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Kdc1 is a novel K+-channel gene cloned from carrot roots, and which is also present in cultured
carrot cells. We investigated the characteristics of the ionic current elicited inXenopusoocytes coin-
jected with KDC1 (K+-Daucus carota1) and KAT1 (fromArabidopsis thaliana) RNA. Expressed
heteromeric channels displayed inward-rectifying potassium currents whose kinetics, voltage charac-
teristics, and inhibition by metal ions depended on KDC1:KAT1 ratios. At low KDC1:KAT1 ratios,
Zn2+ inhibition of heteromeric K+ current was less pronounced compared to homomeric KAT1 chan-
nels, while at higher KDC1:KAT1 ratios, the addition of Zn2+ even produced an increase in current.
Under the same conditions, the Ni2+ inhibition of the current was also reduced, but no current increase
was observed. These effects might be explained by the unusual amino acid composition of the KDC1
protein in terms of histidine residues that are absent in the pore region, but abundant (four per subunit)
in the proximity of the pore entrance. Channels like KDC1 could be at least partially responsible for
the higher resistance of carrot cells in the presence of metals.
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INTRODUCTION

Since the patch-clamp technique was first applied
to plant cells, K+-selective channels have been identi-
fied in various species and tissues of higher plants. Two
major classes of voltage-dependent K+ channels have
been identified: (1) outward rectifiers (such as SKOR;
Gaymardet al., 1998) activated by depolarizing mem-
brane potentials, and (2) inward rectifiers that pass inward
K+ fluxes at negative membrane potentials (Maathuis
and Sanders, 1999). The biophysical properties of the in-
ward rectifying channels are largely conserved in all plant
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cells studied. They activate upon hyperpolarization of the
plasma membrane, are potassium selective, and blocked
by cesium, TEA+ (Hedrich and Dietrich, 1996), as well
as metal ions (Breganteet al., 1997). These basic features
are shared by all plant K+ channelα subunits cloned so
far (for review, see Hedrichet al., 1998). With respect
to their voltage and pH dependence, however, theα sub-
units are grouped into two classes. Members of the AKT1
and KAT1 families (e.g., AKT1, SKT1, KAT1, and KST1)
only conduct K+ ions at membrane potentials below the
reversal potential for K+; therefore, they represent strong
inward rectifiers (Hothet al., 1997). By contrast, AKT2-
like channels (AKT2/AKT3 and ZMK2) are only weakly
regulated by the membrane potential and can also medi-
ate outward K+ currents (Lacombeet al., 2000; Marten
et al., 1999; Philipparet al., 1999). Furthermore, AKT3
and ZMK2 are blocked by protons and, therefore, differ
from the acid-activated inward rectifiers. Members of both
K+ channel families are, however, inhibited by TEA+ and
the heavy metal Zn2+ (Hoth and Hedrich, 1999a; Ichida
and Schroeder, 1996; Hoth and Hedrich, 2000 unpub-
lished). The molecular structure of the K+ uptake channels
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is characterized by six transmembrane segments (S1–S6)
and a pore region (P), which harbors the selectivity filter
(Doyle et al., 1998; Uozumiet al., 1998). Specific sites
for pH regulation, TEA+ block, and Zn2+ binding have
been identified by site-directed mutagenesis of the KST1
and KAT1α subunits. A pore histidine, conserved in all
K+ uptake channels cloned so far, represents the binding
site for TEA+ (Hoth and Hedrich, 1999b). Together with
a histidine residue in the S3–S4 linker, this histidine also
plays a crucial role in pH sensing and Zn2+ binding in
KST1 (Hothet al., 1997; Hoth and Hedrich, 1999a).

Here, we describe the effects mediated by the novel
carrot K+-channel KDC1 (K+ Daucus carota1), belong-
ing to the ATKC1 family (Downeyet al., 2000), when it is
coexpressed with KAT1 inXenopusoocytes. KDC1 lacks
the pore histidine, but exposes two pairs of histidines in
the S3–S4 and S5–S6 linkers to the external face of the
membrane. We wanted to verify whether KDC1 forms
heteromeric channels and whether the unusual amino acid
composition of KDC1 is able to confer to the heteromeric
channel properties significantly different from those of
KAT1, namely, a different sensitivity to the heavy metals.

