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Abstract. Inward-rectifying potassium channels in plant trol, stomatal movements, tropisms, osmoregulation and
cells provide important mechanisms for low-affinity K enzyme homeostasis [12, 16, 35, 53]. Inward-rectifying
uptake and membrane potential control in specific cellpotassium (K;,) channels are important for controlling
types, including guard cells, pulvinus cells, aleuronemembrane potential, and they provide a major low-
cells and root hair cells. Kchannel blockers are potent affinity pathway for K uptake into many types of plant
tools for studying the physiological functions and struc-cells such as guard cells [49, 51, 52], pulvinus cells [25,
tural properties of K channels. In the present study the 38], aleurone cells [5], mesophyll cells [9, 27], root cells
structural and biophysical mechanisms of @ad TEA® [14, 15, 29, 63] and suspension culture cells [2#) (
block of a clonedArabidopsisinward-rectifying K review see[53]). There are at least two *Kuptake
channel (KAT1) were analyzed. Effects of the channelmechanisms in plant cells which constitute high-affinity
blockers C$ and TEA™ were characterized both extra- and low-affinity K accumulation systems [11,
cellularly and intracellularly. Both external Caand  12]. Studies in guard cells and in root cells have shown
TEA" block KAT1 currents. A mutant of KAT1 ¢ k', channels can provide a mechanism for mem-
(“m2KAT1"; H267T, E269V) was produced by site- prane potential control and low-affinity Kuptake [15,

directed mutagenesis of two amino acid residues in thgg 52] driven by the hyperpolarizing proton-extruding
C-terminal portion of the putative pore (P) domain. This j35ma membrane ATPase.

mutant channel was blocked less by external @sd

TE;A‘ 'than the V\,’]j.ld'ty?e ITcrll(an'nheI. Internal TEAand plant growth if present in excess [16, 17, 56]. The mo-
Cs’ did not significantly b_oc either m2KA'_I'1 or KAT_l_ lecular mechanisms of these toxicities remain unknown.
channels. Other properties, such as cation SeleCt'V'tyHowever C&, AI3* and N4 toxicity can be ameliorated

voltage-dependence and proton activation did not shoyy, . ;
large changes between m2KAT1 and KAT1, demonstraﬁsy increasing extracellular levels of'tand C4 [26, 41,

ing the specificity of the introduced mutations. These42.’ 49, 55’.56]' .It 'S likely .that multiple mechanisms

data suggest that the amino acid positions mutated in theX|st for toxic cation interactions although none of these
inward-rectifying K" channel, KAT1, are accessible to ave been identified at the molecular or structural level
external blockers and may be located on the external sid(elo.’ 26, .41’ 53, 56’.57]‘ It has be_en suggested that toxic
of the membrane, as has been suggested for outwar ations interfere with normal cation transporters at the
rectifying K* channels. plasma membrane as well as with metabolic processe:s

and homeostasis after being transported into plant cells.

Many cations such as NaCs', and AP* are toxic to

Key words: K* inward rectifier — Cesium — TEA —  In either case, plasma membrane transport proteins are o

Site-directed mutagenesis Arabidopsis key importance to the mechanism of toxicity [17, 39, 53,
58].

Introduction Two K*;, channels fromArabidopsis thalianshave

) ) o been cloned by using yeast complementation [1, 54].

In higher plants potassium transport is important fora third K* channel clone has been isolated via DNA
macronutrition, cell elongation, membrane potential CON-sequence homology [8]. These membrane proteins have
a predicted structural homology to the superfamily of

