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ABSTRACT KDC1 is a voltage-dependent Shaker-like potassium channel subunit cloned from Daucus carota which produces
conductive channels in Xenopus oocytes only when coexpressed with other plant Shaker potassium subunits, such as KAT1
from Arabidopsis thaliana. External Zn21 determines a potentiation of the current mediated by the dimeric construct KDC1-
KAT1, which has been ascribed to zinc binding at a site comprising three histidines located at the S3-S4 (H161, H162) and S5-
S6 (H224) linkers of KDC1. Here we demonstrate that also glutamate 164, located in close proximity of the KDC1 S4 segment,
is an essential component of the zinc-binding site. On the contrary, glutamate 159, located in symmetrical position with respect
to E164 in the sequence E159XHHXE164 but more distant from the voltage sensor, does not play any role in zinc binding. The
effects of Zn21 can be expressed as a ‘‘shift’’ of the gating parameters along the voltage axis. Kinetic modeling shows that Zn21

slows the closing kinetics of KDC1-KAT1 without affecting the opening kinetics. Possibly, zinc affects the movement of the
voltage sensor in and out of the membrane phase through electrostatic modification of a site close to the voltage sensor.

INTRODUCTION

Metal ions were early recognized to play fundamental roles

in plant processes acting as cofactors in enzyme activity,

osmotic regulators, and current carriers on structural func-

tions of proteins as well as in protein-protein interaction (1).

Some metals, like zinc, are essential for plant growth and

development. Zinc deficiency determines reduction of young

leaf growth, distortion of leaf margins, chloroses, and necro-

sis in leaves and delay of stem growth (2). Zinc is also

involved in the modulation of the properties of channels such

as the voltage-gated channels (3–5), NMDA receptor chan-

nels (6,7), GABA channels (8), and chloride channels (9). In

numerous zinc-binding proteins, zinc ion is typically coor-

dinated in tetrahedral, or distorted tetrahedral structures to

negatively charged residues (carboxylates and thiolates), by

charge-charge interactions, and/or to neutral dipolar residues

(e.g., carbonyls and imidazoles), through orientation-dependent

charge-dipole interactions (10). Consequently, amino acids

involved in zinc-protein interactions are histidine, glutamate,

aspartate, and cysteine (11).

KDC1, belonging to the AtKC1 family (group IV of the

voltage-dependent Shaker-like plant K1 channels), is an

inward-rectifying potassium channel gene cloned from carrots

(12). KDC1 forms heteromeric functional channels in Xenopus
laevis oocytes when coexpressed with other inward rectify-

ing plant potassium channels (13–15). Interestingly, currents

of heteromeric channels comprising KDC1 are not inhibited

(as it typically occurs for other plant channels investigated so

far) (16) but, on the contrary, potentiated by the addition of

zinc to the bath solution (13–15).

Alignment of amino-acid sequences of different K1

channels revealed the presence of a unique zinc-binding

site in KDC1. Specifically, KDC1 has two histidine pairs

(H161 and H162) in the S3-S4 and (H224 and H225) in the

S5-S6 linkers; moreover, two glutamates (E159 and E164)

symmetrically flank histidines H161-H162 in the sequence:

E159MH161H162GE164.

We already investigated the role played by histidines in

Zn21 potentiation of the current mediated by KDC1 coex-

pressed with other inward rectifying channels such as DKT1

(17) and KAT1 from Arabidopsis thaliana (14). We demon-

strated that H224 plays a crucial role in the interaction

between zinc and the channel determining current potentia-

tion. Instead, the single mutations H161A and H162A did not

significantly affect Zn21 potentiation of the current; only the

simultaneous mutation of both histidines determined effects

comparable to those induced by H224A. We already demon-

strated (13,14) that while the specific zinc-binding to extra-

cellular histidines is responsible for current potentiation,

zinc has an inhibitory effect on K1 permeation through the

homomeric KAT1 as well as the heterodimeric KDC1-KAT1

pore, owing to the binding of zinc to histidine (H267) present

in the H5 segment of KAT1 (as well as all other plant inward

rectifying channel) (18,19); in KDC1 this histidine is ex-

ceptionally replaced by a tyrosine in position 269.

As glutamic acids are implicated in zinc-binding domains,

we decided to investigate in detail whether E159 and/or E164

participate in the site responsible for current potentiation of

heteromeric channels comprising KDC1 units. To this pur-

pose, we used a dimeric KDC1-KAT1 construct encoding a

dimer where KDC1 is covalently linked to KAT1. Our study

provides also indications on the biophysical mechanisms of

the zinc-KDC1 interaction.

