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Abstract Here we report on the molecular identification, guard
cell expression and functional characterization of AtGORK, an
Arabidopsis thaliana guard cell outward rectifying K+ channel.
GORK represents a new member of the plant Shaker K* channel
superfamily. When heterologously expressed in Xenopus oocytes
the gene product of GORK mediated depolarization-activated
K* currents. In agreement with the delayed outward rectifier in
intact guard cells and protoplasts thereof, GORK is activated in
a voltage- and potassium-dependent manner. Furthermore, the
single channel conductance and regulation of GORK in response
to pH changes resembles the biophysical properties of the guard
cell delayed outward rectifier. Thus GORK very likely represents
the molecular entity for depolarization-induced potassium release
from guard cells. © 2000 Federation of European Biochemical
Societies. Published by Elsevier Science B.V. All rights re-
served.
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1. Introduction

Since the development of single cell electrophysiological
techniques, the majority of patch-clamp and conventional
voltage-clamp studies in plants has focused on the role of
guard cell plasma membrane ion channels in stomatal closure.
In 1993, Blatt and Armstrong [1] challenged impaled guard
cells with abscisic acid (ABA). Thereby they recognized the
inhibition of inward rectifying and activation of outward rec-
tifying K* channels as an early step in ABA signaling. Simul-
taneous electrophysiological recordings and intracellular pH
measurements showed that a drop in cytosolic pH precedes
the change in the two K* channel activities. After the cloning
of KATI and KST1, inward rectifying K* channels expressed
in Arabidopsis thaliana and Solanum tuberosum guard cells,
respectively [2-4], the pH-dependent modulation of this chan-
nel type has been identified as a channel intrinsic property [5—
8]. In search for signal transduction elements between ABA
perception and inhibition of the inward rectifying K+ channel
and activation of the outward rectifier, ABA-insensitive mu-
tants have been investigated. Among them abil was identified
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as a mutation in a protein phosphatase [9,10]. Electrophysio-
logical studies on guard cells from abil expressing tobacco
plants revealed defects in the pH-mediated regulation of the
two K* channels [11].

In order to distinguish on the molecular level between the
individual ion channels in the plasma membrane of the guard
cell and interacting factors, we have cloned and characterized
AtGORK, an outward rectifier expressed in guard cells of A.
thaliana.

2. Materials and methods

2.1. Cloning and localization

Degenerated oligonucleotides, Koutl (5-CARGARGGNTAYA-
CNTGG-3") and Kout2 (5'-TARTCIGTYTTRTTIGGRTC-3") were
derived from an alignment of SKOR (stelar K™ outward rectifier,
accession number CAA11280), PTORK (Populus tremula outward
rectifying K™ channel, accession number AJ271446) and SPORK (Sa-
manea saman pulvinus outward rectifying K+ channel, accession num-
ber AJ299019). Using mRNA isolated from Arabidopsis protoplasts,
in an RT-PCR approach an 998 bp cDNA fragment was amplified,
subcloned into the pCRII-TOPO plasmid (Invitrogen) and verified by
sequencing and database comparison. The missing 5’ and 3’ ends were
obtained using the SMART-RACE procedure (Clontech).

Expression was analyzed by RT-PCR experiments on mRNA iso-
lated from various Arabidopsis tissues. Using the Dynabeads mRNA
direct kit (Dynal), mRNA was isolated directly from tissues, reverse
transcribed (M-MLV Reverse Transcriptase, Promega) and subse-
quently subjected to PCR using GORK-specific primers (sense-primer:
5'-CCTCCTTTAATTTAGAAG-3'; antisense-primer: 5'-GCTCCA-
TCCGATAG-3').

2.2. Electrophysiology on single A. thaliana guard cells

2.2.1. Double-barreled voltage-clamp. Guard cells in intact leaves
were impaled with double-barreled electrodes as described previously
[12]. The reference electrode, an Ag/AgCl half cell connected to a glass
capillary filled with 50 mM KCIl, was placed on the cuticula.

