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Reactive oxygen species (ROS) are essential for development
and stress signaling in plants. They contribute to plant defense
against pathogens, regulate stomatal transpiration, and influ-
ence nutrient uptake and partitioning. Although both Ca®>* and
K* channels of plants are known to be affected, virtually nothing
is known of the targets for ROS at a molecular level. Here we
report that a single cysteine (Cys) residue within the Kv-like
SKOR K* channel of Arabidopsis thaliana is essential for chan-
nel sensitivity to the ROS H,0,. We show that H,O, rapidly
enhanced current amplitude and activation kinetics of heterolo-
gously expressed SKOR, and the effects were reversed by the
reducing agent dithiothreitol (DTT). Both H,O, and DTT were
active at the outer face of the membrane and current enhance-
ment was strongly dependent on membrane depolarization,
consistent with a H,O,-sensitive site on the SKOR protein that
is exposed to the outside when the channel is in the open con-
formation. Cys substitutions identified a single residue, Cys'%®
located within the S3 a-helix of the voltage sensor complex, to
be essential for sensitivity to H,O,. The same Cys residue was a
primary determinant for current block by covalent Cys S-me-
thioylation with aqueous methanethiosulfonates. These, and
additional data identify Cys'®® as a critical target for H,0,, and
implicate ROS-mediated control of the K* channel in regulating
mineral nutrient partitioning within the plant.

Reactive oxygen species (ROS)* are major signals in virtually
every aspect of eukaryotic cell biology (1, 2). In animals, they are
important regulators of cell division and muscle contraction
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among others (3), and in plants they are essential for develop-
ment (4) and stress signaling, including drought (5, 6) and
defense against pathogens (7). Within proteins, ROS target a
small subset of amino acids, notably cysteine (Cys) residues,
chemically modifying these amino acids and thereby altering
protein structure and function (8). Nonetheless, the targeted
residues and associated motifs are often poorly defined, the
effects wide ranging and protein-specific, thus confounding
molecular analyses. Indeed, among the few well documented
examples, ROS modifications in mammalian ryanodine-recep-
tor and BK channels have different consequences depending on
the positions of the residues targeted (3, 9).

For development and signaling in plants, the activities of
membrane ion channels are essential, often including their reg-
ulation by ROS. For example, ROS affect non-selective cation
channels during Fucus development (10); they regulate Ca>"
channels and Ca®" -based signaling (5) as well as voltage-sensi-
tive K™ channels of guard cells (11) that are important for sto-
matal movement; they contribute in responses to drought and
pathogen defense (12); and they have been implicated in target-
ing K* efflux during programmed cell death (13). However,
until now virtually nothing has been known of the molecular
targets for ROS in plants, nor has a site of action been identified
with an ion channel protein.

SKOR is one of two K* channels found in Arabidopsis thali-
ana that rectify strongly outward, thereby mediating K™ efflux
from the cell. It is expressed within the xylem parenchyma
of the root where it facilitates K* loading into the xylem (14),
thereby contributing directly to K™ homeostasis and indirectly,
through charge balance, to the transport of other solutes
throughout the plant (12, 15). Like other members of the Kv-
like channel superfamily (16), the functional channel assembles
from four monomers with each SKOR monomer incorporating
six transmembrane a-helices. The first four a-helices form a
positively charged voltage-sensor complex or “paddle” that
moves within the membrane in response to voltage and couples
this movement to the channel gate. The fifth and sixth «a-helices
line the aqueous pore through the membrane and assemble in a
diaphragm or “gate” at the inner membrane surface, which
opens/closes to regulate ion flux through the channel. Here we
report that K¥ current through the heterologously expressed
SKOR is modulated by H,O., thereby identifying the K* chan-
nel as a potential target for ROS, and we show that a single Cys
within the voltage sensor complex is essential for its ROS sen-
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sitivity. This Cys and adjacent sequences form a motif that
shows extensive conservation among outward-rectifying Kv-
like K* channels, but only from land plants, suggesting that the
motif may represent an important regulatory target specialized
for the habit of plants in dry environments.

MATERIALS AND METHODS

Molecular Biology—Site mutations were generated in wild-
type SKOR and the C-terminal deletion mutant SKOR-AK746
as described previously (17, 18), and mutants and wild-type
SKOR were subcloned into the bicistronic expression vector
pCIG2, which contains an internal ribosome entry site and an
enhanced green fluorescent protein cassette. All clones were
verified by sequencing.