- outward-rectifying K channels in animals [4, 18, 23, 53,
Correspondence tal.l. Schroeder 57]. But one of these clones, KAT1, was shown to en-
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code an inward-rectifying K channel with time- and cytes were held at a membrane potential of ~40 mV and hyperpolarized
voltage-dependencies, cation Selectivity, dependence by pulses from -60 to —120 or =195 mV in =15 mV increments. The
and TEA and B&* block properties characteristic of number of oocytes tested in each experiment is given in the figure

lant inward-rectifving K channels [451. Based on bro captions or in the text when data are not illustrated. Endogenous oo-
P Inw ifying [45]. P cyte currents were monitored in control uninjected oocytes on all days

moter-reporter gene analysis, KAT1 was shown to b&q; each oocyte batchsee[47]). Batches of oocytes containing sig-
primarily expressed irabidopsisguard cells [40]. nificant endogenous currents were not used. Cation block and selec-
A current model proposes that=85 amino acid tivity parameters were determined at —120 or 135 mV [45] to avoid
segment (P-domain) of the animal outward-rectifying K any contributions of endogenous currents, which activated negative of
channels forms the pore region and that the flankin —150 mV [47]. For anqusis of i_ntracelll_Jlar block, _50 nl of 2_00/|m
regions of the P-domain are located on the external sid EACI or CsCl was injected with a third glass pipette during two

. €lectrode voltage clamping. The cation blockers were given 30 sec or
of the membrane, thereby formmg the channel mouths min to diffuse before blocker effects were recorded. Assuming an

(Fig. 1) [4, 30] In t.hiS Stl{qy, mutations were made_ iN intracellular volume of 1ul [36], each oocyte was exposed to 1G1m
KAT1 at amino acid positions corresponding to siteSinternal blocker. For selectivity experiments, 11#nCl was re-
found to be important for external blocker interactions inplaced with 117 m of the indicated cations.
outward-rectifying K channels. These sites face the ex-

S AT
tracellular membrane suje in oytward—recnfylng K \WOoODHULL MODEL OF VOLTAGE-DEPENDENTBLOCK
channels [32]. However, it remains unknown whether
these sites are oriented towards the extracellular memro estimate the fraction of the electrical field that @mverses to reach
brane side in the inward-rectifying ‘Kchannel, KAT1. its binding site, the Woodhull model of fast block was fitted to the data
Membrane Orientation has been discussed as one pog_g, 43, 64]. In this model the fraction of the electrical fieﬁ) QS
sible mechanism leading to hyperpolarization-inducecfstimated using the equation:
activation of KATl. In the present study, mechanisms ofKD(V) — Ky(0) exp@dFV/RT) o
KAT1 block by intracellular and extracellular Cand
TEA" were studied and mutations which affect extracel-in which K, is the concentration of Csat which 50% of the channels

lular block were identified and characterized. are blocked at each membrane potenti§l ¢r at zero membrane po-
tential (0),z is the charge of the blocking iof, is Faraday’s constant,
R is the gas constant, afidis the absolute temperature.

Materials and Methods

STEADY-STATE ACTIVATION
CONSTRUCTION OF SITE-DIRECTED MUTANTS

The equilibrium fraction of open channels can be described by the
The inward-rectifying K channel cDNA, KAT1 [1], was reisolated Boltzman equation [19]:
from anArabidopsis\YES library [8]. A PCR approach was used to
construct a site-directed mutant of KAT1 [22]. In brief, in the first G = G, /(1 + exp (V - Vh)/9) 2)
round of amplification the vector primer T7 was used with the internal
oligonucleotide 5tat gga gat ttt ACt gct gTg aac cca aga gadkse  in which G is the chord conductanc&,,,, is the maximum chord
mutations are capitalized). In another reaction, the vector primer T3onductancey is the membrane potentia¥h is the potential of half
was used with the reverse complement internal oligonucleotide5 maximal conductance, arfilis the slope (steepness of the activation
tct tgg gtt cAc agc aGT aaa atc tcc ata-Both of the resulting PCR  curve), withS = RT/zF (R = gas constanf: = Faraday’s constant,
products were gel purified and used as templates in a subsequent PCR= absolute temperature ag can be interpreted as the equivalent
reaction with the two outside primers, T7 and T3. The resulting PCRgating charge.)
product was digested at two internal Sphl restriction sites, flanking the
site-directed mutations, and subcloned into the wild-type KAT1 gene.
The entire region of M2KAT1 that was amplified by PCR (900 bp) was Results
sequenced to confirm the absence of unwanted errors.

Animal potassium channels have been studied in great
IN VITRO SYNTHESIS OF COMPLIMENTARY RNA detail by site-directed mutagenesier(reviews:[4, 23]).