2.2.2. Patch-clamp recordings. Guard cell protoplasts were iso-
lated as described before [13]. Solutions: The standard pipet solution
(cytoplasm) contained 150 mM K-gluconate, 2 mM MgCl,, 2 mM
MgATP, 10 mM HEPES/Tris pH 7.4. Cytosolic Ca?* was buffered
with 10 mM EGTA or with 5 mM EGTA in addition to 3 mM CaCl,.
The bathing medium contained 30 mM K-gluconate, 1 mM CaCl,,
and 10 mM MES/Tris pH 5.6. All solutions were adjusted to 540
mosmol kg~! using p-sorbitol.

2.3. Heterologous expression in Xenopus oocytes

For functional analysis, GORK cRNA was prepared using the
mMESSAGE mMACHINE® RNA Transcription kit (Ambion). Oo-
cyte preparation and cRNA injection have been described elsewhere
[14]. In two-electrode voltage-clamp studies oocytes were perfused
with K-gluconate containing solutions, based on TrissMES buffers.
The standard solution contained 10 mM TrissMES pH 7.4, 1 mM
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CaCl,, 1| mM MgCl, and 30 mM K-gluconate. Osmolarity was ad-
justed to 220 mosmol kg™! using p-sorbitol and the ionic strength was
adjusted with Li-gluconate. Voltage-dependent activation of GORK
was recorded using single-pulse protocols. Starting from a holding
potential (Vy) of —100 mV, pulses were applied to various test volt-
ages as indicated in the figure legends.

Single channel analysis was performed in the cell-attached config-
uration of the patch-clamp technique applied to GORK expressing
Xenopus oocytes. Current fluctuations were recorded with identical
pipet and bath solutions composed of 30 mM K-gluconate, 1 mM
CaCl,, 1 mM MgCl,, and either 10 mM MES/Tris pH 5.6 or 10 mM
Tris/MES pH 7.4. The solutions were adjusted to 220 mosmol kg™!
using D-sorbitol.

3. Results and discussion

3.1. Identification of the outward rectifier in guard cells

To prove whether the depolarization-activated outward K+
current exhibits the same electrophysiological fingerprint in
turgid guard cells of intact Arabidopsis leaves and isolated,
turgorless protoplasts thereof, we studied the voltage depen-
dence and kinetics of the outward rectifier in the two exper-
imental systems. Single guard cells in their natural environ-
ment of an intact leaf were impaled with double-barreled
microelectrodes. With the membrane potential clamped to
—80 mV, 2 s voltage pulses were applied to hyperpolarizing
and depolarizing voltages. With negative-going voltages in-
ward rectifying Kt currents similar to those described for
guard cells as well as the gene product of KATI when ex-
pressed in Xenopus oocytes were elicited (data not shown,
cf. [13]). Upon application of depolarizing voltage pulses
time- and voltage-dependent outward currents were elicited
(Fig. 1A). In addition we enzymatically isolated guard cell
protoplasts from epidermal peels and applied the whole-cell
and outside-out patch configuration of the patch-clamp tech-
nique and tested whether the lack of turgor alters the K*
channel properties of guard cells. In response to depolarizing
membrane potentials the voltage- and time-dependent proper-
ties of the K* channels remained unaffected by the loss of
turgor (Fig. 1B). Similar to the macroscopic Kt currents,
single 20 pS, K*-selective channels were elicited at depolariz-
ing voltages (Fig. 1C,D).