EXPERIMENTAL PROCEDURES

Injection of RNA in Oocytes

Xenopus laevisoocytes were isolated (Hedrichet al.,
1995) and injected with KDC1 and KAT1 mRNA
(60 ng/µl) using a Drumond “Nanoject” microinjector
(25–50 nl/oocyte). RNA concentration was quantified
spectroscopically. All the experiments shown were per-
formed using a single batch of the two RNAs (KDC1 and
KAT1). However, similar results were also obtained us-
ing other KDC1 samples. Current recordings were made
2–6 days after injection. KDC1 and KAT1 (or KAT1 mu-
tants) were simultaneously injected in the desired prede-
termined weight ratios,R, comprised between 0:1 (cor-
responding to no KDC1) and 2:1. Since some properties
of plant K+ channels may be affected by the expression
level, we selected oocytes with comparable K+-current
amplitudes and verified that, under our experimental con-
ditions, oocytes injected with KAT1 and a volume of dis-
tilled water identical to that used to coinject KDC1, did
not show changes of the KAT1 channel properties (V´ery
et al., 1994).

Voltage-Clamp Recordings

Whole cell K+ currents were measured with a
two microelectrode home-made voltage-clamp amplifier

(designed by F. Conti), using 0.2–0.4 Mohm electrodes
filled with 3 M KCl. Unless otherwise indicated, the fol-
lowing bath standard solution was used (in mM): 100 KCl,
2 MgCl2, 1 CaCl2, 10 MES/Tris, pH 5.6. When necessary,
ionic solutions were adjusted to 220 mOsm by the addition
of sorbitol. Currents were typically filtered with a cut-off
frequency of 1 kHz before acquisition. Unless otherwise
indicated, each data point represents the mean± S.E. ob-
tained from at least three different experiments. The rel-
ative open probability was obtained dividing the steady
state currents by (V−Vrev), normalized to the saturation
value of the calculated Boltzmann distribution.

Molecular Biology

Kdc1 was amplified from carrot root cDNA using
an RT-PCR strategy (Downeyet al., 2000). The cod-
ing sequence was cloned as a blunt-ended (sense orien-
tation) fragment into theSmaI site of vector pGEMHE
(Liman et al., 1992). To provide a linear template for
in vitro transcription, pGEMHE-KDC1 was digested with
SphI, which cuts after the 3′ UTR of theXenopusβ–globin
gene. Linearized DNA was purified and dissolved in
RNase-free water. The mCAP mRNA kit (Stratagene) was
used to synthesize sense-strand RNA. The RNA was quan-
tified by optical density at 260 nm and visualized on an
acrylamide gel.

Cell Cultures

Carrot (Daucus carotacv. “S.Valery”) andArabidop-
sis (Arabidopsis thaliana,ecotype Landsberg) suspension
cells were cultured in B5 Gamborg’s medium (Flow) sup-
plemented with 0.5 mg/l (2.3µM) 2-4,D, and 0.25 mg/l
(0.11µM) 6-BAP (benzoaminopurine). Cells in the expo-
nential phase, 3 days after the transfer to fresh medium,
were filtered through a nylon screen of 200-µm pore size,
counted, and plated in the B5 solid medium at 4× 103

cell units/ml. Ten days later, the colonies were counted to
determine the plating efficiency.

