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ABSTRACT Oxidation of amino acid residues in proteins
can be caused by a variety of oxidizing agents normally
produced by cells. The oxidation of methionine in proteins to
methionine sulfoxide is implicated in aging as well as in
pathological conditions, and it is a reversible reaction medi-
ated by a ubiquitous enzyme, peptide methionine sulfoxide
reductase. The reversibility of methionine oxidation suggests
that it could act as a cellular regulatory mechanism although
no such in vivo activity has been demonstrated. We show here
that oxidation of a methionine residue in a voltage-dependent
potassium channel modulates its inactivation. When this
methionine residue is oxidized to methionine sulfoxide, the
inactivation is disrupted, and it is reversed by coexpression
with peptide methionine sulfoxide reductase. The results
suggest that oxidation and reduction of methionine could play
a dynamic role in the cellular signal transduction process in
a variety of systems.

Oxidation of amino acid residues in proteins are known to
drastically affect their functional properties. Although all
amino acids can be oxidized, cysteine, methionine, histidine,
tyrosine, and tryptophan are readily oxidized by biologically
relevant oxidants such as H2O2, hydroxyl radicals, and hypo-
chlorite (1). Oxidation is known to affect potassium channel
proteins (2–5), which play crucial roles in the cellular signal
transduction activities in excitable cells in the brain, heart, and
muscle (6) as well as in nonexcitable cells such as lymphocytes
(7). Although cysteine oxidation has been generally suspected,
it is not clear which amino acid residues are oxidized to alter
the channel properties. In addition to cysteine, methionine is
also easily oxidized to form methionine sulfoxide [Met(O)].
Oxidation of methionine residues has been implicated in some
pathological conditions, such as emphysema, adult respiratory
distress syndrome, cataracts, and aging (1). Oxidation of
methionine is unique in that the reaction is reversible and
enzymatically controlled. Reduction of Met(O) to methionine
is catalyzed by an enzyme, peptide Met(O) reductase (MsrA)
(8), which has been recently cloned from Escherichia coli (9)
and bovine adrenal medulla (10). MsrA is very specific for
Met(O) residues and is found in a variety of tissues, especially
in the kidney, retina, and neurons (10, 11). The reversible
oxidation of methionine and reduction mediated by MsrA
could provide an important biological regulatory mechanism
like cysteine oxidationyreduction and phosphorylationy
dephosphorylation. In particular, the high level of expression
in neurons (11) hints that MsrA may have functional roles in
regulating neuronal excitability.

Voltage-dependent K1 channels open in response to depo-
larization and then often undergo inactivation. Properties of
the potassium channels, such as inactivation, can be modulated
by a variety of means, potentially contributing to learning and
memory. Inactivation kinetics of the K1 channels play critical
roles in determining cellular excitability, including cardiac
rhythmicity. Some genetic disorders, such as long QT syn-
drome and episodic ataxia, have been shown to involve defects
in voltage-dependent K1 channels (12–14). In Shaker voltage-
dependent K1 channels, fast inactivation is typically mediated
by N-type inactivation in which approximately the first 20
amino acid residues form the inactivation ball structure, which
physically occludes the channel pore to induce inactivation
(15–17). The nonpolar nature of the first 10 amino acids is
important in determining the rate constant of recovery from
N-type inactivation, and the positive charges in the next 10
residues are important for the rate constant of entry into
N-type inactivation (15, 18). NMR structures of the ball
domain of two mammalian Shaker-like channels are now
known (19). Because the biophysical and molecular properties
of the Shaker channels have been studied extensively, these
channels represent a good model system for which a real-time
assay of the protein function is easily achieved. Thus, we
examined the functional roles of methionine oxidation in
regulation of the Shaker channel function. The results show
that methionine oxidation and reduction facilitated by MsrA
regulate the channel inactivation time course, suggesting that
methionine oxidation could act as an important functional
regulator of many proteins.