Mammalian Cell Culture and Electrophysiology—Human
embryonic kidney (HEK293) cells were grown at 37 °C under
5% CO, in Dulbecco’s modified Eagle’s medium (Sigma) with
10% (v/v) fetal calf serum, 2 mm L-glutamine, 1:1000 penicil-
lin and streptomycin. Cells were transfected using PolyFect
Transfection Reagent (Qiagen), subcultured for 2 days, and
12 h prior to recording, dispersed using trypsin and plated on
fibronectin-coated coverslips. For recording, the coverslips
were mounted in perfusion chambers on an Axiovert200 fluo-
rescence microscope (Zeiss, Germany). Cells expressing the
channels were selected by visual inspection for co-expression of
GFP fluorescence.

Patch pipettes were pulled from Kimax51 capillaries (Kimble
Products) in two stages to give tips with resistances of 2-5
megaohms. Standard pipette solutions contained (in mm) 130
K-gluconate, 1 NaCl, 10 HEPES, 5 EGTA, 2.1 MgCl,, 2.8 CaCl,
(= 0.1 uM free [Ca®"] (19)), 10 TAPS, 5 phosphocreatine, 1
Mg-ATP, 0.02 deltamethrin, pH 8. The bath solutions con-
tained (in mm) 5 mm KCl, 185 mm mannitol, 1.8 CaCl,, 1 MgCl,,
10 glucose, 5 HEPES/KOH, pH 7.4. DTT, glutathione, and
H,O, were added directly to bath or pipette solutions. Meth-
anethiosulfonate (MTS) reagents (Toronto Research), H,O,,
and ATP stock solutions were prepared fresh for dilution
to a final concentration. Currents were recorded using an
Geneclamp 500B amplifier (Axon Instruments, Sunnyvale, CA)
and voltage clamp driven using Henry III software (Y-Science,
Glasgow, UK). Currents were recorded after filtering at 1 kHz
and analyzed as described previously (17, 20). Xenopus oocytes
were prepared, injected with cRNA, and currents were
recorded as described previously (17, 18). Data are reported as
mean * S.E. as appropriate with significance determined by
Student’s ¢ test or analysis of variance.

Plant Growth and K+ Content Assays—Seeds of Col-0 wild-
type Arabidopsis and the skor and rhd2 mutants were sterilized
and stored in the dark at 4 °C to vernalize. The seed was germi-
nated on 0.5X Murashige and Skoog basal salts medium (21)
under continuous white light at 50 wmol/m?/s at 22 °C. After 6
days, germinated seedlings were transferred to 0.7% agar plates
containing 0.5X Murashige and Skoog medium alone and with
40 and 80 mM NaCl and 0.1 and 0.5 mm H,O,. Plants were
harvested after 14 days growth. Root and shoot material was
separated, analyzed for fresh weight, dried for 7 days at 70 °C,
and analyzed for dry weight, and the dry material extracted in 2
N HCI (20:1 w/v) for 7 days before analysis for K™ and Na™
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content by flame spectrophotometry. Cation contents were
expressed in concentrations assuming a 1:1 relationship
between fresh weight and cellular volume.

Molecular Dynamic Simulations—Molecular dynamic simu-
lation was performed using the NAMD program (22). Open and
closed SKOR models were embedded within a lipid bilayer in a
periodic boundary condition box with water molecules, K™ and
Cl™ ions, and was first optimized using energy minimization
followed by equilibration at 298 K for 3 ns with a harmonic
restraint of 0.5 kcal/mol A2 applied to the backbone atoms (see
supplemental Fig. S1) (18).

RESULTS

SKOR harbors 11 Cys residues, of which eight locate within
the cytosolic C terminus of the protein and two, Cys**® and
Cys>**, are situated in the S5 a-helix lining the channel pore
(Fig. 14). A single Cys, Cys'®®, was found in the S3 a-helix of the
voltage sensor complex and appears highly conserved among
outward-rectifying K* channels of land plants (Fig. 1A4). Dele-
tion of the C-terminal 83 residues of SKOR (SKOR-AK746),
including two Cys, has no measurable effect on SKOR current
or gating when heterologously expressed (17, 23). Both in this

background and in wild-type, substitutions of either Cys**® or

Cys*** individually were not tolerated, nor did these mutations
yield currents when combined with Cys'®® substitutions, alone
or together (not shown). However, currents were recovered in
SKOR mutants with C168S (SKOR-C168S) or with paired
C228S/C234S (SKOR-C228S/C234S) substitutions. Like wild-
type SKOR, these mutants gave currents on positive voltage
steps with pronounced sigmoidal activation kinetics and a sen-
sitivity to extracellular [K™] when expressed in HEK293 cells
(Fig. 1B) and Xenopus oocytes (not shown), albeit with some-
what faster activation kinetics.