MATERIALS AND METHODS

Molecular biology

Preparation of KDC1 and KDC1-KAT1 constructs were made as previously

reported (14). Mutant KDC1-KAT1 dimers were obtained by a Quikchange
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Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). All mutations

were confirmed by sequencing. Templates were linearized by NheI restriction

enzyme and in vitro transcription was performed using the mCAP-RNA

Capping Kit (Stratagene).

Oocyte expression and electrophysiology

Oocytes were isolated from Xenopus laevis females (20) and injected with

cRNA (0.4 mg/ml) encoding for wild-type and mutated dimeric constructs

using a Drummond ‘‘Nanoject’’ microinjector (50 nl/oocyte) (Drummond

Scientific, Broomall, PA). Whenever a comparison was made, we performed

experiments on the same batch of oocytes, from the same frog, always on the

same day from the injection. Whole cell K1 currents were measured with a

two-microelectrode homemade voltage-clamp amplifier (designed by F.

Conti), using 0.2–0.4 MV electrodes filled with 3 M KCl. The following

standard bath solution was used (in mM): 100 KCl, 2 MgCl2, 1 CaCl2, 10

MES/Tris, pH 5.6. A quantity of 1 mM LaCl3 was added to the bath solution

to inhibit oocyte endogenous currents elicited by potentials more negative

than �160 mV (15,21). Zn21 was added to the external standard solution as

ZnCl2 at different concentrations. Unless otherwise indicated, experiments

were performed in standard ionic solutions 11 mM LaCl3.

Data analysis

The relative open probability was obtained dividing the steady-state currents

by (V-Vrev) and normalizing to the saturation value of the calculated

Boltzmann distribution. Unless otherwise indicated, experimental data

points represent mean values of at least five experiments 6 SE. Half-

activation potentials (V1/2) and apparent gating charge, z, were determined

by fitting experimental points with a single Boltzmann isotherm of the form:

Popen ¼ 1/(1 1 exp(zF(V-V1/2)/RT)). Half-activation times, t1/2, represent

the time where the current reaches half of its maximum values. Deactivation

time constants were evaluated by a best fit of tail currents, obtained after a

main pulse to �160 mV, with a single exponential function.

The dose-response analysis of zinc potentiation was obtained by

subtraction between the half-activation potential determined in the presence

and in the absence of zinc (V1/2(Zn)-V1/2(control)) and fitted by a modified

Hill equation (see text and Fig. 6).

Model for metal binding

To quantify zinc effects on potassium current we adopted the shift and

scaling model described by Elinder for metal binding and modulation of ion

channels (22). We use the simple two-state model and consider the basic

one-site model represented in Scheme 1,

SCHEME 1

where C and O are closed and open states; KC and KO are the binding

constants of Zn21 for the closed and open states, respectively; [Zn] is the

concentration of zinc ions; and a and aZn, b and bZn are the unbound or

bound-metal rate constants, respectively. The voltage-dependent rate con-

stants are expressed as

a ¼ keqexpððV � VeqÞzaFR�1T�1Þ; (1)

b ¼ keqexpð�ðV � VeqÞzbFR�1T�1Þ; (2)

where keq is the rate constant of a and b when a ¼ b, Veq the membrane

voltage when a¼ b, za the gating valence for a and zb the gating valence for

b, and F, R, and T the usual thermodynamic parameters. If the model is in

thermodynamic equilibrium then

KO ¼ KCaZnb=abZn: (3)

We suppose that Zn21-binding is much faster than the channel gating,

therefore the previous scheme can be reduced to

fCg
�����! �����

aZn

bZn

fOg; SCHEME 2

where {C} defines all the closed states and {O} all the open states. The rate

constants for the zinc-ion bound states can be expressed as

aZn ¼að11KC½Zn�expð�DVZnzaFR
�1
T
�1ÞÞ=ð11KC½Zn�Þ;

(4)

bZn ¼ bð11KC½Zn�expð�DVZnzaFR
�1
T
�1ÞÞ=ð11KC½Zn�

3 expðð�DVZnðza 1 zbÞFR�1T�1ÞÞ; (5)

whereDVZn is the shift of the electrical potential induced by one bound Zn
21

ion. From these equations the shift of the open probability curves, P ¼ a/

(a1b), versus Zn21 concentration can be expressed in term of V1/2 as

DV1=2 ¼ RT=ðFðza 1 zbÞÞlnðð11KC½Zn�Þ=ð11KC½Zn�
3 expð�DVZnðza 1 zbÞFR�1T�1ÞÞÞ: (6)