Several amino acids that are proposed to be located at the
The restriction enzyme Hindlll was used to linearize the KAT1 and extracellular mouth of the channel pore in thbeo-
m2KAT1 (H2_67‘_I', E269V) c!I)NAs. Either the Stratagene ?n vitro sophilapotassium channel, Shaker, have been shown to
RNA synthesis kit or the Ambion mMMESSAGE mMACHINE kit were be involved in external blocker interactions [31, 33]_

used to synthesize sense strand RNA. The RNA was quantitated bh Shaker-t ch | d larizati
optical density at 260 nm and visualized on an agarose gel. In all owever, aker-type Rchannels are depolanzation-

oocytes 6 ng of CRNA were injected in a 50 nl volume of water.  activated (outward-rectifying) [59], while KAT1 is hy-
perpolarization-activated (inward-rectifying)

[45]. Amino acid positions predicted to be on the exter-
nal face in Shaker-type Kchannels were mutated in the
Oocytes were isolated and prepared as described by Cao et al. [splant potassium channel, KAT1, to determine whether
Oocyte currents were recorded as described previously [45, 47]. Octhese changes would alter channel properties when ap

OocYTE RECORDINGS
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Fig. 2. External TEA blocks KAT1 channels and m2KAT1 shows
decreased block by external TEAExperiments were performed in 117
mm external KCI. & andB) In a KAT1-expressing oocyte Kcurrents
were reduced after the addition of 10unexternal TEACI. C andD)

In a m2KAT1-expressing oocyte currents were reduced after the addi-
tion of 10 mv external TEACI.

of currents by CTX (10 m) in control oocytes injected
with the Xenopusoutward-rectifying K channel, XSha2
(n = 8).

TEA" BLock

The K" channel blocker tetraethylammonium chloride

(TEA™) has been used from both sides of the membrane
Fig. 1. Site-directed mutagenesis of putative amino acids contributingto map the location of amino acid mutations in outward-
to the pore of KAT1. A) A possible structure for the P-domain of rectifying K* channels [34]. External bath application of
KATl is shown (adapted from [30]).BQ In the mutant, m2KAT1, TEA' and B&* (n:5, data not show)1t0 oocytes ex-
h|st|d|'ne 267 was mutated to threonine and glutamate 269 was mutategreSSing either KAT1 or m2KAT1 caused a decrease in
to vaiine. inward K" currents (Fig. 2). M2KAT1 currents were

, ) . blocked significantly less by TEA(Fig. 2C andD) than

plying external or intracellular blockers (Fig. 1)."K KAT1 currents (Fig. 2 and B): in KAT1-expressing
channel properties were analyzed by two-electrode VO"‘oocytes, an average of 40% of the inwardl ¢Urrent at
age clamping oKenopusoocytes § = 109). Positions _150 mv was blocked by 1.7 m TEA*, while in
H267 and E269 were mutated as illustrated in Fig. 1okAT1 an average of 40% of the*Keurrent at —120
because, in the Shaker"kchannel these amino acids 1,/ was blocked by 23.6 mTEA* (Fig. 3). These data
enable high-affinity block by charybdotoxin (CTX) [31]. gy ggest that m2KAT1 is14-fold less sensitive to TEA
In the mutant, m2KAT1, histidine-267 was mutated 10 han KAT1. External block was reversed by bath perfu-
threonine and glutamate—269.was mutated to valingjon with TEA* free solutions gata not showp
(H267T, E269V; “m2KAT1") (Fig. 1). However, CTX To determine whether intracellular TEAlocks in-
did not block the wild typer{ = 14) [2] nor the mutant \yad.rectifying K channels, TEA was loaded into the
KAT1 channel 6 = 5), indicating stringent structural cytosol of oocytes. Internal TEAL0 mv) did not block
requirements for CTX blockdata not showh Cessa-  gjther KAT1 or m2KAT1 inward K currents at 117 m
tion of the bath perfusion produced a significant declinegyternal K, which differs significantly from the strong

(rundown) of KAT1-mediated K currents. Continua-  jnternal TEA' block in outward-rectifying K channels
tion of perfusion led to recovery of inwardKcurrents. Pg] (Fig. 4).