SKOR Current Is Enhanced by ROS—Wild-type SKOR cur-
rent generally showed a slow decay throughout the 10 -20 min
of most recordings once in the whole cell configuration. We
found that adding 1 mm H,0, to the bath reversed this decay
and 10 and 30 mm H,O, further enhanced the steady-state cur-
rent amplitude by 2- to near 4-fold (Fig. 24). Current enhance-
ment was accompanied by a decrease in the half-times for acti-
vation (Fig. 2A), consistent with an action on gating, and
complementary results were obtained in oocytes (not shown).
In each of 23 independent experiments expressing SKOR in
HEK293 cells (Fig. 2B), the current increased from near 0.5 nA
to 1.5-2 nA at a clamp voltage of +80 mV following additions
of 10 mm H,O,. However, no measurable effects were observed
on treatment with the larger molecular weight, Cys-reactive
reagent 5,5'-dithiobis-2-nitrobenzoic acid (DTNB, Fig. 2C); in
5 experiments DTNB gave currents similar to control treat-
ments with buffer alone (not shown). Similarly, no effect was
observed with the membrane-permeant reagent phenylarsine
oxide (not shown), which cross-links vicinal cysteines (20).

Current enhancement by H,O, was saturable with an appar-
ent K, for H,0, of 3.8 = 0.6 mm (Fig. 2B). No appreciable decay
was observed after subsequent washing with buffer alone (Fig.
2C), at least within the time frame of recordings, indicating a
persistence of ROS action. However, the H,0, enhancement of
SKOR current was fully reversible in the presence of the reduc-
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FIGURE 1. The SKOR K* channel harbors 11 Cys residues, three of which
are situated within the transmembrane domains of the protein. A, sche-
matic of the SKOR structure with positions of the Cys residues as indicated.
Cys'®®, located within the S3 a-helix of the S1-S4 voltage sensor comple, is
highly conserved among outward-rectifying Kv-like channels of land plants.
The shaded arrow indicates the position of the pore and K* flux within the
tetrameric assembly of the functional channel. Inset: alignment of SKOR with
representative outward-rectifying channels GORK (Arabidopsis), PSKOR
(Populus), and inward-rectifying channels OsAKT1 (rice), ZMK1 (maize), AKT1
and KAT1 (Arabidopsis), and channels annotated for moss (Physcomitrella pat-
ens; Pp235474), liverwort (Selaginella moellendorfii; Sm406662), the alga
Chlamydomonas reinhardtii (Cr144354), and with the mammalian Kv1.2 chan-
nel (for details, see Ref. 16, and NCBI and JDI/DOE databases). Asterisk indicats
the conserved Cys and the adjacent motif shown in bold with shading. B, cur-
rent-voltage characteristics of wild-type SKOR (@, O) and mutants SKOR-
(C228S5/C234S (A, A) and SKOR-C168S (V, V) expressed in HEK293 cells. Volt-
age clamp cycles from —80 mV to voltages between —60 and +80 mV. The
current in each case was recorded from single cells bathed in 5 mm (filled
symbols) and subsequently 100 mm K™ (open symbols) and show the charac-
teristic shift with external [K*] (16). Insets, representative current traces from
a non-transfected HEK293 cell (nt), and from wild-type (wt), SKOR-C228S/
C234S, and SKOR-C168S cross-referenced to the current-voltage plot by the
symbols. Scale, horizontal, 2 s; vertical, 0.5 nA.

tant DTT when added subsequently to the bath (Fig. 2C). DTT
had no effect when added inside by inclusion in the patch
pipette, even when the DTT-containing pipette solutions were
allowed to exchange with the cytosol for 5— 6 min before adding
H,O, (not shown). Similarly, including reduced glutathione
(GSH) at concentrations of 1, 5, and 10 mMm in 6 experiments
failed to suppress the effects of H,O, on the SKOR current (Fig.
2C). These observations suggested that current enhancement
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FIGURE 2. SKOR current is reversibly enhanced by H,0,. A, SKOR current
recorded in one HEK293 cell during treatment with 1, 10, and 30 mm H,0O, and
voltage clamped in repeated 5-s cycles of —50 mV holding (0.8 s), —80 mV con-
ditioning (200 ms), +80 mV test (3 s), and —50 mV tailing (1 s) voltages. Mean =
S.E. are also shown for current amplitudes (O) calculated from the final 0.1 s of
each test voltage step and for activation half-times (t: ., ®) determined after nor-
malizing current relaxations. Insets (below), expanded current traces from individ-
ual clamp cycles taken just before addition of H,O, and near the end of the exper-
iment (indicated by the boxed areas of the main trace). B, mean increase in SKOR
current amplitudes from all 23 experiments (cells) as a function of H,O, concen-
tration. Fitting to a simple hyperbolic function yielded an apparent K, 0f 3.8 = 0.6
and maximum 3.0 = 0.2-fold enhancement. C, representative mean SKOR cur-
rent enhancementin 10 mm H,0, without (A) and with 10 mm glutathione in the
patch pipette (@). Subsequent superfusion with buffer alone (wash) had no effect
on the enhanced current, but the enhancement could be reversed by adding 10
mm DTT in the bath (A). No SKOR current enhancement was seen after adding 10
mm DTNB (O) or buffer alone (not shown).