RESULTS

We have previously shown (13–15) that both KDC1,

coexpressed with KAT1 (an inward rectifying potassium

channel from Arabidopsis thaliana (18,23)), and the dimeric

construct KDC1-KAT1 display current-voltage characteris-

tics shifted toward more hyperpolarizing membrane poten-

tials with respect to KAT1 alone (13,14,24). This does not

allow a full characterization of the current-voltage charac-

teristics, in Xenopus oocytes, of heteromeric channels com-

prising KDC1 because, at potentials more negative than

�160 mV, typical endogenous chloride currents overlap to

potassium currents of heteromeric KDC1:KAT1 or dimeric

KDC1-KAT1 channels. Since it has been shown that La31

blocks the hyperpolarization-activated (chloride) currents

(21), to eliminate the endogenous oocyte currents, we

decided to add 1 mM lanthanum (as LaCl3) to the standard

bath solution. As demonstrated in Fig. 1, in our working

conditions La31 blocks endogenous oocyte currents without

affecting potassium KDC1-KAT1 currents. Fig. 1 A shows

inwardly rectifying currents activated by hyperpolarizing
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voltage steps (up to �200 mV) applied to an uninjected

oocyte in the absence (left) and in the presence (right) of
lanthanum. It can be observed that endogenous currents

activated by voltages more negative than �160 mV, were

completely blocked by the addition of lanthanum. We

challenged oocytes injected with the KDC1-KAT1 dimeric

construct comparing total currents in the range where

endogenous currents were not activated yet, i.e., until V �
�160 mV. Fig. 1 B shows that K1 currents (elicited by

hyperpolarizing voltage steps up to�170 mV) in the absence

and in the presence of La31 were very similar. Only a slight

difference at �170 mV, due to the activation of the

endogenous currents, could be observed (see current-voltage
curves in Fig. 1 C). These results indicate that La31 did not

influence the heteromeric potassium channel activity while it

allowed us to apply membrane potentials as large as �240
mV. Therefore, the addition of La31 allowed us to study the

current voltage characteristic of KDC1-KAT1 channels in

more detail.

Interestingly, zinc increases the ionic current mediated by

KDC1 subunit, coexpressed with other plant K1 channels

(13). As previously shown (14,15), this property can be

ascribed to histidines located between the a-helices S3-S4

and S5-S6. Since glutamic acid typically plays a relevant role

in zinc coordination of proteins, involving at least three

amino acids, it was worthwhile to investigate whether one or

both glutamic acids (E159 and E164), symmetrically flanking

the histidine pair H161 H162 in the sequence EMHHGE,

participate in the zinc-binding site (14).

To fulfill this objective, E159 and E164 were individually

mutated into the electrically conservative aspartic acid (i.e.,

E159D or E164D) or the electrically neutral amino-acid

alanine (E159A or E164A) as well as the positively charged

amino-acid lysine (E159K or E164K). All the single point

mutations generated functionally conductive channels, dis-

playing activation properties very similar to those of the

wild-type channel. As an example, Fig. 2 displays typical

heteromeric inwardly rectifying currents recorded in oocytes

injected with (A) the wild-type dimeric construct KDC1-

KAT1 and (B) the mutants KDC1(E159A)-KAT1 (indicated

as E159A) or (C) KDC1(E164K)-KAT1 (indicated as

E164K). Also the mutants carrying the negatively charged

aspartic acid and the positively charged amino-acid lysine, in

position 159 or in position 164, mediated ionic currents (not

shown) with current-voltage characteristics similar to those

of the wild-type (Fig. 2,D and E, respectively). Interestingly,
mutation E164K, introducing a positive charge contiguous to

the voltage sensor, determined the more significant shift of

the activation characteristics toward more negative mem-

brane potentials, with respect to the wild-type (see Table 1,

column 7: dV1/2 ¼ (217.4�207.9) ¼ 9.5 mV).

On this basis, we could investigate whether the mutated

channels responded to zinc in a different manner with respect

to the wild-type. Fig. 3 illustrates the effect of 1 mM zinc on

the wild-type and mutated dimers. Also, in this case La31 did

not interfere with the effect of Zn21 on ionic currents (data

not shown). It can be observed that no mutation of the

glutamic acid in position 159 changed the zinc-sensitivity of

FIGURE 1 Lanthanum inhibits oo-

cyte endogenous currents but does not

affect KDC1-KAT1 currents. (A) Lan-

thanum inhibits endogenous currents in

oocytes. (Left) Typical currents mea-

sured in an uninjected oocyte chal-

lenged with hyperpolarizing potentials

from 0 mV to �200 mV in �20 mV

decrements; standard bath solution.

Typical endogenous hyperpolarization-

activated chloride currents were ob-

served at potentials #�160 mV.