RESULTS

In order to verify whether KDC1 displays peculiar
sensitivity to metal ions, we chooseXenopusoocytes as an
expression system forKdc1cRNA. Unfortunately, oocytes
injected with KDC1 alone did not exhibit any K+ channel
activity (Fig. 1a) at membrane potentials between+100
and−160 mV. Increasing the concentration of KDC1-
cRNA, as an example, up to 10 times that typically injected
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Fig. 1. Functional expression of KDC1, KAT1, and KDC1:KAT1 mix-
tures in oocytes. Ionic currents elicited by voltage steps from−160
to +20 mV in 10-mV increments from a holding potential of 0 mV,
in oocytes injected with (a) KDC1, (b) KAT1, and (c) coinjected with
KDC1: KAT1 at a weight ratio,R, equal to 1:1. (d) Current voltage char-
acteristics of the family currents shown in (a–c), obtained by plotting the
mean value of the last 60 ms as a function of the applied voltage. KDC1
(1); KAT1 (•); KDC1:KAT1=1:1 (o).

to elicit KAT1 currents, failed to elicit KDC1 currents.
Also, variations of various physicochemical parameters
like internal and external pH, temperature, concentration
of ionic solutions, and MgATP did not favor the appear-
ance of pure ionic currents mediated by the KDC1 channel.

On the other hand, K+-channel subunits aggregate
in expression systems to form heteromultimeric channels
displaying properties that depend on the characteristics
of then-mers assembled (Dreyeret al., 1997). Therefore,
we decided to verify whether KDC1 is involved in the
modulation of ionic currents when coinjected with other
potassium channels. We selected KAT1 to support the co-
expression of KDC1 because its properties in oocytes
have been intensively investigated and the coassembly
of heteromeric oligomers is neither plant- nor tissue-
specific.

Consistently with evidences of other authors that
adopted oocyte coexpression as a model system for the
characterization of plant and animal multimeric channels

(Baizabal-Aguirreet al., 1999; Dreyeret al., 1997; Lee
et al., 1994; Lynchet al., 1999), KDC1:KAT1 coexpres-
sion products also displayed inward currents, which dif-
fered significantly from currents mediated by KAT1 ho-
momers. In oocytes coinjected with identical amounts of
KDC1 and KAT1 (R = 1:1), currents displayed much
slower activation kinetics (Figs. 1c and 2a) and activated at
more negative membrane potentials (Figs. 1d and 2c) when
compared to KAT1 currents. The currents shown in Fig. 1c
clearly cannot be generated by the independent tetramer-
ization of two homomeric entities (KDC1 and KAT1).
They are mediated by heteromers, where KDC1 changes
the characteristics of the KAT1 channel. This was con-
firmed by experiments showing that the slower kinetics of
the heteromeric currents strongly correlated with the per-
centage of KDC1 coinjected. In Fig. 2, the variation of the
time constants of current activation (panel a, atV=−150
mV) and deactivation (b, toV = −80 mV) and the shift
(panel c) of the open-probability characteristics are plot-
ted as a function of the KDC1 fraction. The activation and
deactivation times of the heteromeric currents resembled
the voltage dependence of the KAT1 currents (not shown;
see Hedrichet al., 1995); however, with respect to KAT1,
increasing the KDC1 concentration (fromR= 0:1 to 2:1)
slowed the kinetics of current activation [t1/2(KAT1) =
103± 2 ms,n = 3] and deactivation [τ (KAT1) = 86±
13 ms,n= 4] 2.5 times, shifted the half-maximal activa-
tion potentialV1/2 by −45 mV [V1/2(KAT1) = −127±
1 mV], and (up toR= 1:1) increased the apparent gating
valence (see Fig. 2).

Like KAT1, the heteromeric channels were
potassium-selective. Tail currents obtained at different ex-
ternal potassium concentrations demonstrated that the re-
versal potential is in agreement (Fig. 3a) with the theo-
retical Nernst potentials for K+. Figure 3b summarizes
the variations of the reversal potential obtained at potas-
sium concentrations that ranged between 3 and 100 mM
at R = 1:2. Similar results were also obtained at other
KDC1:KAT1 weight ratios.

In line with KAT1 homomers, the heteromeric chan-
nels were blocked by submillimolar concentrations of ex-
ternal cesium. The typical decrease of the KAT1 current
upon the addition of 0.2 mM Cs+ (Fig. 4a) could also
be observed for KDC1:KAT1 mixtures (Fig. 4b). As an
example, Fig. 4c demonstrates the similar blocking char-
acteristics of KAT1 and heteromers (R= 1:1).