N
Fig. 1. Voltage- and time-dependent properties of the outward recti-
fying K* channel in A. thaliana guard cells. A: Guard cells in intact
leaves were impaled with double-barreled electrodes. From a hold-
ing potential of —80 mV slowly activating outward currents were
elicited by 2 s voltage pulses to +20 mV in 20 mV increments. B:
Whole-cell patch-clamp recordings from Arabidopsis guard cell pro-
toplasts in the presence of 30 mM K* and pH 5.6 in the bath.
Starting from a holding potential of —67 mV, pulses between —117
mV and +43 mV in 20 mV increments elicited K* currents upon
depolarization. C: Time- and voltage-dependent openings of single
channels in outside-out patches, excised from guard cell protoplasts.
Representative currents obtained by changing the membrane voltage
from a holding potential of —48 mV in 20 mV decrements from
+92 to —108 mV, followed by a pulse to —88 mV. D: Single chan-
nel conductance of the guard cell outward rectifier. Open channel
conductance (20 pS) in the outside-out configuration and in the
presence of 30 mM K™ in the bath and 150 mM K™ in the pipet.
Changing the pH in the bathing medium from pH 5.6 (O) to pH
7.0 (m) did not affect the unitary conductance. Note, that the single
channel current reversed closely to Ex (=—41 mV). Error bars rep-
resent the standard deviation.
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3.2. Molecular characterization of GORK

We isolated mRNA form guard cell protoplasts to screen
for the gene, encoding the outward rectifier. So far two Ara-
bidopsis genes, SKOR and KCOI, encoding depolarization-
activated K* channels have been described [15,16]. KCOl,
however, very likely represents a vacuolar K* channel (own
unpublished data), since the plasma membrane K" currents in
protoplasts isolated from KCOI knockout plants were not
different from wild type Arabidopsis. Furthermore, green fluo-
rescence appeared in the vacuolar membrane of cultured cells,
transformed with a fusion between KCOI and GFP (35S-
KCOI-GFP). We therefore focused on the SKOR family and
designed the degenerated primers Koutl and Kout2. Using
Koutl and Kout2 in PCR experiments we could amplify a
fragment of 998 bp with 69% homology to SKOR cDNA.
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Fig. 2. Molecular biology of GORK. A: Phylogenetic tree, demonstrating that GORK (accession number AJ279009), together with SKOR,
PTORK and SPORK groups into a new family of Shaker-like plant potassium channels. Sequence alignments were performed with Clustal X
[24] and trees were drawn using TreeView [25]. B: Localization of GORK mRNA. RT-PCR analyses on mRNA derived from Arabidopsis stem
(S), leaves (L), flowers (F), guard cell protoplasts (GC), and mesophyll protoplasts (MC). Negative control (SKOR cDNA, nc), positive control
(GORK cDNA, pc) as well as signals obtained with Arabidopsis genomic DNA (D) demonstrate the specificity of the GORK primers. Note,
that primers did not cross-react with SKOR transcripts, although GORK cDNA shares 67% identity with SKOR cDNA.

Based on RACE techniques we were able to clone the respec-
tive 5’ and 3’ terminal regions of this SKOR-like K* channel
sequence. In the evolutionary tree of known plant K* chan-
nels (Fig. 2A), GORK groups in a separate branch together
with SKOR, PTORK and SPORK. Based on an alignment of
the deduced protein sequences, the overall homology between
the SKOR and GORK from A. thaliana was 73%, for the
homolog from S. saman 75% and 70% for the one from P.
tremula x tremuloides.

To identify the expression pattern of GORK in the shoot we
performed an RT-PCR analysis on mRNA isolated from
guard cell protoplasts, mesophyll protoplasts and various tis-
sues. A GORK-specific signal was obtained in all guard cell-
containing tissues (Fig. 2B). Note the lack of a signal with
mesophyll cells.

3.3. Expression in Xenopus oocytes

To prove whether GORK is indeed encoding an outward
rectifying K™ channel with properties similar to those re-
corded from guard cells and protoplasts thereof, we injected
frog oocytes with GORK cRNA. 1-3 days following injection,
depolarization-activated outward currents appeared (Fig. 3A).
In the presence of 30 mM KCI or K-gluconate outward cur-
rents were elicited at membrane potentials positive of —20 mV
with features similar to the outward rectifier in guard cells

(Fig. 1). Upon application of the K* channel blockers
TEA* and Ba?* these currents were largely suppressed (Fig.
3A, right).