depended on reversible oxidation of an isolated site (or sites)
situated near the outer membrane surface and accessible to
H,O,, but not to larger M, redox reagents.

SKOR-C168S Is Insensitive to ROS—Because Cys'®®, Cys>??,
and Cys*** residues needed for functional expression of SKOR
might be targets for H,0O,, we examined ROS sensitivity of the
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FIGURE 3. The Cys'%® residue is a principal target for H,0, and S-methioy-
lation by water-soluble MTS reagents. A, current amplitudes (A, ®) and
activation half-times (A, A) of the SKOR-C2285/C234S (A, A) and SKOR-C168S
(@, O) during treatments with 1T and 10 mm H,0,. Voltage clamp cycles and
analysis are as described in the legend Fig. 2. B, block of SKOR current by 400
M MTSES. Current amplitudes of wild-type SKOR (O), SKOR-C228S/C234S
(A), and SKOR-C168S (@). Inset, mean half-times (t:,,) for current block deter-
mined by non-linear least-squares fitting of current amplitudes after MTSES
addition to a simple exponential decay function. Note the logarithmic scale.
ti/, for buffer alone, 1280 * 75 s (n = 16). C, block of SKOR current by 400 um
MMTS. Current amplitudes of wild-type SKOR (O), SKOR-C2285/C234S (A),
and SKOR-C168S (@). Inset, mean half-times (t:,) for current block determined
by non-linear least-squares fitting of current amplitudes after MMTS addition
to a simple exponential decay function. Note the logarithmic scale.

substitution mutants. In each of 12 experiments, SKOR-C228S/
C234S showed essentially wild-type characteristics: current
amplitude was enhanced in 1 and 10 mm H, O, (Fig. 34), and the
response was reversed by adding DTT (not shown). Half-times
for current activation of SKOR-C228S/C234S decreased on
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additions of H,0O, (Fig. 34), and recovered with DTT treat-
ments (not shown), much as was observed for wild-type SKOR.
By contrast, in each of 11 experiments H,O, failed to enhance
the current carried by SKOR-C168S or to accelerate its activa-
tion, even with additions of 10 mm H,O, (Fig. 34). We cannot
rule out more subtle effects of the ROS associated with other
sites within the channel protein. Nonetheless, loss of sensitivity
in SKOR-C168S led us to conclude that this residue is a major
target for H,O, action on the channel.

Substitution of Cys'®® Confers Resistance to Current Block by
S-Methioylation from Outside—W e anticipated that the SKOR-
C168S mutant might also be resistant to the effects of covalent
Cys modification by MTS reagents. Methanethiosulfonates
selectively attack cysteine thiols, rapidly S-methioylating the
available Cys residues, and have been used to characterize the
temporal and environmental accessibility of domains within
many ion channels (cf. Refs. 16, 24, and 25). We made use of
the lipid-soluble methyl methanethiosulfonate (MMTS) and
the membrane impermeant (hydrophyllic) sodium (2-sulfona-
toethyl)-methanethiosulfonate (MTSES) and methanethiosul-
fonate ethylammonium chloride (MTSEA), which carry nega-
tive and positive charges, respectively.