(Right) Typical currents recorded from

the same oocyte after the addition of

1 mM La31 to the external bath solu-

tion. La31 completely inhibits the en-

dogenous currents. (B) Lanthanum does

not affect KDC1-KAT1 currents. Typ-

ical currents measured in an oocyte

injected with the KDC1-KAT1 dimeric

construct in response to voltage steps

from 0 to �170 mV, in �10 mV

decrements, in the absence (left) and

in the presence (right) of 1 mM La31. (On the right) Traces measured without La31 at V ¼ �160 mV and V ¼ �170 mV (dotted lines) were superimposed to

traces recorded in the presence of La31. (C) Current-voltage characteristics of traces illustrated in panel B. Solid circles represent the mean value of the current

during the last 50 ms of each trace in the presence of La31. Open circles represent the mean value of current, calculated as before, measured in the absence of

lanthanum. Up to the current trace indicated by the arrowhead (B, right), the current-voltage characteristics were almost identical. Instead, in the absence of

La31, endogenous currents, activated by voltages more negative than �160 mV, add to potassium currents changing the current-voltage characteristics.
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the KDC1-KAT1 dimer (Fig. 3, A and B). On the contrary,

mutations of E164 (Fig. 3 C) determined a different sensi-

tivity to zinc depending on the characteristics of the mutated

amino acid. If the charge was conserved, as in E164D, the

heteromeric channel still displayed the typical potentiation of

the current induced by zinc; vice versa, when the charge of

glutamic acid was substituted by the positive charge of lysine

or by the neutral alanine, zinc-potentiation was removed and

a zinc-mediated inhibition of the current was observed.

These results demonstrated that, contrary to E159, glutamate

164 is involved in zinc binding. Moreover, the electric

charge of glutamate 164 seems to play a role in zinc binding

as also the negatively charged aspartic acid appears to be a

potential partner in zinc binding, presumably through its

carboxylate group (25). Zinc effects on the current are

summarized for the wild-type and the mutated channels in

Fig. 3 D, where the steady-state currents, elicited by a

voltage pulse to �160 mV in the presence of 1mM external

Zn21, was compared to the currents in the absence of Zn21.

It can be observed that the mutated channels, which are

still potentiated by zinc, present the same current amplifi-

cation of the WT channel, thus confirming that glutamate

E159 does not participate in zinc binding. On the other hand,

also Zn21 inhibition of the mutated E164A and E164K

channels was comparable (i.e., �20%) to the inhibition

measured in the homomeric KAT1 channel and the mutated

H224A and H161A-H162A heterodimeric channels (14).

Analysis of the current characteristic versus the applied

potential may provide an useful tool to distinguish zinc-

potentiation from zinc-inhibition and to identify the contri-

butions of different amino acids in the two mechanisms.

Interestingly, we observed a different behavior for inhibition

or potentiation of the currents induced by Zn21. The inhi-

bition of the currents appeared to be voltage-independent,

in the range from �160 to �240 mV (Fig. 4 A), whereas
Zn21-potentiation was clearly voltage-dependent (Fig. 4 B).

FIGURE 2 KDC1-KAT1 constructs mutated in residues

E159 and E164 express functional channels. Typical

inward rectifying potassium currents measured from

oocytes injected with (A) the wild-type dimeric construct

and the mutated (B) E159A or (C) E164K constructs.

Applied membrane potentials from 0 mV to �240 mV in

�20 mV decrements. Holding and tail potential were 0 and

�50 mV, respectively. Current-voltage characteristics of

wild-type and dimers mutated in (D) E159 and (E) E164.

All currents were normalized to their respective maximum

currents (at �240 mV). Mean values from at least five

different experiments6 SE. Symbols for the wild-type and

mutated channels are indicated.

TABLE 1 Half-activation potentials and apparent gating charges for the WT and the mutated KDC1-KAT1 dimeric channels

Channel

Control Zinc 1 mM

DV1/2 dV1/2 Dz/z NV1/2 z V1/2 z

WT �207.9 6 0.7 1.31 6 0.04 �198.5 6 0.8 1.16 6 0.04 9.4 0.13 5

E164D �212.9 6 0.5 1.41 6 0.04 �203.2 6 0.7 1.36 6 0.05 9.7 5.0 0.04 5

E164A �209.9 6 0.6 1.43 6 0.04 �209.3 6 0.6 1.39 6 0.05 0.6 2.0 0.04 6

E164K �217.4 6 0.5 1.45 6 0.04 �216.5 6 0.5 1.43 6 0.04 0.9 9.5 0.01 5

E159D �204.1 6 0.7 1.22 6 0.05 �195.1 6 0.8 1.14 6 0.05 9.0 �3.8 0.07 6

E159A �205.7 6 0.7 1.64 6 0.07 �196.0 6 1.0 1.49 6 0.08 9.7 �2.2 0.10 5

E159K �210.4 6 0.6 1.48 6 0.05 �201.2 6 0.7 1.40 6 0.05 9.2 2.5 0.06 5

Half-activation potential, V1/2(mV), and apparent gating charge, z, obtained by the best fit of the open probability distribution with a single Boltzmann