In the cell-attached configuration of the patch-clamp tech-
nique applied to GORK cRNA-injected oocytes, single K+
channels were activated by depolarization (Fig. 3B, left). In
response to a subsequent hyperpolarizing step to —80 mV the
closure of single channels could be resolved. The ensemble
average of the single channel currents elicited by 20 voltage
pulses (Fig. 3B, middle) showed activation and deactivation
kinetics similar to the macroscopic GORK currents (Fig. 3A).
From the voltage-dependent open channel amplitudes mea-
sured in eight cell-attached patches a single channel conduc-
tance of 13.41+1.6 pS was calculated (Fig. 3B, right). This
value is in the same order of magnitude as those obtained
for the outward rectifier in guard cells from Arabidopsis
(Fig. 1D), Vicia faba [17] and S. tuberosum (15 pS, own un-
published result). As in Arabidopsis guard cells (cf. Fig. 1D),
no significant pH-sensitivity of the single channel conductance
between pH 5.6 (13.2£1.8 pS, n=3) and pH 7.4 (13.6£1.7
pS, n=135) was observed in GORK expressing oocytes (Fig. 3B,
right).

3.4. GORK a K*-selective, K*-sensing ion channel
In the presence of 30 mM KT, tail currents reversed direc-
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tion at —36 mV (Fig. 3C, left), close to the predicted Nernst
potential for potassium. To explore the potassium selectivity
and sensitivity of the GORK-mediated currents we performed
additional measurements in 100, 10 and 3 mM external K*.
Tail-current analyses revealed a 53 mV change in the reversal
potential per 10-fold change in the external K™ concentration
(Fig. 3C right), which together with the susceptibility towards
K* channel blockers proves GORK to represent a K*-selec-
tive channel. Alike the reversal potential the half maximal
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activation potential (¥7,,) shifted in a K*-dependent manner
(Fig. 3C right). When we superimposed the voltage-dependent
open probability of the outward rectifier obtained at four
different K* concentrations, ¥, shifted about 35 mV per
10-fold increase in K* concentration (Fig. 3C right and Fig.
3D, left). This behavior clearly demonstrates that in contrast
to the guard cell inward rectifier [18] but well in agreement
with the outward rectifier in Arabidopsis guard cells [19],
GORK represents a K-sensing valve which adjusts the K
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Fig. 3. Heterologous expression of GORK in Xenopus oocytes. A:
GORK mediates outward currents in GORK-cRNA-injected oo-
cytes. Left: Using the double-electrode voltage-clamp technique,
time-dependent, outwardly rectifying currents were elicited upon de-
polarizing voltage steps between —120 mV and +60 mV in 10 mV
increments, starting from a holding potential of —100 mV. These
currents were never observed in control oocytes. Right: Block of
outward currents in the presence of 30 mM K in the bathing me-
dium, by the externally applied K* channel blockers Ba’* and
TEA™. B: Voltage dependence and single channel conductance of
GORK. Left: Starting from a holding potential of —40 mV, depola-
rization to +80 mV activated single K™ outward channels in the oo-
cyte-attached configuration of the patch-clamp technique. Upon
subsequent hyperpolarization to —80 mV, open channels mediate in-
ward K" currents. The external side of the membrane was exposed
to 30 mM K%, pH 5.6. Middle: Ensemble averages of 20 single
channel recordings, as shown on the left. Right: Single channel am-
plitudes from eight individual cell-attached measurements as a func-
tion of the driving force (V—V;y). The straight line represents a lin-
ear fit revealing a single channel conductance of 13.4 pS in 30 mM
external (pipet) K* solutions, pH 5.6 (n=3, open symbols) and pH
7.4 (n=15, closed symbols). C: Selectivity and voltage dependence of
GORK. Left: In tail-current experiments GORK expressing oocytes
were challenged with an activating pre-pulse to +60 mV. In subse-
quent voltage-jumps to potentials ranging from —120 mV to —10
mV tail currents were elicited which reversed direction (V) around
the predicted Nernst potential for K*. Right: Shift in reversal po-
tential (Vyey, @) and half maximal activation potential (¥}, O) in
response to changes in extracellular K* concentration. D: Voltage-
dependent gating and kinetics of GORK. Left: A Boltzmann analy-
sis of voltage-dependent gating at various external K* concentra-
tions, normalized to the conductance (G) at +60 mV. Lowering the
K* concentration stepwise from 100 to 3 mM shifts V;,, negative.
Right: Increasing the external K+ concentration from 10 to 30 mM,