In each of 14 experiments, treatment of cells expressing wild-
type SKOR with 400 um MTSES (Fig. 3B) or MTSEA (not
shown) blocked the current with kinetics well fitted to a simple
exponential decay and half-times near 30 s (Fig. 3B and inset).
These rates of block compare favorably with those for the volt-
age-dependent action of MTS reagents on the Arabidopsis
KAT1K" channel with Cys residues engineered in the S4 a-he-
lix (25) and for block by S-methioylation of endogenous Cys in
mammalian pacemaker channels (24). Similar results were
obtained in recordings of SKOR-C228S/C234S, although the
mutant showed a slower rate of current decay with MTS addi-
tions. Compared with the half-time for bath exchange (3 s),
these rates of current block suggested that sites within the
channel were accessible to the MTS reagents only some frac-
tion of the time. However, SKOR-C168S currents were unaf-
fected by additions of these MTS reagents (Fig. 3B and inset)
and yielded a nominal mean half-time for current decay statis-
tically equivalent to that of currents from SKOR-expressing
cells treated with buffer alone (not shown). By contrast, treat-
ments with MMTS led to a rapid loss of current with wild-type
SKOR essentially within the time scale of the bath exchange. A
marginally slower block was evident in the SKOR-C168S
mutant, but a significant slowing of current block was seen only
with SKOR-C228S/C234S (Fig. 3C and inset). These findings
underscore differential sensitivities of the two SKOR mutants
to Cys S-methioylation, a resistance of SKOR-C168S to water-
soluble MTS reagents from the outside, and SKOR-C228S/
C234S to the lipid-soluble reagent, consistent with the idea
that Cys'®® is exposed to the aqueous phase at the outer
surface of the membrane.

ROS Sensitivity of SKOR Is Voltage-dependent—Opening of
the pore in Kv-like channels depends on rotation of the pore-
lining S5 and S6 a-helices coupled to movement of the voltage
sensor complex of the S1-S4 a-helices (26). Charged residues
within the S4 a-helix are thought to help drive movement of the
voltage sensor as the membrane is biased toward an inside-
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FIGURE 4. SKOR current enhancement by H,0, is voltage-dependent.
Time courses of current enhancement for SKOR expressed in HEK293 cells
during treatments with 10 mm H,O, and voltage clamped in trains of 20-s
cycles with —50 mV holding (0.8 s), —80 mV conditioning (200 ms), +80 mV
test, and —50 mV tailing voltages. Current amplitudes were determined as
described in the legend to Fig. 2. Test and tailing voltage times were adjusted
to give a normalized residence time at +80 mV of 0.05 (O) and 0.95 (@) as
indicated (schematic insets, not to scale). Data using the clamp cycle train of
Fig. 2 (A, normalized residence time at +80 mV, 0.6) were included for com-
parison. Inset, relative current enhancement as a function of relative cycle
residence time at +80 mV.
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positive electric field. Uncertainties about the extent of move-
ment aside (27), this model fits remarkably well with the pres-
ent understanding of plant K™ channels (25, 28), and it raises a
question whether access of H,O, to Cys'®®, and, hence, the
sensitivity of SKOR to the ROS, might be voltage-dependent.
Indeed, sequence alignments and homology mapping of SKOR
to Kv1.2 (16, 18) place Cys'®® close to the S3—S4 linker within
the S3 a-helix of the voltage sensor, and thus near the outer
surface of the membrane.

To test the voltage dependence of SKOR sensitivity to exter-
nal H,O,, we used a simple extended protocol of 20 s, cycling
repeatedly between —50 and +80 mV as before. In this case, the
cycles were varied (Fig. 4, schematic insets) to give relative time
distributions of 0.95:0.05 at voltages favoring either channel
opening (+80 mV) or closing (—50 mV). In control experi-
ments, both protocols yielded similar SKOR currents and acti-
vation kinetics (not shown). However, adding 10 mm H,O,
yielded very different results depending on time-averaged bal-
ance of clamp voltages (Fig. 4). With the balance of clamp volt-
ages favoring the open channel at +80 mV, adding H,O, gave a
rapid enhancement of the SKOR current, analogous to the
effects observed previously (Fig. 2). By contrast, with the time-
averaged balance of clamp voltage favoring the closed channel
at =50 mV, adding H,O, showed only marginal enhancement
of the current over the subsequent 10—15 min of recording.
Similar results were obtained in each of 6 independent experi-
ments and showed a near-proportional dependence of current
enhancement in H,0, as a function of the time fraction at volt-
agesopening the channel (Fig. 4, inset), consistent with a voltage-
dependent change in accessibility of the H,O,-sensitive site
during SKOR gating.

ROS-dependent K* Partitioning Is Suppressed in the skor
Mutant of Arabidopsis—SKOR plays an important role in K*
loading of the xylem and its delivery to the shoot by the tran-
spiration stream; the skor null mutation reduces K* content of
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the shoot and affects partitioning of other mineral nutrients
within the plant (14) including Na™, probably through its influ-
ence on charge balance across the plasma membrane of cells of
the xylem parenchyma (15, 29). Reactive oxygen species and
related signals also affect translocation of K™ and other mineral
nutrients to the shoot (30-32). We reasoned that if the ROS
dependence of K partitioning is mediated by SKOR, then dele-
tion of the K™ channel should suppress the associated changes
in K™ distribution to the shoot in the presence of Na® and
exogenous H,O,.

