponential,
041 ' I 0 control H,0, and the time constant values before and after highafplication are

0 10 20 compared using box plots.
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FIGURE 10 HO, does not alter the inactivation time course of the ) ) )
ShBA6-46:M440L:T449S channelA] Representative currents recorded were applied every 60 s. Although in a few cases this

in response to pulses fromr90 mV to +50 mV in the cell-attached protocol clearly prevented the acceleration of the inactiva-
configuration beforg and afte'rzED2 (O'.3%). @) The current Fraces from the tion time course in ShB6—46:T449S by patch excision or
experiment shqwn i\ were fitted V\{Ith a s!ngle exponentl_al, gnd the_ time H,0,, the results were too inconsistent to firmly support the
constant value is plotted as a function of time. Th®kKapplication period .
is indicated by the dark horizontal bar. 0.19%®4 was applied for 10 min, NYpothesis.
and then 0.3% was applied thereafter. Note that 0.3% is greater than the MSRA catalyzes reduction of met(O) to methionine by
concentration required to accelerate the inactivation time course of th@sing cellular thioredoxin or dithiothreitol (DTT) in vitro
ShBA6-46:T449S channe.l (see Fig. 6X)(Inactivation time constant (Rahman et al., 1992: Moskovitz et al., 1996). Application
\;'al(l;es at+50 mV from multiple pa_ltchem(= 7) measured before and after of DTT alone (1 mM) to the cytoplasmic side of the inside-

50, (=0.1%) are compared using box plots. . A .

out patch did not have any detectable effect on the inacti-
vation time course of the SHE—-46:T449S channeh(=

may be mediated at least in part by oxidation of methionine3). The failure of DTT alone to reverse the acceleration of
at position 440 in the P-segment. Because patch excisioR/C-type inactivation further argues against involvement of
and oxidation are expected to have multitudes of effects, wdisulfide bridge formation. We applied purified recombi-
cannot totally exclude the possibility that other effects con-nant bovine MSRA (0.0¢ug/ul) (Moskovitz et al., 1996) to
tribute to the observed acceleration of the inactivation timghe ShB\6—-46:T449S channel in the presence of DTT (1
course. mM). This condition has been shown to reduce the oxidized

Conformational changes associated with channel gatingnethionine in the ShC/B inactivation peptide to methionine
are known to regulate accessibility/reactivity of the amino(Ciorba et al., 1997). Incubation with MSRA and DTT for
acid residues in the channel protein, so that state-dependewip to 20 min did not noticeably affect the SAB—46:
modifications of the channel function may be achieved (forT449S inactivation time course in the inside-out configura-
a review, see Yellen, 1998). We considered the possibilitfion (n = 4).
that regulation of the inactivation time course by patch
;ar]xcl?rl]s(alog,sv(\a/h|ch is probably med!ated by oxidation of M440 D‘SCUSSION