MATERIALS AND METHODS

Channel Expression and Electrophysiology. The K1 chan-
nels are expressed in Xenopus oocytes essentially as described
(15). The ShCyB DNA was linearized with Bgl2, and the RNA
was synthesized using SP6 RNA polymerase using a commer-
cially available kit (Ambion, Austin, TX). Whole oocyte
currents were recorded using a Warner 725C amplifier
(Warner Instruments, Hamden, CT). The electrodes typically
had an initial input resistance of 0.5–0.8 Mohms when filled
with 3 M KCl. The patch-clamp recordings were obtained
using an AxoPatch 200A (Axon Instruments, Foster City, CA)
with borosilicate pipettes. Unless otherwise indicated, the
holding voltage was 290 mV. The signals were filtered through
8-pole Bessel filters (Frequency Devices, Haverhill, MA) and
digitized with ITC-16 interfaces (Instrutech, Mineola, NY)
attached to Apple Macintosh computers. The whole oocyte
data presented were collected 1 day after RNA injection. The
data were collected and analyzed using PULSEyPULSEFIT (Heka
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Electronics, Lambrecht, Germany), IGORPRO (WaveMetrics,
Lake Oswego, OR), and DATADESK (DataDescriptions, Ithaca,
NY). Linear leak and capacitative currents have been sub-
tracted from the data presented. The external solution con-
tained (in millimolars): 140 NaCl, 10 KCl, 2 CaCl2, and 10
Hepes, pH adjusted to 7.2 with N-methylglucamine. The
internalybath solution in the patch-clamp experiments con-
tained (in millimolars): 140 KCl, 2 MgCl2, 10 EGTA, and 10
Hepes, pH adjusted to 7.2 with N-methylglucamine. Record-
ings were typically made 1 day after RNA injection. Statistical
comparisons were made using the data collected from the
same batches of oocytes. Chloramine-T (Sigma) solutions were
prepared immediately before use. All procedures conformed
to an animal use protocol approved by the University of Iowa
Animal Care and Use Committee.

The ShCyB M3L channel was constructed from the ShB
channel using the standard PCR-mediated cassette mutagen-
esis as described (20). The ShBzpSP72B was cut with PflM1 and
Rsr2, and the DNA segment corresponding to the ShCyB
amino terminus with the M3L mutation was ligated in. The
sequence of the PCR-amplified DNA segment was verified
(The University of Iowa DNA Core Facility). The ShCyB M3L
DNA was linearized with NdeI and transcribed with T7
polymerase.

MsrA Expression. The coding sequence of MsrA was PCR
amplified (59-GTGGAATTCCAACCAAAGATATTA-
AACTAACCATGCTCTCGGTCACCAGGAGGGCCCTC-
CAGCTCTTTCAC-39, 59-CAGATCAAGCTTCATGGGG-
AGAAATTACTTTTTAATACC-39) from the plasmid de-
scribed by Moskovitz et al. (10), digested with EcoRI and
HindIII, and subcloned into an oocyte expression plasmid
vector (pGEMHE) (21) cut with the same enzymes. The
PCR-amplified DNA sequence was verified (The University of
Iowa DNA Core Facility). The MsrA DNA was linearized with
NheI and was transcribed using T7 RNA polymerase. The
MsrA activity was assayed essentially as described (22). The
oocytes were suspended in a Tris buffer solution, sonicated,
and centrifuged. The cell-free extract below the lipid layer was
removed and incubated with DTT (15 mM) and 3[H]N-
acetylmethionine sulfoxide. After the incubation, the mixture
was acidified, the 3[H]N-acetylmethionine formed was ex-
tracted with ethyl acetate, and the radioactivity in the ethyl
acetate phase was determined. The MsrA activity in uninjected
cells was typically ,0.1 pmolymg proteinyhour and the activity
increased to 5 pmolymg proteinyhour 1 day after MsrA RNA
injection.

RESULTS

Inactivation Time Course Is Variable in ShCyB. Outward
K1 currents recorded from one alternatively spliced variant of
the Shaker gene, ShCyB (23, 24), heterologously expressed in
Xenopus oocytes, are shown in Fig. 1A. Although identical
stimuli were applied, the currents recorded from different cells
showed a marked variability in the inactivation time course. In
some cells, the inactivation time course was fast and well
described by a single exponential, consistent with the N-type
inactivation mechanism being dominant. In others, however,
the inactivation time course was slower and much more
complex, requiring a sum of at least two exponential compo-
nents. In the latter cells, the overall inactivation time course
exhibited both the fast inactivation component and a slow
inactivation component. The variability of the inactivation
time course could be described as a variable presence of the
slow inactivation component. The inactivation time course of
K1 currents recorded from cells expressing another splicing
variant, ShB (25), which differs from ShCyB only in the amino
terminus, did not show a similar variability (data not shown).