Therefore, oocytes were perfused to minimize effects o

rundown. Based on studies in outward-rectifying K

channels, the KAT1 triple mutant (T249D, H267T, Cs" BLock

E269V), may be blocked by CTX [31]. However, the

triple KAT1 mutant did not produce functional inward External application of Csreduced the inward KAT1 K
K™ channels in eitheXenopusocytes or yeastata not  current (Fig. & and B) and to a lesser degree that of
shownr). The blocking activity of CTX was confirmed in m2KAT1 (Fig. 5C and D), as was found for
all experiments performed by testing for complete blockTEA™. Upon removal of Csfrom the bath solution, this
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Fig. 3. m2KAT1 shows a reduced sensitivity to external TEAor CsCl. Experiments were performed in 30rexternal KCI.

KAT1-expressing oocytes (filled circles) = 6) and m2KAT1-
expressing oocytes (open circles= 9), a 100% current level in 117 + ; ; ;
) - of K™, channels at more negative potentials can be in-
mm K™ at =120 mV was established. The % remaining current at —120t "{ d t f Csint gth F trical field that
mV after the addition of TEA (in 117 mv K*) was calculated and erpreted as en r}’ 0 snto the electrical Tie a
plotted against the concentration of TEAError bars represent tisem. drops across the ion channel pore [19]: To compare Cs
block of KAT1 and m2KAT1, the fraction of the elec-

trical field that the blocker may traverse to reach its

Internal TEA* binding site,3, was estimated for KAT1 and m2KAT1
140 using the Woodhull model of voltage-dependent block
[43]. The C$ block of KAT1 and m2KAT1 could be
o 120 reasonably well described by this simple model (Fig. 7).
£ 400" The values ob thus derived wer@é = 0.38 * 0.04 for
£ KAT1 (n = 8) andd = 0.45 £ 0.05 for m2KAT1( =
2 80 8) (Fig. 7).
'g' 601 To determine whether intracellular Cslocks
= KAT1, Cs" was applied to the cytosolic membrane face
;g 401 KAT1 by injecting CsCl into oocytes. Intracellular Tst a

concentration of 10 m had a minimal effect on KAT1-
and m2KAT1-mediated currents, indicating that cytoso-
0 ' , . : lic Cs" does not effectively block inward currents
-180 -160 -140 -120 -100 -80 through these Kchannels with 117 m external K (Fig.

mv 8). Voltage-dependent internal block by TEApon de-

polarization is seen for outward-rectifying*kchannels

Fig. 4. Intemal TEACI (10 nw) does not block inward KAT1 or  [19, 46]. Note that a possible voltage-dependent internal
m2KAT1 cgrrents under the |mpos_ed conditions. Experiments wererga+ and C¢ block by depolarization was not analyzed
performed in 117 m external KCI Ringer. for KAT1 or m2KAT1 here.

It has been proposed that extracellulai’ @gerferes
external block was largely reversedata not showp  with K* transporters irArabidopsis,because increasing
Increasing extracellular Csn the range from 0.1 mto  levels of K* can alleviate the toxic effects of Con
10 mv Cs' led to increased block of both m2KAT1 and Arabidopsisgrowth and C% reduces®®Rb" uptake [55,
wild type KAT1 channels at all potentials (FigAGnd 56]. To determine whether Cgompetes with extracel-
B). At —135 mV, 50% of KAT1 currents were blocked lular K* in KAT1, oocytes were exposed to Cat vary-
by 0.5 mu CsCl and 50% of m2KAT1 currents were ing external K concentrations. Higher external concen-
blocked by 1.5 mn CsCl, showing that m2KAT1 is3-  trations of K decreased the severity of Thlock (Fig.
fold less sensitive to Csblock (Fig. &C). 9). A 3.8-fold shift in the external Kconcentration re-

Both the KAT1 and m2KAT1 channels were sulted in a 3.8-fold shift in the concentration of 'Cs
blocked by C§in a voltage-dependent manner such thatneeded to block 50% of the KAT1 currents at -120 mV
more negative membrane potentials produced more efFig. 9), and a 5.2-fold shift in the concentration of'Cs
fective CS block (Fig. 6A andB) [62]. Increased block needed to block 50% of m2KAT1 currents£ 8 oocytes).