-segment (see above), is dependent on the channe

opening. It might be expected that opening of the activationNe show here that patch excision accelerates P/C-type
gate may increase the accessibility of M440. Thus we testethactivation of the ShBR6—-46:T449S channel that lacks the
whether the depolarization pulse frequency affected thdall-and-chain N-type inactivation by decreasing the frac-
efficacy of patch excision in accelerating the inactivationtional amplitude of the slow inactivation component. The
time course. Immediately after the patch excision, the patclphysiological oxidants, kD, and O, also accelerate the
was held at—120 to —140 mV without any depolarizing inactivation time course in a kinetically similar manner. The
pulse to prevent the channels from opening for 10 minmutagenesis results suggest that this acceleration of P/C-
After this hyperpolarization period, depolarizing pulsestype inactivation is mediated at least in part by oxidation of
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a methionine residue (M440) located in the P-segment oflation because the channel N-terminus does not form a
the channel. well-defined structure, and these amino acid residues may
be exposed to various oxidants. Kupper et al. (1995) showed
Double-exponential inactivation time course of t_hat patch gxcision also accelerated P/C-type inactivation
ShBA6-46:T449S time course in the Kv1.3 channel. They also.shqwed that the
acceleration is not dependent on the protein kinase A or C
The double-exponential inactivation time course in the abphosphorylation consensus sequences. We showed here that
sence of N-type inactivation was noted bydez-Barneo et patch excision, HO,, and Q accelerated the inactivation
al. (1993) in ShRA6-46:T449T, where a very small fast time course in a very similar manner. The M440L mutation
inactivation component was observed in addition to thelargely eliminated the sensitivities to these experimental
main slow inactivation component, although this small frac-treatments. These results thus indicate that oxidation of
tion was not included in the analysis (h@z-Barneo et al., methionine at position 440 in ShB may be at least partially
1993). In the ShB6-46:T449S channel, the double-expo- responsible for the acceleration of P/C-type inactivation
nential nature is much more noticeable, with the slow inac-observed on patch excision in some channels. Our results
tivation component accounting for 30-50%, depending oralso confirm the conclusion of Kupper et al. (1995) that
the external K (Figs. 2 and 5). These two components arePKA- or PKC-mediated phosphorylation is not involved. It
observed using both low and high externdl Kalthough the is possible, however, that the M440L mutation acts indi-
relative amplitude of the slow component is greater withrectly to modulate the patch excision and oxidation sensi-
high K" (see Figs. 2 and 5). By manipulating hydrostatictivity of another amino acid located elsewhere. The results
pressure, Meyer and Heinemann (1997) showed that thpresented do not totally exclude this possibility. Another
ShBA6—-46:T449S channel shows two distinct inactivationmethionine in the P-segment is also important to the chan-
phases and that the inactivated state has a smaller volumeel's sensitivity to oxidation induced by Ch-T, which
They further showed that the time course of recovery fronreadily oxidizes methionine and cysteine (Schlief et al.,
inactivation, in contrast, is described by a single exponen1996). In the presence of Ch-T, the inactivation time course
tial. At the moment, it is not clear what molecular mecha-becomes faster and the rundown process is accelerated.
nisms underlie the two inactivation components. The ShBShlief et al. further showed that M448 located in the exter-
channel without N-type inactivation undergoes two addi-nal mouth of the pore may participate in mediating this
tional experimentally distinguishable inactivation pro- effect of Ch-T. It is possible that oxidation of both M440
cesses, P- and C-type inactivation (Cha and Bezanilla, 199&nd M448 may work through the same underlying mecha-
Meyer and Heinemann, 1997; Olcese et al., 1997; Loots andism (see below). Given the interpretation that oxidation of
Isacoff, 1998). Loots and Isacoff (1998) further suggestedvi440 may be responsible for this kinetic change, the results
that the Shaker channel sequentially enters the P-type inatdicate that M440 is very readily oxidized. Considering the
tivated state, which is relatively unstable, and then the stablputative location of M440 (see below), this high oxidation
C-type inactivated state. This interpretation can be kinetisusceptibility of M440 is somewhat surprising.
cally described by the linear three-state model presented
earlier (Scheme Il) that predicts the presence of two expo-. | .
nential components. The T449S mutation may alter the rat@Xidation of M440
constants involved in P/C-type inactivation such that theDoyle et al. reported the crystal structure of a bacterial
two inactivation processes become better separated in timghannel (KcsA), which is similar to the P-segment of the
so that these components are more visible in S8#846:  Shaker channel (Doyle et al., 1998). It is likely that the
T449S than in ShR6—-46:T449K or ShB6-46:T449T. structure of the ShB6—46:T449S channel is comparable to
the KcsA structure (Fig. 12). At least in calmodulin, oxida-
tion of multiple methionine residues leads only to local
structural changes (Gao et al., 1998). Based on the KcsA
Inactivation of voltage-gated K channels is often labile crystal structure, the M440 residue is located near the large
and subject to regulation by patch excision. The N-terminalvater-filled cavity of the channel cytoplasmic to the puta-
cysteine residues in Kv1.4 and Rvare quite sensitive to tive selectivity filter. The activation gate of the channel is
oxidation (Ruppersberg et al., 1991; Rettig et al., 1994considered to be located at the cytoplasmic side of this
Heinemann et al., 1995). Patch excision to separate thagueous cavity (Liu et al., 1997). Furthermore, according to
channel from the reduction-promoting cell interior readily the same structure, the side chain of the M440 residue
slows the N-type inactivation time course. A critical methi- projects away from the pore, and it is located within several
onine residue in the N-terminal ball domain of the ShC/BA of the A463 residue in the S6-segment. Position 463 has
channel is also oxidized by patch excision, slowing thebeen shown to affect P/C-type inactivation in the ShB
overall inactivation time course (Ciorba et al., 1997). Thesechannel (Hoshi et al., 1991; pez-Barneo et al., 1993), in
N-terminal residues may be particularly vulnerable to oxi-part by changing the K affinity (Ogielska and Aldrich,

K* channel inactivation and patch excision
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lized by oxidation of M440, and this may alter the influence
of the A463 residue on the channel inactivation gating.