In contrast to Cs+ block, heteromeric KDC1:KAT1
channels displayed a lower sensitivity to tetraethylam-
monium (TEA). While KAT1 currents decreased by
about 50% upon the addition of 1 mM TEA+ (Fig. 4d),
KDC1:KAT1 channels (R= 1:1) were only slightly
blocked by 1 mM TEA+ (Fig. 4e). TheKm for TEA
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Fig. 2. KDC1 coinjected with KAT1 alters the kinetics and activation
characteristics of the inward currents. (a) The half-activation times of
ionic currents elicited in response to voltage steps to−150 mV are plot-
ted as a function ofR. Data points were fitted by a Michaelis–Menten
curve with aKm= 0.09± 0.01 (mean±S.D.). (b) Current deactivation-
time constants,τd, plotted as a function ofR. τd were obtained from
monoexponential fit of tail currents to−80 mV, following a condition-
ing prepulse to−150 mV. The continuous line represents the exponential
fit to the data points. (c) Typical open-probability characteristics of the
heteromeric inward channel recorded in oocytes injected with different
KDC1:KAT1 ratios. The probability characteristics were obtained plot-
ting (as a function of the applied potential) the normalized steady-state
conductance obtained from families of ionic currents, like those shown
in Fig. 1. The best fit of the open probability gave the following values
for the half-activation potentials,V1/2, and apparent gating valence,z
(n= number of experiments): KAT1 (−127± 1 mV, z= 1.6± 0.1,n=
3), R1:16 (−137± 2 mV, z= 1.7± 0.1,n= 6), R1:8 (−137± 1 mV, z=
1.9± 0.1,n = 15), R1:4 (−155± 1 mV, z= 2.1± 0.1,n = 11), R1:2

(−161± 2 mV, z= 2.4± 0.1,n= 8), R1:1 (−159± 1 mV, z= 2.9±
0.1,n= 8),R2:1 (−172± 1 mV,z= 1.3± 0.1). For clarity reasons, only
the characteristics atR= 1:16, 1:8, 1:4, and 1:1 are shown.

inhibition changed from (0.9± 0.1) mM for KAT1 to
(2.8± 0.3) mM for KDC1:KAT1= 1:4 (see Fig. 4f).

The most obvious characteristic of the heteromeric
channels was the different sensitivity to external metal
ions. Whereas KAT1 was significantly blocked by the

Fig. 3. The heteromeric channel is potassium-selective. KDC1 coin-
jected with KAT1 (R= 1:2) did not affect the reversal potential of the
inward currents. (a) Representative tail currents, following the ionic cur-
rent elicited by double-voltage pulses in 30 mM KCl. After hyperpolar-
ization to−150 mV, currents relax to new steady states upon subsequent
steps to depolarizing potentials. (b) The reversal potential derived from
instantaneous tail currents was plotted as a function of the external K+
activity in oocytes injected with KAT1 alone and KDC1:KAT1= 1:2.
The continuous straight line represents a shift of the reversal potential
by 59 mV for a tenfold change in the K+concentration. Each data point
was derived from 3 to 7 experiments.

addition of 5 mM Zn2+ to the bath solution (Figs. 5a and c),
Zn2+ inhibition of the heteromeric currents (at R=1:8 and
1:16) was less pronounced (Fig. 5c). Surprisingly, when
R was raised above 1:8, the addition of external Zn2+ re-
sulted in an increase in the normalized current that is par-
ticularly notable (up to fourfold) at largeR (Fig. 5b–d).
Specifically, on addition of Zn2+, the ionic current in-
creases with the KDC1:KAT1 ratio, as documented in
Fig. 5d, whereIZn/Icontrol, measured in the presence of
5 mM Zn2+, is plotted as a function ofR. It can be observed
that also the absolute value of the heteromeric current can
be greater than that of KAT1 under the same conditions
(see Fig. 5b).