equation, for the wild-type and mutated channels in the absence and in the presence of 1 mM Zn21; DV1/2 represents the shift of the half-activation potential

and Dz/z the relative variation of the apparent gating charge, after Zn21 addition. dV1/2 represents the shift of the half -activation potential of each mutant with

respect to the WT in control conditions (N ¼ number of experiments).
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Currents potentiation decreased with the increase of hyper-

polarizing membrane potentials; at potentials more negative

than �200 mV, the currents were no longer enhanced by the

addition of Zn21.

Further information on zinc-mediated current-potentiation

was obtained from open probability curves. As shown in Fig.

5, zinc shifted the Boltzmann curves toward more depolariz-

ing membrane potentials with respect to control solution

(absence of zinc) both for the wild-type channel (Fig. 5 A)
and the mutated channels E159D (Fig. 5 B), E159A (Fig. 5

C), and E159K (Fig. 5 D) as well as E164D (Fig. 5 E). On
the contrary, when residue E164 was mutated into a neutral

or positive residue, the shift was removed and the two

normalized Boltzmann curves (in the presence and in the

absence of zinc) superimposed (Fig. 5, F and G, respec-
tively). Therefore, current potentiation is clearly due to a

shift of the normalized conductance toward less hyper-

polarizing membrane potentials. The amplitude of the volt-

age shift was very similar for the wild-type and all the

conservative mutations of the channel as summarized in Fig.

5 H and in Table 1. Moreover, no appreciable differences of

the apparent gating charges were observed between the wild-

type and the mutated channels (Fig. 5 and Table 1).

To estimate Zn21 affinity for the KDC1-KAT1 channel,

the voltage dependence of activation was determined at

different Zn21 concentrations (Fig. 6 A). Increasing the Zn21

concentration from 0.1 to 5 mM resulted in a progressive

shift of the open probability curve toward the positive direc-

tion. The curves at different concentrations were fitted with

the Boltzmann function to obtain the half-activation poten-

tial, V1/2. The difference in V1/2 (DV1/2) in the presence and in

absence of zinc, determined from the curves in Fig. 6 A, was
plotted versus the logarithm of Zn21 concentration (Fig. 6 B,
left axes).
Data in Fig. 6 B, fitted by the Hill equation

DV1=2 ¼ DVmaxð½Zn�=KdÞn=ð11 ð½Zn�Þ=KdÞnÞ;
where DVmax (the saturation value of the voltage shift), n (the
Hill coefficient), and KD (the Zn21 concentration for the half-

maximal voltage shift) gave the following values: DVmax ¼
15.5 mV, KD ¼ 387 mM, and n ¼ 0.9. Similar results were

obtained from others experiments and gave the mean values:

DVmax¼ 136 1mV,KD¼ 3766 137mM, and n¼ 0.76 0.2

FIGURE 3 E164 is involved in zinc

potentiation of the current while E159

is not. Ionic currents recorded before

and after the addition of 1 mM Zn21 to

the bath solution from oocytes injected

with WT and different mutated dimeric

constructs. (A) Current potentiation

measured in WT channel. (B) Current
potentiation was preserved irrespec-

tive of the charge-conservative (D, left

panel) or nonconservative (A, center

panel and K, right panel) mutation

introduced in E159. (C) From left to

right, the conservative mutation E164D

also preserved current potentiation

while the nonconservative mutations

(E164A and E164K) abolished current

potentiation. Holding, step, and tail

potentials were 0 mV, �160 mV, and

�50 mV, respectively. (D) Percentage

of current change induced by 1 mM

Zn21 measured at V ¼ �160 mV for

thewild-type andmutated dimeric chan-

nels. Mean values from at least eight

different experiments 6 SE.

FIGURE 4 Current potentiation mediated by zinc is voltage-dependent,

whereas current inhibition is voltage-independent. (A) The current decrease
induced by 1 mM Zn21 normalized to the control (Izinc/Icontrol) in the mutated

dimeric channels E164A and E164K was plotted versus the potential. (B) The

normalized current increase induced by 1 mM Zn21, in the wild-type dimer

and the mutated E164D dimer. Values (6 SE) represent the mean of at least

five experiments.
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(N ¼ 5). Zn21 affinity estimated from the best fit of the nor-

malized current (Izinc/Icontrol in Fig. 6 B, right axes) with

the Hill equation gave comparable KD and n values at V ¼
�160 mV, i.e.: KD ¼ 401 and n ¼ 0.9.