The single-channel recording from a single ShCyB channel
showed that one channel protein is capable of showing two

patterns of inactivation (Fig. 1B; also see ref. 24). In response
to depolarizing pulses, the ShCyB channel normally entered a
long-lived, inactivated state after a few openings. Intermit-
tently, however, the channel inactivated much more slowly and
continued to open and close throughout out the pulse. These
results indicate that the reversible and intermittent loss of fast
inactivation leaving only slow inactivation is responsible for the
observed variability in inactivation.

Consistent with the observation that two inactivation pat-
terns were observed from one channel protein, the overall
inactivation time course of the macroscopic ShCyB currents
sometimes spontaneously slowed down, especially in the cell-
free configuration. This slowing was accompanied by an
increase in the slow component of inactivation. Spontaneous
changes in the inactivation properties upon patch excision have
been noted in other K1 channels (2, 26). In one case, cysteine
oxidation was shown to account for the loss of N-type inacti-

FIG. 1. (A) ShCyB expressed in Xenopus oocytes shows marked
variability in the inactivation time course. The whole-oocyte K1

currents recorded at 0 mV from 12 different cells 1 day after RNA
injection were scaled and shown superimposed. The mean peak
current amplitude was 10.5 mA (SEM 5 1.6 mA). (B) One ShCyB
channel displays two patterns of inactivation. Openings of one ShCyB
channel were elicited by repeated depolarizing pulses to 0 mV every
15 sec in the cell-attached configuration of the patch clamp. The
channel occasionally failed to inactivate during the pulse. The mean
open times in the sweeps during which the channel failed to inactivate
were not greater than those in the sweeps during which the channel
inactivated rapidly. There was only a very modest positive correlation
between the mean open and the open probability in each depolarizing
epoch (r 5 0.66, Spearman rank correlation). This patch contained
only one active channel as judged by the absence of overlapping
openings in more than 150 sweeps. The data were filtered through an
eight-pole Bessel filter at 1.2 kHz and digitized at 20 kHz. Essentially
similar inactivation patterns were observed in two other single-channel
patches. (C) Ch-T slows down the inactivation time course in ShCyB
but not in ShB. Macroscopic currents from the ShCyB and ShB
channels were recorded in response to depolarizing pulses to 150 mV
in the inside-out configuration of the patch clamp. Ch-T (50 mM),
prepared fresh immediately before use, was applied to the cytoplasmic
side. The first 20 deduced amino acid residues in ShB and ShCyB are
also shown. Intracellular Ch-T, up to 0.6 mM, did not markedly affect
the ShB inactivation time course.
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vation (2). Reducing agents such as DTT and glutathione were
able to restore the loss of inactivation caused by cysteine
oxidation. To see if oxidation of amino acid residues in the
ShCyB protein is responsible for the variability in the inacti-
vation time course (Fig. 1 A) and the intermittent loss of
inactivation (Fig. 1B), we examined the effects of an oxidant,
chloramine-T (Ch-T), on the inactivation time course of
ShCyB and ShB. Application of Ch-T, which preferentially
oxidizes cysteine and methionine residues, to the cytoplasmic
side in the inside-out patch configuration slowed the inacti-
vation time course of ShCyB but not of ShB at the concen-
trations examined (up to 600 mM) (Fig. 1C). Consistent with
the removal of fast N-type inactivation, the slowing of inacti-
vation by low concentrations of Ch-T (,300 mM) was accom-
panied by a small increase in the peak current amplitude. At
greater concentrations (1 mM), however, Ch-T slowed the
apparent activation time course and reduced the peak ampli-
tudes of the ShCyB currents. These effects of Ch-T at the high
concentrations are probably mediated by the effects on other
gating processes (27). Internal DTT (5 mM) in the inside-out
patches did not have any consistent effects on the ShCyB
currents (data not shown). The observations that ShB does not
show the inactivation variability or intermittent loss of inac-
tivation and that Ch-T has differential effects on ShCyB and
ShB suggest that the oxidation of a sensitive amino acid unique
to ShCyB may be responsible for the inactivation variability of
ShCyB.