The increase in the macroscopic conductance in-
duced by Zn2+ on the heteromeric channel (R = 1:1),
compared to the decrease of the KAT1 conductance, is
illustrated in Fig. 6a. In panel (b) it can be observed that
on the addition of Zn2+, the opening-probability charac-
teristics of the KAT1 channel did not change appreciably,
while the characteristics of the heteromeric channel dis-
played a significant modification of the voltage sensitivi-
ty with a partial “recovery” of the apparent valence (z)
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Fig. 4. The heteromeric channel is reversibly blocked by external cesium
and TEA. Typical ionic currents recorded in oocytes injected with KAT1
alone before (control) and after (recovery) the removal of 0.2 mM Cs+
(panel a) and 1 mM TEA+ (panel d) from the bath solution. Inhibition
of heteromeric (R= 1:1) currents on the addition of 0.2 mM Cs+ (b) and
1 mM TEA+ (e). Panels (c) and (f ) show cesium and TEA+ inhibitory
dose response for oocytes injected with KAT1 and KDC1:KAT1=1:1.
Data obtained from at least three different experiments; applied trans-
membrane potential−150 mV. Continuous line represents exponential
fit to the experimental data. Increasing the percentage of KDC1 in the
composition of heteromeric channels determined a decreased blocking
by TEA+. ITEA/Icontrol and ICs/Icontrol (plotted as a function of TEA+
and Cs+ concentration) represents the normalized steady-state current
elicited in the presence of TEA+ and Cs+ by membrane voltages to
−150 mV. Numbers close to each curve indicate the corresponding sub-
unit ratio,R.

Fig. 5. Heteromeric KDC1:KAT1 channels display a modified sensitivity
to Zn2+ and Ni2+. (a) Cytoplasmic Zn2+ typically blocked up to 50%
of the KAT1 current. An increase in KDC1 percentage determined a
progressively lower Zn2+ block of the current atR≤ 1:8; conversely, at
largeR(>1:8), the addition of Zn2+ resulted in a marked increase in the
current. See, for example, panel (b), where the heteromeric currents are
compared with the dashed curve (indicated by the arrow) representing
the KAT1 current in the presence of Zn2+. (c) IZn/Icontrol represent the
steady state of the ionic current recorded in the presence of Zn2+ with
respect to the control (i.e., Zn2+ = 0). (d) IZn/Icontrol measured in the
presence of 5 mM Zn2+ is plotted as a function ofR.(e) With respect to
homomultimeric KAT1 channels, the heteromeric channels also show a
lower sensitivity to the blocking action induced by Ni2+ added to the bath
solution. In panels (c) and (e), the numbers close to each curve indicate
the corresponding subunit ratio,R.Applied transmembrane potentials to
−150 mV.

67
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Fig. 6. Zn2+ affects the opening probability of the heteromeric channel.
(a) Decrease (empty circles) and increase (empty squares) in the macro-
scopic conductance of KAT1 and heteromeric (R= 1:1) channels upon
addition of Zn2+ (5 mM). Data were normalized with respect to respec-
tive control (i.e., KAT1, filled circles) and heteromers (filled squares).
(b) Comparison of the open probability of curves shown in (a).

toward the values measured in KAT1 channels. The best
fit of the opening probability with the Boltzmann distribu-
tion P = 1/[1+ exp(zF(V − V1/2)/RT] gave the follow-
ing values forz and the half-activation potentials (V1/2):
KAT1(control) z= 1.6± 0.1, V1/2 = (−132± 1) mV;
KAT1(+Zn2+ = 5 mM) z= 1.4± 0.1,V1/2 = (−132±
1) mV; KDC1:KAT1(control) z = 2.9 ± 0.1, V1/2 =
(−159± 1) mV; KDC1:KAT1 (+Zn2+ = 5 mM) z =
1.9± 0.2,V1/2 = (−163± 1) mV (each data point was
obtained from 3 to 8 experiments). A similar trend, indi-
cating a decrease ofz, was also observed on the addition
of lower zinc concentration atR= 1:2.