To investigate the mechanism of zinc potentiation medi-

ated by KDC1, we analyzed the activation and deactivation

parameters and the shift induced by zinc in these curves. The

measurements used for ON and OFF kinetics were the half-

time of activation (t1/2) and deactivation time constant (t).
Fig. 7 A shows the action of 1 mM Zn21 on activation

kinetics. The two traces, recorded from the same oocyte,

challenged by voltages hyperpolarizing the cell to�160 mV,

in the presence and in the absence of zinc (Zn21 trace has

been scaled to match the steady value of the trace in control),

are nearly indistinguishable. On the contrary, Zn21 slowed

the closing kinetics of the channel (Fig. 7 B). To evaluate the
voltage shift dependence of current kinetics induced by zinc,

the mean values of t1/2 (Fig. 7 C) and t (Fig. 7 D) were
plotted versus the applied voltage. Consistently with typical

currents obtained at V ¼ �160 mV, zinc did not affect the

activation kinetic at all potentials, whereas it slowed down

the deactivation kinetics.

FIGURE 5 Voltage shift of the open probability in the WT and mutated channels. Open probability curves in the absence (open circles) and in the presence

(open triangles) of 1 mM ZnCl2 for the wild-type dimeric construct (A) and for the dimeric constructs mutated as follows: (B) E159D, (C) E159A, (D) E159K,

(E) E164D, (F) E164A, and (G) E164K. When E164 was mutated to an electrically nonconservative residue as alanine or lysine, the open probabilities in the

absence and presence of zinc were undistinguishable. Continuous lines are the best fits of experimental data with the Boltzmann equation (mean values6 SE,

N $ 5). (H) Differences in V1/2 (DV1/2) obtained in the presence and in the absence of zinc for the wild-type and the mutated dimeric constructs (mean

values 6 SE, N $ 5) (see also Table 1). The shifts of the activation voltage, induced by 1 mM Zn21, were identical, within experimental error, for the

WT and the mutated channels displaying zinc potentiation.

FIGURE 6 Open probability shift depends on Zn21

concentration. (A) Open probability curves in the absence

and in the presence of different Zn21 concentrations in the

bath solution plotted as a function of the membrane potential

for the WT KDC1-KAT1 channel (symbols in control

solution and for each Zn21 concentration are indicated in the

figure). Continuous lines are the best fits of experimental

data with the Boltzmann equation. (B) Semilogarithmic plot

of the half-activation potentials (open circles) derived from

the best fit of the data in panel A and of Izinc/Icontrol (open
squares) at V¼ �160 mV versus Zn21 concentration. Both

data were fitted with the Hill equation.
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DISCUSSION

In this work, our aim was to provide more information on the

amino acids participating in the zinc-binding site and on the

biophysical basis for zinc sensitivity of heteromeric plant

channels comprising KDC1 subunits. We demonstrated that,

in addition to histidines 161, 162, and 224 (as shown in

(14)), glutamate 164, also located in the KDC1 S3-S4 linker,

is involved in the potentiation of potassium currents induced

by extracellular zinc.

Zinc shifts the open probability curves of the
KDC1-KAT1 channel

KDC1-KAT1 channels mutated in histidine H224 or in

H161A-H162A of KDC1 (14) did not display Zn-potenti-

ation but were slightly inhibited by Zn21, as observed for

KAT1 and other plant Shaker channels (13,26). These

observations confirm that Zn21, beside interacting with the

KDC1 external binding site, presumably also interacts with a

second lower affinity (�10 mM) site which was previously

identified with the KAT1 histidine H267 located in the

external part of the pore segment (13,14). Indeed, it has al-

ready been demonstrated that mutations in the pore histidine

of inward rectifying plant channels reduce zinc inhibition

(see (13) and (26)).

Similarly, also heterodimeric KDC1-KAT1 channels where

E164 was mutated into a nonconservative amino acid (i.e.,

E164A or E164K), displayed a moderate decrease of the

current induced by Zn21 comparable (i.e., between 20% and

30%) to the inhibition observed on the homomeric KAT1

channel (14).