slows down activation kinetics at +40 mV.
-

conductance of the plasma membrane to the actual K+ gra-
dient across. Upon reduction of the external K* concentra-
tion e.g. from 30 to 10 mM the sigmoidal activation kinetics,
characteristic for the delayed outward rectifier, changed into
an almost instantaneous activation (Fig. 3D, right).

3.5. GORK and KATI have opposite pH dependencies

The inward and outward rectifiers of guard cells are char-
acterized by their opposite pH dependencies [20]. To elucidate
the pH dependence of GORK we co-expressed this channel
type with KAT1, an Arabidopsis guard cell inward rectifier of
known pH dependence [18], as an internal control. Oocytes
expressing both guard cell K™ channels, GORK and KATI,
were characterized by depolarization- as well as hyperpolari-
zation-activated K* currents (Fig. 4). When the external pH
was changed from 7.4 to 5.6 outward currents declined while
inward currents increased (Fig. 4). Since the single channel
conductance was not affected by physiological changes in ex-
ternal pH, protons do not seem to act as open channel block-
ers as in the case of the phloem K* channel AKT2/3 [21].

3.6. GORK, a new member of the ‘green’ Shaker K* channel
family, encodes a delayed outward rectifier

We have shown that the outward rectifier is present and
active in guard cells of intact Arabidopsis leaves and proto-
plasts thereof. The voltage-dependent regulation of this K+
channel type in these two experimental systems was similar
(Fig. 1). We therefore used mRNA from purified guard cell
protoplasts to clone GORK, a Shaker-like plant K+ channel.
Well in agreement with the cloning strategy we found GORK
mRNA in guard cell but not in mesophyll cell protoplasts.
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This expression pattern indicates that GORK represents the
guard cell outward rectifier. Signals were, however, found in
the stem and flower as well. To prove whether these signals
originate from guard cells, we currently perform in situ hy-
bridization and promoter-GUS experiments. Since patch-
clamp studies identified an outward rectifying K channel in
mesophyll cells too [22], but mesophyll protoplasts lack
GORK and SKOR transcripts (Fig. 2B and [16]), the meso-
phyll K* channel seems to be encoded by a different gene.
The extracellular K* concentration in the guard cell’s apo-
plast approximates 1-2 mM when stomata are open [23].
Upon a challenge with ABA — during the process of stomatal
closure — guard cells release Kt and increase the apoplastic
level of this cation up to 10 mM. We have demonstrated that

PH 7.4

PH 5.6

&~ pH5.6
-6-pH7.4

Fig. 4. Opposite pH dependence of GORK and KATI1. Co-expres-
sion of GORK and KATI in Xenopus oocytes revealed inward and
outward currents with voltage pulses in the range from —160 mV to
+60 mV. Decreasing the pH in the bathing medium from 7.4 (upper
traces) to 5.6 (middle traces) in the presence of 10 mM K™, exter-
nally, reduced outward currents while simultaneously increased in-
ward currents. Lower graph: corresponding current voltage relations
of steady state currents in the presence of pH 7.4 (O) and pH 5.6
(@)
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the activation threshold for GORK shifts positive with an
increase in the external K* concentration (Fig. 3C,D). In
the presence of apoplastic Kt levels characteristic for open
stomata, an ABA-induced depolarization would rapidly open
single, outward rectifying K channels at potentials as nega-
tive as —80 mV. During depolarization of the guard cell plas-
ma membrane induced by ABA [1], the non-inactivating
GORK allows a sustained release of K*. This K" efflux in
the long-term will increase external K+ and thereby shift the
threshold for the voltage activation of GORK positive and
slow down the activation kinetics. In line with the features of
a K* sensor, K* release through GORK thus feeds back on
the activation state and kinetics of this K* channel.
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