Coexpression of ShCyB with MsrA Accelerates Inactivation.
ShB and ShCyB differ only in the distal amino terminus in their
deduced amino acid sequences (see Fig. 1C). Although cys-
teine residues are present at the equivalent positions in both
channels, ShCyB contains an additional methionine residue in
the distal amino terminus, which forms the inactivation ball
domain. Methionine residues in proteins are readily oxidized
to Met(O), and they are physiologically reduced back to
methionine by MsrA using thioredoxin as the reducing system
(8, 10). If methionine oxidation is responsible for the inacti-
vation variability and intermittent loss of fast inactivation,
coexpression of ShCyB with MsrA should accelerate the
overall inactivation time course by reducing the slow compo-
nent in inactivation. The coexpression should also eliminate
the large variability in inactivation. Thus, we examined the
effects of MsrA expression on the ShCyB K1 currents. The
uninjected oocytes showed a low endogenous level of MsrA
activity, and injection of MsrA RNA increased the enzyme
activity by .30-fold as measured by the conversion of 3[H]N-
acetylmethionine sulfoxide to 3[H]N-acetylmethionine (Fig.
2A). Scaled K1 currents recorded from cells expressing both
ShCyB and MsrA are compared with those expressing ShCyB
alone in Fig. 2B. MsrA coexpression consistently accelerated
the inactivation time course. Furthermore, coexpression with
MsrA dramatically reduced the variability in inactivation time
course. The inactivation time course was fitted with a sum of
two exponentials, and the inactivation parameters are shown
in Fig. 2C using boxplots. The MsrA coexpression specifically
reduced the slow inactivation component from '60 to 10%
without markedly affecting the time constant of the fast
component or slow component. These results strongly support
the hypothesis that methionine oxidation is responsible for the
inactivation variability in ShCyB. In addition to the inactiva-
tion time course, the MsrA coexpression also affected the time
course of recovery from inactivation. As with the inactivation
time course during depolarizing pulses, the time course of
recovery from inactivation in ShCyB, as measured by a double
pulse protocol, was quite variable (Fig. 3B). As predicted,
MsrA coexpression reduced the variability and slowed the
recovery from inactivation (Fig. 3B).

Methionine in the Amino-Terminal Ball Domain Is Oxi-
dized to Slow Down Inactivation. Because ShCyB contains an
additional methionine residue near the amino terminus at

position 3 (M3), which is not present in ShB, we hypothesized
that intermittent oxidation of this amino-terminal methionine
to Met(O) is responsible for the intermittent loss of inactiva-
tion and the inactivation variability. Previous results have
shown that the nonpolar nature of the first 10 amino acid
residues is important in N-type inactivation (15, 18). Presence
of the polar oxygen group at this location would be expected
to disrupt N-type inactivation. If so, the channels with the
methionine residue at position three oxidized to Met(O) could
be responsible for the slow component of inactivation whereas

FIG. 2. (A) The MsrA activities measured from uninjected oocytes
and the oocytes injected with MsrA RNA (50% dilution, 1 day) are
compared using boxplots (Left). Specific activity is defined as the
picomol of N-acetylmethionine sulfoxide reduced to N-acetylmethi-
onine per microgram of protein per hour at 37°C. (B) MsrA coex-
pression accelerates the inactivation time course of ShCyB and reduces
the inactivation variability. Scaled whole oocyte K1 currents at 130
mV recorded from the cells expressing ShCyB alone (15 cells, Upper)
and ShCyB and MsrA together (12 cells, Lower) are shown. Each
oocyte in the control group was injected with 40 nl of 30% dilution
ShCyB RNA. In the coexpression group, each oocyte was injected with
40 nl of ShCyB (50%) and MsrA (50%) RNAs. The mean peak K1