The block of the endogenous currents by external La31

gave us the opportunity to investigate the voltage depen-

dence of zinc action up to very negative membrane poten-

tials and to determine that channel inhibition and channel

potentiation are regulated by voltage-independent and voltage-

dependent mechanisms, respectively. Voltage-independent

channel inhibition induced by zinc, observed also in KAT1

channel ((13)), is consistent with the location of H267

outside the narrowest voltage-sensitive region of the selec-

tivity filter (27). These characteristics represent typical

fingerprinting of the two mechanisms and help to monitor

which one of them is preserved or abolished in the different

mutants. Previous results from single-channel recordings

(14) demonstrated that zinc did not affect the single-channel

amplitude, while the half-activation potential apparently

remained almost unaltered. This was probably due to the fact

that in the absence of La31, it was not possible to apply large

hyperpolarizing membrane potentials and therefore the open

probability curves of KDC1-KAT1 heterodimers hardly

reached a saturation value. Instead, in this article, abolition of

endogenous currents allowed us to definitely state that zinc

shifts the open probability of the channel toward more

positive membrane potentials. As a consequence, potentia-

tion is larger at low values of the Boltzmann distribution,

decreasing when the curve reaches saturation, i.e., when the

open probability reaches its maximum values. Indeed, at

negative potentials of�160 mV, zinc potentiation was larger

(current increased �2–3 times) while at more negative

voltages the current increase was drastically reduced and

even abolished at extremely negative membrane potentials

(Izinc/Icontrol being �1 at V ¼ �240 mV) (Fig. 4 B).
The comparable current-decrease and the absence of any

voltage-dependency in the current inhibition of the homo-

meric KAT1 channel and heteromeric channels mutated in

the external zinc-binding amino acids, suggest that appro-

priate (for example, nonconservative) modifications of the

FIGURE 7 Effects of Zn21 on the activation and

deactivation kinetics of the KDC1-KAT1 channel. (A)
Typical kinetics of activation of the WT KDC1-KAT1

current recorded at �160 mV in control solution and in the

presence of 1 mM Zn21. The trace in the presence of Zn21

has been scaled to match the steady value of the trace in

control conditions. Traces are nearly undistinguishable. (B)

Typical kinetics of deactivation currents recorded at �80
mV, before and during Zn21 application. Data were

obtained from the same oocyte investigated in panel A. (C)

Half-times of current activation, t1/2, before (open squares)

and during (open circles) Zn21 application, plotted versus

membrane potential. (D) Time constants of currents

deactivation, t, calculated in the presence and in the

absence of Zn21, plotted versus membrane potential. Same

symbols as in panel C. Mean values from at least five

different experiments 6 SE.
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external binding site completely remove zinc potentiation

without affecting zinc inhibition.

Mechanism of current potentiation mediated
by zinc

Metal ions can affect ion channels either by blocking the

current or by modifying the gating. The effects on the gating

of voltage-gated channels can be described by modifications

of the voltage-dependent parameters, and can be ascribed to

three main mechanisms (22). The first mechanism assumes

electrostatic screening of fixed charges and predicts equal

shifts of all voltage-dependent parameters. The second mech-

anism assumes metal binding and consequent electrostatic

effects on the voltage sensor. The third and last mechanism

assumes binding and accompanying nonelectrostatic effects

on the gating; this might either directly affect the voltage

sensor or other parts of the gating mechanism. Occasionally,

a single mechanism cannot explain the results induced by

some metals such as the lanthanides as well as Zn21; in these

cases, it is necessary to hypothesize combined mechanical

and electrostatic actions of mechanisms 2 and 3.

Our results suggest that zinc interaction with KDC1 is not

due to a simple screening of surface charges: indeed, the

shifts of the voltage parameters t(V) and Popen(V) are not

identical. The shift induced by 1 mM zinc on Popen(V) of the
KDC1-KAT1 channel is;10 mV, i.e., significantly different

from that of the activation and the deactivation times. In

particular, 1 mM Zn21 leaves the time for half-activation

practically unaffected while it slows down the deactivation

time constant (by 15–20 mV).

Investigating depolarization-activated potassium chan-

nels, Gilly and Armstrong (28) found that Zn21 slowed

down the channel opening leaving the closing rates almost

unaffected. They suggested that Zn21 has a higher affinity

for the closed channel, since in this state, the voltage sensor

is retracted into the channel and therefore negative mem-

brane surface charges may participate in attracting zinc ions.

Vice versa in the open-state, zinc-binding is prevented by the

outside movement of the voltage sensor that pushes away

metal ions by electrostatic repulsion.

It has been suggested that hyperpolarization-activated

channels display a different coupling between the voltage

sensor and the activation gate with respect to depolarization-

activated potassium channels, i.e., during the opening the S4

segment moves from outside the membrane to inside (29).

Also, experiments performed on hyperpolarization-activated

KAT1 channel suggested a similar voltage movement and

coupling (30).