In order to verify the specificity of Zn2+ action on
the hetero-multimeric channel, we compared Zn2+ effects
with those induced by Ni2+ (Fig. 5e). We never observed
any increase in the ionic current with any KDC1:KAT1
ratio, even at large (up to 5 mM) Ni2+ concentration.
At low R ≤ 1:8, the effect induced by Ni2+ on the
heteromultimeric channel did not significantly differ from

Fig. 7. Toxicity curves of zinc and nickel. Plating efficiency represented
by the normalized number of colonies/petri dish ofD. carota and A.
thalianacells cultured in growing medium in the presence of different
concentrations of ZnCl2 and NiCl2. SE are smaller than the symbols.

those induced in homomeric KAT1 channel. Only oocytes
injected with relatively high KDC1:KAT1 ratios (R≥ 1:2)
displayed an inhibition of the heteromeric current, which
was consistently lower than that observed in homomeric
KAT1 channels.

Kdc1 was cloned from carrot roots. However, RT-
PCR experiments demonstrated that the channel is also
expressed in A+t3 cultured carrot cells obtained from
carrot hypocotyls (Downeyet al., 2000). For this reason,
we decided to verify whether cultured carrot cells, grown
in the presence of ZnCl2 and NiCl2, are more tolerant to
these metal ions thanA. thalianacell cultures, chosen as a
control system. This was verified by evaluating the plating
efficiency of cultured cells in the presence of different con-
centrations of zinc and nickel. In the presence of either of
the two metals, carrot colonies reduced to 50% of plated
cells at concentrations at least two times greater than the
corresponding value characterizingA. thalianacultures
grown under identical conditions (Fig. 7).

DISCUSSION

Kdc1,cloned fromDaucus carota root cDNA, en-
codes a 72.3 KDa protein (629 AA), highly homologous
to other inward K+ channel identified in other plants and
tissues (Downeyet al., 2000). KDC1 channel is also ex-
pressed in carrot cell cultures, as shown by Downeyet al.,
(unpublished results); also, patch-clamp experiments
performed on protoplasts obtained from cultured carrot
cells (Breganteet al., 1996) and root hairs (Downeyet al.,
2000) display inward currents with characteristics typical
of inward potassium channels, such as potassium selec-
tivity, voltage-dependent activation, blockage by external
cesium, high negative threshold of activation (up to−150
at neutral pH), and slow kinetics of activation (t1/2 ≥ 100
ms atV = −160 mV) (Breganteet al., 1996). Here, we
demonstrate that carrot KDC1, coexpressed inXenopus
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oocytes together with theArabidopsisKAT1 channel, has
a role in sustaining ionic currents showing properties sig-
nificantly different from those mediated by homomeric
KAT1 channels. We suggest that these modifications of
KAT1 currents are due to the formation of heteromeric
KDC1:KAT1 channels and not to the action of oocyte
modulatory components elicited by KDC1. Indeed,
increasing percentages of KDC1 elicit inward-rectifying
currents that exhibit progressively slower kinetics of
activation, faster current deactivation, and a threshold of
activation shifted toward negative voltages. These proper-
ties are reminiscent of the slow activation kinetics and the
very negative activation threshold of the inward channels
measured in carrot cell protoplasts (Breganteet al., 1996).
The fact that the heteromeric channels are selectively
permeable to K+ and reversibly blocked by cesium
indicates that the size of the selectivity filter is unchanged
with respect to the KAT1 channel. This is not surprising,
since the relevant change in the pore region of KDC1 is in
position 269 (i.e., 264GYGDLY), where a tyrosine group
substitutes for the typical histidine residue present in all
other plant K+ channels (Hothet al., 1997). This change is
located relatively far from the K+ channel selectivity filter
(Doyleet al., 1998), but proximal to the region that influ-
ences the TEA blockade (Heginbotham and MacKinnon,
1992; Yellenet al., 1991). Indeed, in plant inward K+