o Uy Mutations of the A463 residue have been shown to alter the
' wo& o« o Y open and burst durations (Avdonin et al., 1997). If we
' ’% ® assume that the double-exponential nature of theAShB

46:T449S inactivation (this study; Meyer and Heinemann,
1997) reflects the sequential transition of the channel into
the P- and then C-type inactivated states, as suggested
(Loots and Isacoff, 1998) and represented in Scheme Il, the
results presented here indicate that oxidation of M440 to
FIGURE 12 The putative structure of the S5-, P-, and Sé-segments omet(O) preferentially promotes the channel’s transition into
the Shaker channel. Based on the sequence alignment between ShB ajKk P-type inactivated state without noticeably affecting the

KcsA, the structure reported by Doyle et al. (1998) was adopted for th . _ . . -
ShB channel. The left panel shows the side view of the channel, and tf?gansmon from the P type inactivated state to the C type

right panel shows the channel viewed from the cytoplasmic side sliced ail@ctivated state. In contrast, our results suggest that the
the A463 residue level. The M440 residues are show in yellow, and thdime course of recovery from P- and C-type inactivation in
A463 residues are shown in black. The images were created with RasMdhe ShBA6—46:T449S channel is not markedly altered by
(http://www.umass.edu/microbio/rasmol/), using the method of Guex ancbatch excision and oxidation. This observation is in line
Pietsch (1997). with the conclusion of Meyer and Heinemann that there is
only one rate-limiting step in the recovery process (Meyer
and Heinemann, 1997).
1998). The extent by which the 463 residue influences the High external K slows down P/C-type inactivation
inactivation time course is critically dependent on the amino(L6pez-Barneo et al., 1993; Baukrowitz and Yellen, 1995;
acid at position 449 in the external mouth of the poreLevy and Deutsch, 1996; Starkus et al., 1997), and the
(Lépez-Barneo et al., 1993), which may be located justA463C mutation influences the K sensitivity (Ogielska
external to the C-type inactivation gate (Molina et al.,and Aldrich, 1999). It is not likely, however, that oxidation
1997). When a threonine is present at position 449, mutaef M440 exerts its effect on the inactivation time course by
tions at position 463 markedly influence the inactivationdecreasing the Shi6—46:T449S channel’s affinity to K
kinetics, and the influence is much diminished when aions, because very similar acceleration was observed in the
tyrosine or valine is present at position 449 (Hoshi et al.presence of both 10 and 140 mM extracellular. KNith
1991; Lpez-Barneo et al., 1993). How these two residuediigh external K, the ion binding site(s) responsible for
interact to determine the inactivation time course is notslowing of the inactivation process may be maximally oc-
known, although direct side-chain interactions are consideupied, and changes in the"Kaffinity are expected to have
ered unlikely because of their putative distant three-dimenfewer noticeable effects on the inactivation time course.
sional locations (Ogielska et al., 1995). Because patch ex- The ShB M440 residue is well conserved in a variety of
cision, HO, and G work in a similar way by decreasing voltage-gated K channels, especially in the Kv1 family,
the fractional amplitude of the slow inactivation and sub-including Kv1.3. However, oxidation-induced regulation is
stitution of a methionine at position 440 with a leucine, not observed in every K channel with a methionine at the
which is oxidized less readily, and this effect is abolished byequivalent position. For example, in the Kv1.3 channel,
methionine, we conclude that oxidation of M440 to met(O)mutation of the ShB T449 equivalent amino acid to a
is responsible at least in part for the observed acceleration dyrosine slowed P/C-type inactivation and reduced the patch
the inactivation time course. Based on the potential strucexcision sensitivity (Kupper et al., 1995). Given that M440
tural proximity between M440 and A463, we suggest thatmay exert its action via residue 463 (see above), this may
oxidation of M440 to met(O), as induced by patch excision,not be surprising if one considers the results that the influ-
H,0,, and Q, alters P/C-type inactivation via the A463 ence of residue 463 is dependent on the amino acid at
residue in the S6-segment. Oxidation of methionine esserposition 449 (Hoshi et al., 1991; pez-Barneo et al., 1993).
tially converts the nonpolar side chain to a hydrophilic For example, residue 463 does not appreciably alter the
group by adding an oxygen to the sulfur atom (Vogt, 1995).inactivation time course when a tyrosine or valine is present
The hydrophobicity of met(O) is estimated to be similar toat position 449. The interaction between residues 449 and
that of lysine (Black and Mould, 1991; Black, 1992), and if 463 may be partly explained by the observation that the
met(O) is oxidized to methionine sulfone, the hydrophobic-effect of oxidation induced by Ch-T on the Shaker channel
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