20/ —* m2KAT1
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Fig. 6. Cs" blocked KAT1 channels in a voltage-dependent manner .
and the mutant, m2KAT1, showed a reduced sensitivity to exterrfal Cs

(A) Average current-voltagel-{) curves were plotted for 8 KAT1-
expressing oocytesB) Average current-voltagé-{/) curves were plot-
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Fig. 7. The CsCl concentration at which 50% of the current was
blocked (K50) was determined for each membrane potential for each
KAT1-expressing oocyte (filled circles, = 8) and for each m2KAT1-
expressing oocyte (open circles,= 8). Error bars represent thsem.

The fraction of the membrane electrical field traversed by ®as
estimated and compared by fitting the data to the functiokd(N)) =
In(Kp(0)) + 28FV/RT.Solid lines with triangles are the curves predicted
by the Woodhull model. For fits of the Woodhull model to the data;
m2KAT1 R? = 0.95 f = 8), KAT1 R?> = 0.96 [ = 8).

ratio of current amplitudes for each cation relative to the
K™ current for m2KAT1 agreed statistically with the
cation selectivity reported for KAT1 (Table) [45, 60, 62].
Within the observed variations no differences in KAT1
selectivities have been observed in oocyte expressior
studies [44, 60, 62]. Unbiased analysis of total inward
currents, without subtraction of instantaneous currents,
produces the expected statistical variation shown in the
Table which allows a model-independent analysis of cat-
ion conductance. We note further however, that direct
comparison of cation conductance ratios (Table) and per-
meability ratios determined from reversal potentials is

ted for 8 m2KAT1-expressing oocytes. Current-voltage curves for ex-invalid as attempted [62] because the two measures are

tracellular C3 concentrations ranging from 0 to 10viwere overlaid

as indicated by the symbols. The extracellular potassium concentration

not biophysically interchangeable.
Half activation times of KAT1- and m2KAT1-

was maintained at 30 mfor these experiments. Error bars represent induced currents were analyzed. Steady-state curren

seM. (C) For KAT1- (filled circles,n = 8) and m2KAT1-expressing

(open circlesn = 8) oocytes, a 100% current level at =135 mV in 30
mm external K ringer was established. The % current remaining after

the addition of extracellular CsCl (in 30nmK™) was calculated and

plotted against the extracellular Csoncentration. All error bars rep-

resent thesem.

SELECTIVITY, ACTIVATION AND HALF ACTIVATION

Other physiologically significant properties of the chan-

levels were determined by fitting a double exponential
equation to inward-rectifying K currents. The calcu-
lated maximum currents at membrane potentials from
-120 to —-160 showed that the 1.5-sec pulses used hert
achieve an average of 98% of saturated current for KAT1
(n = 15) and 96% of saturated current for m2KATH (
= 14). Therefore, current magnitudes at the end of 1.5-
sec voltage pulses were used to approximate half activa-
tion times. Analysis of half activation times showed that
these were shorter for KAT1 than for m2KAT1 (Fig. 10).
Extracellular cations, intracellular modulators and

nel were analyzed to determine whether these are sigexpression levels can effect the activation of plant in-
nificantly changed in m2KAT1. Oocytes expressing ward-rectifying K channels [8, 20, 28, 49, 50, 62]. To

M2KAT1 were tested in solutions in which*Kvas re-
placed by the cations, Nfi, Rb", Na", Li* or CS. The

determine whether inward-rectifying current activation is
influenced by the m2KAT1 mutations, the steady-state
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Fig. 9. At higher extracellular concentrations of*Khigher extracel-
B m2KAT1 lular concentrations of Cswere needed to block KAT1 currents. The
0 9 % current remaining after exposure to externaf @&-120 mV was
calculated and plotted as a function of concentration of CsCI. Experi-
| ments were performed with 117mrexternal KCI (open circles) = 7)
= -2 and with 30 nm external KCI (filled circlesh = 8). Error bars rep-
3 resent the standard error of the meaaw).
T 4
e
% Table. Current amplitude ratios of KAT1 and m2KAT1 channels
-6
m2KAT1 Number of KAT1 Number of
8{ 10mM internal CsCl oocytes oocytes
.
0 internal CsCl NH,* 38 +18 n=6 3012 n=11
-10 T T T T Rb* 21 =10 n=17 28+13 n= 5
-160 -140 -120 -100 -80 -60 Na 7 +10 n==6 7+ 8 n= 4
membrane potential (mV) Li* 9 12 n=2~6 6+3 n=3
Cs 0.7+ 04 n=>5 9+11 n= 4