To test this idea we grew wild-type Arabidopsis and mutants
skor (14) and rhd2 on 0.5X Murashige and Skoog basal salts
medium (21) alone, with 40 and 80 mm NaCl and 0.1 and 0.5 mMm
H,0O,. The rhd2 mutant is impaired in NADPH oxidase activity
and suppresses stress-induced ROS production and associated
changes in nutrient transport, although wild-type characteris-
tics are recovered with exogenous H,O, (32). Thus, we antici-
pated the effects on K™ partitioning to mirror that of the skor
mutant. Fig. 5 summarizes data for tissue K™ concentrations
and K*/Na™ ratios in the wild-type, skor, and rhd2 mutant Ara-
bidopsis lines assayed 8 days after transfer to fresh medium
alone and with the additions of NaCl and H,O,. We found that
K™ concentrations in shoot and root tissue of the wild-type
plants increased with increasing NaCl in the medium although
the K*/Na™ ratios decreased significantly, especially in the
shoot, consistent with past observations (12, 33—35). Increasing
H,O, challenge had a similar, albeit much weaker effect. No
significant differences were apparent in root K* concentrations
or K*/Na™ ratios between wild-type and the mutant lines for
any of the treatments. However, both mutants were severely
impaired in K™ partitioning to the shoot and in maintenance of
K" /Na™ ratios. Consistent with previous studies (14), the skor
mutant showed a 35% reduction in K content when grown
under standard conditions. More important, treatments with
NaCl and H, O, failed to promote the K concentration in the
shoot resulting in an attenuation in shoot K* content to ~50%
of the wild-type in the presence of 80 mm NaCl and 0.5 mm
H,0,. The rhd2 mutant mirrored the skor phenotype under salt
stress, displaying significantly lower shoot K concentrations
and K*/Na™ ratios than the wild-type plants. These results
indicate (i) that SKOR and RHD? affect partitioning of K™ to
the shoot, (ii) that both gene products are required for increas-
ing shoot K* concentrations under salt stress, and (iii) that
H,O, mimics at least in part these effects on shoot K™ concen-
tration and K*/Na™ ratios with and without NaCl. We return
to these points below.

DISCUSSION

Oxidation of Cys residues by H,O, to form sulfenic acid
effects post-translational modifications of proteins generally (1,
2), and has an important role in cellular signaling and control of
membrane transport in plants (12). H,0O, and related ROS are
important signals contributing to root development (4),
homeostatic control of guard cell ion channels (5), and regula-
tion of mineral and water flux during nutrient stress (15, 36).
Nonetheless, identifying the molecular targets for ROS has
proven difficult. Our studies now offer primary evidence that
the SKOR K™ channel of Arabidopsis is an important target for
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except when the Cys'®® site was
replaced with serine (Figs. 2 and 3).
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MTS reagents (Fig. 3). By contrast,
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FIGURE 5. The skor mutant of Arabidopsis suppresses ROS and salt stress-evoked changes in shoot K*
content. Top, total root and shoot K* content of Arabidopsis Col-O wild-type, skor, and rhd2 mutant seeds
grown for 14 days on 0.5X Murashige and Skoog alone and supplemented with 40 and 80 mm NaCland 0.1 and
0.5 mm H,0,. Data are mean =S.E. of three independent experiments (>10 plants each) and are expressed as
concentrations based on measurements of fresh weight. Bottom, total root and shoot K*/Na™ ratios derived
from the K contents above and parallel measurements of Na* from the same tissue samples.

H,0,-mediated Cys modification, and they identify the Cys'®®
residue of the channel protein as the minimal requirement for
channel regulation by the ROS. Because SKOR is a major path-
way for K™ transport into the xylem (14) and contributes to
charge balance during the loading of other nutrients and
metabolites, especially of anions such as NO;, and their deliv-
ery via the transpiration stream, the findings also implicate a
mechanistic link between stress-induced ROS production,
nutrient partitioning, and long-distance signaling (12, 15, 31).
An Intrinsic Cys Defines the Voltage-dependent Sensitivity
to External ROS—Central to identifying the SKOR Cys'®® resi-
due were discoveries that currents mediated by the wild-type
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bulk unlike H,0,-mediated oxida-
tion, MTS modification was ex-
pected to introduce substantial
steric constraints on protein con-
formation (16, 24, 25). This differ-
ence is the simplest explanation for
the divergent effects of Cys modifi-
cation. In either case, such specific-
ity in Cys targeting by ROS is by no
means unusual. For example, of the
100 Cys residues found in the ryan-
odine-receptor Ca?" channel of
muscle, only three are subject to
modification from outside (3). Our
observations do not rule out roles
for one or more of the other 10 Cys
oY oV residues of SKOR in control of the
K™ channel or its responses to other
species; however, they
clearly identify Cys'®® as a minimal
and uniquely important residue
needed for SKOR response to H,O,.