channels, the histidine in the pore region regulates the
binding of TEA+, as demonstrated by the lower blockage
observed in KST1-H271A and KAT1-H267A mutants
(Hoth and Hedrich, 1999b). Therefore, the lower sensitiv-
ity to TEA+ of the current measured in coinjected oocytes
is consistent with the presence of Y269 in KDC1 and sup-
port the hypothesis that the conducting channel is formed
by KDC1:KAT1 heteromers. This is only apparently in
contradiction with the higher affinity observed, as an
example, inShakerK+ channels, where threonine-469 in
the pore region was replaced by a tyrosine (Heginbotham
and MacKinnon, 1992). In fact, the symmetry provided by
the presence of two or four imidazole groups seems to be
essential for high affinity (Heginbotham and MacKinnon,
1992) TEA+ binding. For obvious reasons, these symme-
try conditions, which are always achieved in homomeric
K+ channels obtained by the expression of a single sub-
unit, are present only in a small fraction of the heteromulti-
meric channels (Naranjo, 1997) in our working conditions.
This hypothesis is confirmed by other experiments where
KDC1 was coinjected together with the KAT1 mutant
KAT1-H267Y; this heteromer (KDC1:KAT1-H267Y=
1:1), that obviously brings four tyrosines in the pore, has
an affinity for TEA+ (empty butterfly in Fig. 4f), which
is even higher than that displayed by the multihomo-
meric KAT1 channel (filled circles in Fig. 4). This obser-

vation is in accordance with the symmetry requirement
of the imidazole groups (Heginbotham and MacKinnon,
1992) and strengthen the hypothesis that the modified
current properties depend on the formation of heteromul-
timeric channels of KDC1 and KAT1 and not on indirect
modulation of unknown oocyte components activated
by KDC1.

With respect to the effects of Zn2+ and Ni2+, het-
eromeric channels showed an unusual sensitivity to the
action of these two metal ions. Heteromers apparently dis-
played a much lower sensitivity to block by Zn2+ and Ni2+.
Furthermore, while on the addition of Ni2+ the presence
of KDC1 never produced any increase in the heteromeric
current, at large percentages of KDC1 (R> 1:8), Zn2+

consistently increased the inward current (see Fig. 5d).
Since the imidazole ring of histidine is nucleophilic for
Zn2+ and KDC1 is characterized by a peculiar amino acid
composition in terms of histidine residues, it is tempting
to speculate that these peculiar properties may be ascribed
to the presence of KDC1 in the heteromeric complex. In-
deed, it must be observed that, beside the mutation in the
pore region, KDC1 differs from other plant K+ channels
because it possesses two pairs of histidines at the link-
ers connectingα-helix S3–S4 (H161–H162) andα-helix
S5–S6, namely, in the S5–P loop (H224–H225) (Downey
et al., 2000). No other plant K+ channel displays such a
high concentration of histidine residues facing the exter-
nal bath solution. It should be noted that the two histidine
pairs are located very close to theα-helices S4 and S5,
respectively, and, therefore, in close proximity of the volt-
age sensor and the pore entrance. Moreover, it has been
suggested that the surface charges of the S5-P loop play a
relevant functional role in the gating properties of the K+

voltage-dependent channels (Elinder andÅrhem, 1999;
Elinderet al., 1996).

Therefore, we suggest that the absence of the histi-
dine in the pore region and the presence of the extraplas-
matic histidines are responsible for the modulation of the
current through the heteromeric channels by two distinct
mechanisms: (1) Y269 may be responsible for reducing
the inhibition of the current, because of the channel block
by Zn2+ and Ni2+, while (2) the histidines exposed toward
the bath solution may be responsible for the increase in
the current, for example, because of a modification of the
surface charges and/or channel-gating mechanisms. The
prevalence of one or the other mechanism may result in
a lower inhibition or an increase in the heteromeric cur-
rent. As an example, the decrease of the channel blocking
may prevail at smallR,while the binding of the metals to
external histidines may predominate at largeR.