Fig. 8. Internal CsCl (10 m) did not significantly block KAT1 or
m2KAT1 currents at 117 mexternal K. (A) Average current-voltage ~ Values (isp) were measured at the end of 1.5-sec pulses at a membrane

curves are plotted for 15 KAT1-expressing oocytes before (filled POtential of ~150 mV in the presence of 117unof the indicated
circles) and after injection with 10mCsCl (open circles)B) Average  cations. Current amplitudes in 117wKCl were defined as 100% in
current-voltage curves are plotted for 15 m2KAT1-expressing oocytesf@ch oocyte. KAT1 conductance values are from Schachtman et al.,
before (filled circles) and after injection with 10MnCsCl (open 1992 and have been confirmed (Uozumi et al., 1995).

circles). External KCl was 117 m

current in m2KAT1 expressing oocytes was also en-

chord conductance for Kions was analyzed. The hanced by external acidification (Fig. BP These
steady-state activation was similar with an average shif2tnalyses demonstrate that specific properties of the chan

of +9.2 mV at 50% activation between m2KAT1 and the N€l, namely sensitivity to blockers, can be targeted for
wild-type K* channel (Fig. 11). change while creating minor, physiologically insignifi-

cant, changes in parameters such as steady-state activ:
tion, cation selectivity, and pH dependence, that would
pH ENHANCEMENT affect K" channel functions irArabidopsis.

The current magnitude of guard celf Khannels, studied
in vivo, increases with acidification of the extracellular
pH, which may contribute to proton-mediated Kptake
[3, 21]. KAT1-mediated K;, channel currents observed TEA* aND Cs" BLock oF KAT1 AND PossiBLE

in Xenopusoocytes, were also enhanced by externalSTRUCTURAL IMPLICATIONS

acidification [62], indicating that this proton effect is

conferred directly by the K, channel protein, and not The use of blockers to study the effects of specific mu-
by other plantcell factors (Fig. 2. The magnitudeofK  tations in ion channels has allowed development of mod-

Discussion
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plotted as a function of the membrane potential for KAMI= 15) and
m2KAT1 (n = 15). Error bars arsem. 10
- T T ¥ T
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g Time (s)
E 100- © m2KAT1 Fig. 12. Both KAT1 (A) and M2KAT1 @) show enhancement of
S ® KAT1 inward-rectifying K" currents in response to extracellular acidification.
'g K* channel currents recorded at =105 mV are illustrated.
8 801
+
X 601 be externally facing in KAT1, as in outward-rectifying
% K™ channels (Figs. 2-3 and 5-6). This does not rule out
% 407 the possibility that the mutations cause structural
-§ 201 changes spatially separated from the site of mutation.
2 Lack of intracellular block makes internal Cand TEA®
/)] . . . . .
L 0 B ineffective for studying internal differences between
-200-180-160-140-120-100 -80 -60 steady-state KAT1 and m2KAT1 currents (Figs. 4 and