The significance of the Cys'®®
residue is underscored by the volt-
age dependence of SKOR enhance-
ment by ROS. Homology mapping
of SKOR to structures for the mammalian Kv1.2 K* channel
(37) places Cys'®® in SKOR close to the S3—S4 linker of the
voltage sensor complex, and thus near the outer surface of the
membrane. Positive voltage steps are thought to drive the volt-
age sensor outward during gating of SKOR, as in other plant
Kv-like channels (16). So the parallel in voltage sensitivity of
SKOR to H,0, is entirely consistent with the idea that the expo-
sure of Cys'®® to ROS depends on displacement of the sensor in
response to membrane voltage. It is of interest, too, that the
SKOR current was responsive to DTT (M, 154) from the out-
side, but not the inside of the membrane, and to water-soluble
reagents MTSES (M, 242) and MTSEA (M, 192), but not to the

Shoot

> ©
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FIGURE 6. Cys'%® residue of SKOR is expected to reside in a water-filled
pocket accessible from the outside in the open, but not in the closed
conformation. Results of molecular dynamic simulations are shown in a
side-on view of the SKOR channel assembly (top) with S2 and S3 a-helices of
one monomer in ribbon (gray and orange, respectively) and Cys'®®, Cys®?%,
and Cys?** in van der Waals representations following equilibration (see
supplemental Fig. S1). Expanded views of the S2 and S3 a-helices show amino
acid residues (center) and the water-filled space in blue (bottom) adjacent to
Cys'®®. Protein structures were recorded every 10 ps and the root mean
square deviation was calculated with the VMD trajectory tool (46) using a-C
atoms to confirm equilibration. Root mean square deviation averages from
300 superimposed coordinates were determined at 10-ps intervals and gave
a root mean square deviation of 0.863 = 0.083 (=S.D.) in the open state and
0.457 * 0.035 (£S.D.) in the closed state.

larger, aromatic compound DTNB (M, 398). SKOR-C168S was
also less effective in protecting against the lipid-soluble MMTS
reagent by comparison with SKOR-C228S/C234S (Fig. 3). One
simple explanation for this selectivity is that the sulthydryl of
Cys'®® is situated within a water-filled pocket which, on depo-
larization, is exposed to the bulk solution outside through an
aqueous gap small enough to exclude the larger water-soluble
compound. Indeed molecular dynamic simulations, based on
mapping to the Kv1.2 K* channel (18), are in agreement with
this interpretation: they suggest that Cys'®® is situated within a
water pocket roughly 4.6 A in diameter and 6.9 A deep, large
enough to accept H,O,, DTT, and MTS reagents, but too small
to fit the aromatic DTNB, which connects to the outside with
movement of the voltage sensor complex to the open state (Fig.
6 and supplemental Fig. S1). This interpretation agrees also
with the lack of action of DTT or glutathione when introduced
from the cytosolic face of the membrane.

It is of interest that the SKOR current was evident in Cys-
substitution mutants retaining Cys'®® or the Cys®*%/Cys>** pair,
but not in mutants incorporating single substitutions, either
C228S or C234S, with or without the C168S mutation. The
Cys>?8/Cys*®* pair are likely to be situated nearer the inner
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surface of the membrane, within the S5 a-helix and well
removed from Cys'®® (Fig. 5). Given the effect of the C228S/
C234S substitutions in reducing current sensitivity to the lipid-
soluble MMTS (Fig. 3C), these residues are probably buried
within the membrane. It could be argued that covalent Cys>**—
Cys>** linkage is important for protein structure, channel
assembly, or coupling of the voltage gate. However, such an
explanation falls foul of the observation that eliminating both
Cys residues otherwise had little effect on the SKOR current.
Nonetheless, the Cys**®/Cys*®** pair are localized within a
region of SKOR, which is recalcitrant to exchange with at least
one other Kv-like channel from Arabidopsis (38) and may point
to other functional requirements for these residues.