current amplitudes were 27.8 mA in the control group (SEM 5 3.1 mA)
and 15.1 mA in the coexpression group (SEM 5 2.1 mA). Similar
effects of MsrA coexpression were observed in nine separate batches
of oocytes involving '230 cells with different expression levels. (C)
MsrA specifically decreases the slow inactivation component. The
whole oocyte currents elicited at 130 mV were fitted with a sum of two
exponentials, and the parameters are compared using boxplots. From
left to right, the fast inactivation time constant, slow inactivation time
constant, and the fractional amplitude of the slow inactivation com-
ponent are shown. The shaded areas represent the 95% confidence
intervals of the median. Pearson product-moment correlation between
the peak current amplitude and the slow component fraction was low
(r 5 20.14 for the control group and r 520.23 for the coexpression
group). The difference between the two medians of the slow compo-
nent fraction was statistically significant at P 5 0.0006 using the
Mann–Whitney U test.
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the intact channels are responsible for the fast component.
According to this hypothesis, mutation of the methionine

residue (M3) to the less readily oxidized leucine should
eliminate the variability in inactivation time course by reducing
the slow component, and there should be no effect of coex-
pression of MsrA on the inactivation time course. K1 currents
recorded from cells expressing the mutant ShCyB M3L chan-
nels are shown in Fig. 4A. Consistent with the hypothesis, the
overall inactivation time course of the K1 currents from the
mutant M3L channels was faster and did not show a marked
slow component. Furthermore, the inactivation time course
was very consistent among the cells examined. The effect of
this mutation was specific in that it did not affect the time
constant of the fast inactivation phase (Fig. 4B). Internal Ch-T
(up to 300 mM) affected neither the peak current amplitudes
nor the inactivation kinetics of the ShCyB M3L current (data
not shown) although at greater concentrations (.600 mM) it
reduced the peak current and slowed the inactivation kinetics.
Thus, the results strongly indicate that oxidation of methionine
to Met(O) is responsible for the inactivation variability.

If MsrA is accelerating the inactivation time course by
enhancing the reduction of the Met(O) at position 3 in ShCyB,
it is expected that the inactivation time course of ShCyB M3L
should be unaffected by MsrA. Fig. 4A shows the currents
recorded from the cells expressing both the ShCyB M3L
channels and MsrA. The inactivation time course of the ShCyB
M3L channel was not affected by MsrA coexpression, con-
firming that MsrA exerts its effects by acting on the Met(O) at
the third position in the channel protein

Synthetic peptides corresponding to the amino-terminal ball
domains of the Shaker channels are known to restore inacti-
vation (16, 18). Fig. 5 shows that intracellular application of a
synthetic peptide corresponding to the first 16 amino acid
residues of the ShCyB channel induced inactivation in the
ShBD6–46:T449V channel, which shows neither N-type nor
C-type inactivation in oocytes (15, 20). A mutant ShCyB
synthetic peptide, where methionine at position 3 is replaced

FIG. 3. (A) Representative currents obtained from a cell express-
ing both the ShCyB channels and MsrA in response to a double-pulse
protocol to measure recovery from inactivation. Two 1.5-s pulses to
130 mV separated by the variable intervals were given every 25 s. The
interpulse voltage was 2100 mV. (B) MsrA coexpression slows the
time course of recovery from inactivation and reduces its variability.
The left plot shows the recovery curves from four cells expressing
ShCyB only, and the right plot shows the recovery curves from three
cells expressing both ShCyB and MsrA. The fractional recovery is
defined as the ratio of the peak current during the second pulse over
that during the first pulse. The channels were expressed in Xenopus
oocytes and the whole-oocyte currents were recorded as in A.