membrane potential (mV) 8). The data reported here correlate to findings that 100
mm internal C$ blocks outward K currents but does not
Fig. 11. Comparison of steady-state activation curves of KAT1 and abolish steady-state inward Khannel currents in guard
m2KAT1. The slope of current-voltage curves with respect to the K cells [46]. The findings that extracellular cation block is
equilibrium potential ) (chord conductance) was plotted as a func- jnfluenced by the introduced mutations supports the hy-
tion of the imposed membrane pqtential. Maximum con(_juctancepm.hesiS that the opposite voltage dependencies of the
(100% values) were calculated by fitting the Boltzmann equation to the. .
data. KAT1 data (filled circlesy = 8), m2KAT1 data (open circles, mward-rectlfylng K Cha.nn.el' KATL, and the Sthtur-
= 8). Solid line represents Boltzman fits. For KAT1, best fits were ally related ou_tward-recufymg Kchannels are. not I'_kely
obtained forvh = -140.53 mV,S = 18.66 mV, andG,,, = 0.117  t0 be a function of opposed membrane orientations of
pA/mV. For m2KAT1, best fits were obtained foth = -131.37 mv,  these proteins.
S = 16.8 mV, Gy, = 0.08 pA/MV (seeMaterials and Methods, Inward-rectifying K channels studied in vivo in
Eq. 2). guard cells and the cloned KAT1 channel showZ¥4g
independent activation which indicates intrinsic voltage-
dependent activation [20, 48]. Analysis of chimeric con-
els of K channel structure [4, 30, 34, 37]. Amino acid structs between KAT1 and the animal outward-rectifying
positions 267 and 269 in KAT1 correspond to amino acidKk™ channels, XSha2 and EAG, suggest that the intrinsic
positions 449 and 451 in the outward-rectifying éhan-  gating mechanisms for inward-rectification of KAT1 are
nel, Shaker (Fig. 1). These two positions are located irencoded within the region spanning the N-terminus and
the pore region on the external face of the membrane ithe S4/S5 linker [7]. These findings together with the
outward-rectifying K channels. The fact that external present findings would support a model in which the
Cs" and TEA' block differs significantly between KAT1 hydrophobic domains of KAT1 have a similar general
and m2KAT1, indicates that the mutations are likely in- membrane orientation as outward-rectifying khan-
volved in external blocker interactions and may thereforenels.
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Very et al. [61] have proposed that the level of ex- port in plants because plant membrane potential change:
pression influences the apparent level of @ock in  occur over significantly slower time courses than the
KAT1. While protein levels were not determined bio- small changes observed here [58]. Furthermoreup-
chemically, oocytes that were injected with lower levelstake by inward-rectifying K channels is driven by pro-
of KAT1 mRNA had smaller currents and were more ton pumps, which cause slow hyperpolarizations within
strongly blocked by Cs[61]. The reduced Cssensitiv-  seconds to minutes [57, 58]. Up to 10-fold differences in
ity of m2KAT1 could not be accounted for by this effect, activation times of inward-rectifying Kchannel currents
because m2KAT1 currents were consistently smallein guard cells from different species have been reported
than KAT1 currents (Fig. 8 andB). M2KAT1 currents  without any known influence on physiological properties
may be smaller because of reduced expression, reducégti3]. Other properties of m2KAT1 such as the selectiv-
single channel conductance or slightly altered gating. ity, voltage-dependence, and enhancement by externa

The increased Csblock of K™, channels at strong acidification were not significantly affected, indicating
hyperpolarizations indicates that Tenters the trans- that the introduced mutations were specific todkhannel
membrane electrical field to produce channel block.block.

This suggests that Cartially enters the K channel In conclusion, the present study illustrates that block

pore during block. Fitting the Woodhull model of fast of a plant K" uptake channel by the toxic cations'Gsd

block to the data indicates that Osay traverse 38% of TEA™ can be reduced by modifications in the channel

the electrical field in KAT1 and 45% in m2KAT1 to structure without significantly affecting other important

reach its binding site (Fig. 7). The presented data do nophysiological properties of the 'Kchannel. The results

suggest that the mutated sites function as lfdsding  provide insight into the membrane orientation and struc-

site. The charge differences that were introduced couldures contributing to the extracellular mouth and toxic

alter the structure or the electrical field within the pore. cation interaction sites of plant inward-rectifying"K

It is therefore plausible that the introduced mutationschannels.

indirectly influence voltage-dependent Qslock in the

K* channel pore. We thank Walter Kelly, Walter Gassmann and Jeffrey Harper for com-
Both KAT1 and m2KAT1 were not blocked by 100 ments ohn the manusctristband Crfnigf Patttehn fgr hel|ct>ful d;scfu;sion. 'I('gis
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