On the basis of these considerations, we propose a

molecular model for zinc binding to KDC1, similar to the

electrostatic model proposed by Gilly and Armstrong, but

adapted to the different coupling mechanism hypothesized

for inwardly rectifying K1 channels (Fig. 8). When the

channel is open, the extraplasmatic part of the S4 segment is

inside the membrane; consequently, the negative surface

charges of the membrane may contribute to attract zinc ions.

This favors Zn21 binding to histidines and glutamate 164,

stabilizing the channel in the open state. Conversely, when

the channel closes, Zn21 binding to the channel decreases

because the total zinc concentration close to E164 is lower,

and/or the structure of the binding site is modified. In a

similar manner, H224 (which is presumably located in close

proximity of the membrane surface) also plays a major role

in zinc binding, with respect to the more distantly located

histidine 225 (14).

The change in zinc affinity (for open versus closed state)

has been explained by Elinder and Arhem (22) by a simple

electrostatic mechanism, in which the binding of a metal ion

close to the voltage sensor is state-dependent and affects the

FIGURE 8 Schematic representation for Zn21 bind-

ing to KDC1 and consequences on gating parameters.

(A) A simplified model for the interaction of Zn21 with

the Zn21-binding site in KDC1. For simplicity reasons

only the S4, S5, and S6 segments and amino acids

involved in the Zn21-binding site are shown. (B) Plot

of the time constants (separated by a dotted line) of
activation (t1/2, left-hand ordinate) and deactivation (t,

right-hand ordinate), of WT KDC1-KAT1 dimeric

channel before (open squares) and during (open
circles) Zn21 application. Data are the mean of at least

five experiments and were fitted by combining Eqs. 4

and 5 derived from the shift model (see Materials and

Methods). The best fit to the data gave Veq ¼ �138
mV, DVZn ¼ 11.6 mV, za ¼ 1.04, zb ¼ 0.62, and Kc ¼
4.6 mM�1. (C) Semilogarithmic dose-response curves

of DV1/2; mean values obtained from the experimental

data were fitted with Eq. 6 of the electrostatical shift

model with the same values of the parameters used in

panel B.
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activation and deactivation time constants differently. Our

results lead us to adopt the model proposed by Elinder and

Arhem (see Materials and Methods), where the binding of a

metal ion to fixed charges electrostatically modulates the

voltage sensor (mechanism 2) determining a shift of gating

parameters with respect to unbound control conditions. In

particular, the time constants (1/(a1 b)), in the presence and
in the absence of zinc, were fitted by combining Eqs. 4 and 5

and the results are shown in Fig. 8 B (see the figure legend

for numerical details). Interestingly, the values found from

the best fit of the data were used in Eq. 6 to fit the shifts of

V1/2 for different concentrations of zinc. Therefore a simple

binding and electrostatic model is sufficient to give a reliable

interpretation of the effects induced by zinc ions that are

presumably mediated by a modification of an electric charge

close to the voltage sensor; however, they do not directly

modify the apparent gating charge of the channel (see Table 1).

The zinc-binding site

Zinc binding to proteins is frequently investigated as many

proteins carry a high affinity binding site for this ion. There

are now nearly 200 three-dimensional structures for zinc

binding to proteins, distributed within three primary types of

zinc binding sites: structural, catalytic, and cocatalytic (10).

These structures provide references for the nature of zinc

sites in other proteins for which only the primary structure is

known. In proteins, the coordination number 4 is most

common, where the zinc ion is typically coordinated in a

tetrahedral or distorted tetrahedral fashion. In these sites, one

zinc ion is coordinated to three amino-acid residues (histi-

dine, glutamate and/or aspartate) and a water molecule

(catalytic), or to four amino acids (mainly cysteine, but also

histidine, glutamate and/or aspartate) (structural).

In the zinc-binding site of KDC1, we have identified by

now at least three amino acids. Histidine 224 and glutamate

164 participate to the zinc-binding site together with his-

tidines 161 and 162 which possibly substitute each other,

while E159 and H225 are not involved in zinc binding.

However, we cannot exclude that in our case, beside the

amino acids listed above, some other amino acid may be

involved in zinc binding.

It is worth noting here that zinc binding might be affected

by a series of different parameters such as histidine pro-

tonation at acidic pH, or the constraints determined by the

water-membrane interface which presumably inhibits some

movements or rearrangements of the H224 and E164 resi-

dues. Finally, zinc binding in close proximity of the S3-S4

and S5-S6 linkers might result a useful tool and molecular

marker providing information not only on the participation

of KDC1 in heteromeric channels but also, for example, on

mobility of the S4 segment as well as on possible interactions

of the voltage sensor with other segments, such as the S5

segment as already shown for other inward rectifying plant

channels (31).
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