The first mechanism (1) is consistent with the re-
duced sensitivity to Zn2+, which is also demonstrated
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in the KST1 channel mutant KST1-H271A where the
histidine of the pore region was mutated into alanine (Hoth
and Hedrich, 1999a). We have also performed control
experiments with the KAT1-mutant H267Y (correspond-
ing to Y269 of KDC1) in which the pore histidine was
changed into a tyrosine. Consistently, on the addition of
1 mM Zn2+, the percentage of the steady-state current
blocking revealed a decreased inhibition of the KAT1-
H267Y current (1.7± 0.9%,n = 3) compared to wild-
type KAT1 (15.1± 3.3%,n= 3), but no current increase
was observed. The second mechanism (2) is consistent
with the slight variations of the voltage sensitivity of the
heteromeric characteristics (reported in Fig. 6); Zn2+ pos-
sibly modifies the channel-gating characteristics (Elinder
and Århem, 1999; Elinderet al., 1996; Schoppaet al.,
1992) by short-distance interaction with the KDC1 exter-
nal histidine imidazole rings. Other mechanisms, such as
surface charge effects and steric modifications may par-
ticipate in increasing the ionic current in the presence of
Zn2+ (shown in Figs. 5b–d and 6a), for example, by means
of an increase in the K+ concentration at the channel
mouth or by an increase in the single-channel conduc-
tance. In these mechanisms, a zinc-mediated coordination
of the histidines residing on the two linkers (S3–S4 and
S5–S6) cannot be excluded. Consistent with this hypoth-
esis, KAT1 I-V characteristic was little affected by Zn2+

(Chakrabarti, 1990).
We also verified that the increase in the current in-

duced by Zn2+was not due to an increase in any oocyte en-
dogenous chloride current (Ackermanet al., 1994; Chao
and Katayama, 1991; Machaca and Hartzell, 1998) be-
cause we systematically selected oocytes that did not dis-
play any endogenous inward current, while in noninjected
control oocytes, the endogenous currents were inhibited
by the addition of Zn2+. The lower percentage of inhi-
bition (with respect to KAT1) of the heteromeric current
upon addition of Ni2+ can be explained by the fact that
while histidine residues primarily bind Zn2+, they also
show high affinity for other metal ions (like Ni2+ and
Co2+) (Krämeret al., 1996; Smith and Martell, 1989). On
the other hand, this affinity may not be sufficient to elicit
the increase in the current by Ni2+ at the KDC1:KAT1
ratios used in this study.

We chose KAT1 to favor the coexpression of KDC1,
as KAT1 is a reliable channel whose properties inXenopus
oocytes are well characterized and because it has already
been suggested (Dreyeret al., 1997) that the coassembly of
heteromeric oligomers is neither plant- nor tissue-specific.
Indeed, KDC1 and KAT1 belong to two different inward-
rectifying channel subfamilies: KAT1 fromA. thaliana
is predominantly expressed in guard cells, while KDC1
from D. carota (which belongs to ATKC1 subfamily) is

expressed in roots (Downeyet al., 2000). It must also be
observed that, since another putative K+ channel seems
to be expressed in carrot roots (Downey, 2000 personal
communication), the formation of heteromeric channels
(formed by this second subunit and KDC1) can be hy-
pothesized in carrot roots.

Despite the fact that other mechanisms, different
from KDC1, may be responsible for the metal resistance
observed in cultured carrot cells and seeds, we suggest
that the insertion of metal-resistant K+ channels (like
KDC1) in other plants could help these plants to grow
on metal rich-soils. In this perspective, studies performed
on Xenopusoocytes have proved to be of crucial impor-
tance, because this system allows the coinjection of dif-
ferent clones at reliable predetermined ratios, providing
information on potential effects of KDC1 in combina-
tion with other plant K+ channels. Extension of these
studies to plant channels cloned from other tissues (e.g.,
Arabidopsisroot) and side-directed mutagenesis of spe-
cific KDC1 amino acids will allow us to further clarify the
mechanisms, providing KDC1 with the peculiar properties
illustrated in this paper.
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