ROS Sensitivity and the Physiology of K* Partitioning—We
note the extensive conservation of the Cys'®® residue and
adjacent sequence within S3 a-helices of other outward-rec-
tifying Kv-like K channels from angiosperms, but not in the
Kv channels of algae or moss, nor of Drosophila, Caenorhabdi-
tis elegans, or mammals (Fig. 14). The comparison raises the
possibility that this motif reflects a set of unique adaptations of
land plants to dry environments. Activation of SKOR by ROS
does carry significant implications for the partitioning of K™
and other charged species within the plant. For example, plant
growth in nutrient-depleted soils requires efficient redistribu-
tion of assimilates within the plant (12), and shortages in K™,
NO,, and PO2™ (15) as well as salt stress (39) all promote ROS
production in plant roots. Furthermore, during water stress and
in the presence of abscisic acid the delivery of K™ and NOj3 to
the shoot occurs in association with substantial changes in
xylem pH (31), root water permeability (40), increases in ROS
(15), and over longer time periods, changes in the expression of
SKOR and other ion channels (14, 41). How these processes are
coordinated is still poorly understood, and their dissection
remains a challenge.

Our findings support the proposed role for SKOR in charge
balance and cation exchange (14, 15, 29) during solute trans-
fer from root to shoot, and they point to a connection
between this process and the consequences of ROS-medi-
ated signals. We found that the skor mutant suppressed
changes in K™ content of the shoot, but not of the root under
salt stress; furthermore, it showed a substantially reduced
K*/Na* ratio in the shoot even in the absence of elevated
Na™ outside, and this characteristic was evident also when
the plants were exposed to exogenous H,O, (Fig. 5). The
reduced K*/Na™ ratio is particularly important, because it
reflects the ability of the plant to balance the cation content.
Previous reports have highlighted decreases in K™ content
following salt stress (c¢f Refs. 33, 34 and 12 for review), but
these studies have often drawn on short-term NaCl chal-
lenge and the effects of salt stress in reducing the K* content
of the plant rather than the long-term effects on inorganic
cation balance. Furthermore, the capacity to retain K* has
been shown to be strongly dependent on the availability of
K* as well as Ca®>" in Arabidopsis (33, 35) and many other
species (for review see Ref. 12); we note that a numerical
comparison of these data is more difficult simply because
Ca®" availability affects Na™ uptake as well as the K" /Na™
ratio (33, 35), but the pattern of changes is consistent in each
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case. Indeed, Shabala et al. (29) have reported that the K™
content of barley xylem sap and shoots can increase in the
presence of Na™ although their results also show a substantial
rise in Na* content so that the K*/Na™ ratio declined under
these conditions. A previous study of Arabidopsis (33) has
shown that the rate of Na™ uptake by the roots is not affected in
seedlings of the skor mutant, and at least one study of trans-
porter gene expression has indicated a substantial (>1500%)
rise in SKOR transcript abundance under salt stress (42). These
findings are consistent with our observations of a longer term
rise in shoot K* content, its loss in the skor mutant as well as a
suppression of the shoot K*/Na™ ratio, and the corresponding
insensitivity of root K content and K™ /Na™ ratios to the skor
mutant (Fig. 5). Thus the findings highlight a role for the chan-
nel in cation exchange during solute transfer to the shoot, and
they also serve to underscore the longer term adaptive capacity
associated with the channel but most likely related to changes
in its expression under stress.

That the rhd2 mutant was similarly affected under salt stress,
and that the skor mutant showed a greater sensitivity in the
relative change in K*/Na™ ratio with H,O, (Fig. 5), is also con-
sistent with a role for ROS action on K¥/Na™ exchange and K™
partitioning to the shoot. Again, it is tempting to suggest a par-
allel between the effects of H,O, on SKOR channel activity and
of the skor and rhd2 mutants on the K" /Na™ ratioand K™ in the
shoot and, again, the difficulty lies in temporal differences
between the two sets of data: whereas the effects of ROS on the
channel are mediated directly over a time scale of seconds to
minutes, the cation contents of root and shoot reflect the
cumulative effects of Na™ stress and H,O, over a period of days.
Thus, we anticipate other mechanisms for ROS action on cat-
ion partitioning through changes in the expression of SKOR
(42), HKT1, and other transporters that will come into play over
longer time periods (32, 43—45). Our identification of a Cys
residue critical for SKOR sensitivity to ROS now implicates a
new dimension to this homeostatic network that may operate
over time scales of seconds to minutes, and it offers a molecular
“handle” with which to genetically manipulate and explore this
dimension.
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