FIG. 4. (A) The M3L mutation accelerates the inactivation time course and eliminates the regulation by MsrA. Currents recorded at 130 mV
from cells expressing ShCyB alone (Left, 10 cells), ShCyB M3L alone (Center, 9 cells) and ShCyB M3L and MsrA together (Right, 10 cells) are
shown. The mean peak currents for these three groups were 34 mA (SEM 5 5.4 mA), 5.1 mA (SEM 5 0.74 mA), 2.6 mA (SEM 5 0.19 mA),
respectively. (B) The M3L mutation specifically decreases the slow inactivation component. The inactivation time course of the currents shown in
A was fitted with a sum of two exponentials and the parameters are compared using boxplots. From left to right, the fast inactivation time constant,
slow inactivation time constant, and the fractional amplitude of the slow inactivation component are shown. The shaded areas represent the 95%
confidence intervals of the median.
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with Met(O), was much less effective in inducing inactivation,
confirming that oxidation of this methionine to Met(O) in-
terferes with N-type inactivation. Furthermore, the Met(O)-
containing ShCyB peptide, preincubated with purified recom-
binant MsrA (0.06 mgyml) (10) and DTT (1 mM), was more
effective in inducing inactivation than the Met(O) peptide
treated with DTT alone (Fig. 5B). The result suggests that
MsrA was able to catalyze reduction of Met(O) at position 3
to methionine, thus enhancing the inactivation process.

DISCUSSION

The results presented above argue that oxidation of the
methionine at position 3 in ShCyB (M3) has an important
functional role in regulating the N-type inactivation mecha-
nism. When methionine is present, the amino terminus is able
to form the inactivation ball structure and stabilize N-type
inactivation. However, when the methionine is oxidized, the
presence of the polar oxygen alters the properties of the ball
domain and allows the channel to recover very rapidly from the
inactivated state, thus effectively eliminating the fast inactiva-
tion process. The single-channel data shown in Fig. 1B suggest
that oxidation and reduction of this residue can take place
rapidly, within several seconds. This conversion process is
dramatically enhanced by heterologously expressed MsrA as
its expression accelerates the inactivation time course and
delays the recovery time course.

Oxidation of proteins as a result of reactions with various
biological oxidants is important in many physiological and
pathological conditions (28–32). Oxidation is considered to

play major roles in the immune system, cardiovascular func-
tionydysfunction (33, 34), Alzheimer disease (35), and other
aging-related phenomena (29–32, 36). Oxidation of amino
acid residues may also be a part of many signal transduction
pathways. For example, some effects of nitric oxide (NO),
implicated in many physiological phenomena, including learn-
ing and memory, could be mediated by oxidation (1, 37).
Although oxidation of cysteine residues is well known, methi-
onine residues can also be readily oxidized to form Met(O).
Oxidation of methionine to Met(O) causes a marked differ-
ence in polarity, essentially converting a nonpolar amino acid
into a polar hydrophilic one. Methionine oxidation in proteins
was considered to be one of the consequences of oxidative
damage to cells, which in many cases leads to the loss of
biological activity. More recently, it was suggested that revers-
ible oxidation of methionine residues may act as an oxidant
scavenger in the cellular antioxidant defense mechanism be-
cause many methionine residues in a protein might be oxidized
without affecting its activity (38). The results presented here
demonstrate that methionine oxidationyreduction has impor-
tant functional consequences and could act as a functional
regulatory mechanism. In the ShCyB channel, oxidation of a
methionine residue in the inactivation ball slows down the
inactivation process, and the effect is efficiently reversed by
MsrA. It will be important to determine what induces oxida-
tion of this methionine residue. One tantalizing possibility is
that the membrane depolarization itself may induce oxidation
(39). Electrolysis of intracellularyextracellular fluids in heart
has been suggested to produce reactive oxygen species (40).

The bovine MsrA contains several consensus sites for phos-
phorylation by protein kinase C, suggesting that the reductase
activity could be modulated as part of a transduction pathway
controlling cellular activity. If the membrane depolarization
itself could induce oxidation as suggested by previous exper-
iments (39, 40), membrane depolarization could have a pro-
found impact on the channel function, which might outlast the
original length of depolarization. The duration of the channel
modification is limited by the action of MsrA, which in turn
could be regulated by protein kinase C. Thus, oxidation of
methionine residues in ion channel proteins and its reversal by
MsrA may play roles in an activity-dependent modulation of
the cellular function, as in learning and memory. MsrA may be
important not only as a repair enzyme but also as a key player
in the cellular signal transduction cascade. Dynamic functional
roles of methionine oxidation and its reversal by MsrA in a
variety of systems need to be explored.
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