
Biophysical Journal Volume 96 May 2009 4063–4074 4063
The Role of the C-Terminus for Functional Heteromerization
of the Plant Channel KDC1
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ABSTRACT Voltage-gated potassium channels are formed by the assembly of four identical (homotetramer) or different (het-
erotetramer) subunits. Tetramerization of plant potassium channels involves the C-terminus of the protein. We investigated the
role of the C-terminus of KDC1, a Shaker-like inward-rectifying Kþ channel that does not form functional homomeric channels,
but participates in the formation of heteromeric complexes with other potassium a-subunits when expressed in Xenopus oocytes.
The interaction of KDC1 with KAT1 was investigated using the yeast two-hybrid system, fluorescence and electrophysiological
studies. We found that the KDC1-EGFP fusion protein is not targeted to the plasma membrane of Xenopus oocytes unless it is
coexpressed with KAT1. Deletion mutants revealed that the KDC1 C-terminus is involved in heteromerization. Two domains of
the C-terminus, the region downstream the putative cyclic nucleotide binding domain and the distal part of the C-terminus called
KHA domain, contributed to a different extent to channel assembly. Whereas the first interacting region of the C-terminus was
necessary for channel heteromerization, the removal of the distal KHA domain decreased but did not abolish the formation of het-
eromeric complexes. Similar results were obtained when coexpressing KDC1 with the KAT1-homolog KDC2 from carrots, thus
indicating the physiological significance of the KAT1/KDC1 characterization. Electrophysiological experiments showed further-
more that the heteromerization capacity of KDC1 was negatively influenced by the presence of the enhanced green fluorescence
protein fusion.
doi: 10.1016/j.bpj.2009.02.055
INTRODUCTION

Kþ is involved in several key cellular functions in plants such

as the maintenance of membrane potential, enzyme activa-

tion, stomatal movements, and tropisms (1,2,3). Over the

past decade, reverse genetics and electrophysiological studies

have revealed the presence of several families of Kþ channels.

Voltage-gated potassium channels have been found in

a variety of plants. They are tetramers composed of four

a-subunits. Each subunit is a transmembrane protein built

of six transmembrane domains (called S1–S6) and a pore-

forming linker domain (P) between S5 and S6. Because of

their structural similarity to the Shaker Kþ-channel from

Drosophila melanogaster, voltage-gated ion channels from

plants are also widely termed plant Shaker-like Kþ channels.

In plants, these channels are involved in the uptake of Kþ from

the soil and its redistribution throughout the plant (2).

Despite their common structure, members of the family of

plant Shaker-like Kþ channels exhibit an astonishing diver-

sity at the functional level. They can be classified into at least

three different subfamilies, including inward-rectifying

channels (Kin channels) that open upon hyperpolarization

and enable the uptake of potassium ions, outward-rectifying
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channels (Kout channels) that open upon depolarization and

enable the release of Kþ. The third subfamily of weak-recti-

fying channels (Kweak channels) comprises channels that are

uniquely regulated by phosphorylation. Depending on their

phosphorylation status, they gate either similar to Kin chan-

nels or behave as Kþ-selective leaks (4–7).

The tetrameric structure of potassium channels suggested

the formation of homo- and heteromeric plant potassium

channels. Indeed, heteromeric plant Kþ channels were

observed i), between different members of the Kin subfamily

(8–10), ii), between different members of the Kout channel

subfamily (11), and iii), between members of the Kweak

and the Kin subfamilies (12–14). Over and above, hetero-

meric channels were observed when Kin channel a-subunits

were coexpressed with a certain type of a-subunits that could

not be characterized as functional homomers when expressed

alone (8,15–21). It is therefore speculated that a-subunits of

this type form a fourth subfamily of silent channels (Ksilent)

that have only a modulatory effect on other Kþ channels.

The model systems for members of this class are AtKC1

from Arabidopsis thaliana (8,16,21) and KDC1 from the

carrot Daucus carota (15,17–20,22).

To date, however, it is not clear why Ksilent channels are

not functional when expressed alone in Xenopus oocytes.

After studies by Bregante et al. (20) and Duby et al. (21),

their roles in plant cells are more clear now, but expression

mechanisms in Xenopus still deserve further investigation.

Specifically it is not clear which parts of the channel are
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important for the heteromerization and evolvement of the

modulatory effect on Kin channels. In this study we used

the well-characterized Kin-Ksilent pair KAT1-KDC1 (15,18,

19) to address this question. We tagged the channel

a-subunits with the reporter protein GFP to analyze the

expression of the channels and used the yeast two-hybrid

system to identify domains that are important for the physical

interaction of the C-termini of the proteins. Moreover we

performed electrophysiological experiments to functionally

characterize the heteromeric assembly of the channels. To

evaluate in as much our results on this model pair can be

generalized to KAT1-like channels in carrots, we tested the

coexpression of KDC1 with KDC2, a KAT1 homolog

from Daucus carota, which shares an overall identity of 63%

with KAT1 (23).

MATERIALS AND METHODS

Recombinant DNA techniques

Standard methods of plasmid DNA preparation, polymerase chain reaction,

restriction enzyme analysis, agarose gel electrophoresis, and bacterial trans-

formation were applied (24). Chimeras and deletions were created by poly-

merase chain reaction-based techniques.

Expression in Xenopus oocytes

Oocytes were isolated from Xenopus laevis females and injected or coinjected

(at 1:1 weight ratio, unless otherwise specified) with cRNA (0.4 mg/ml) encod-

ing for the tested constructs using a Drummond ‘‘Nanoject’’ microinjector

(50 nl/oocyte). Whenever a comparison was made, experiments were per-

formed on the same batch of oocytes, from the same frog, and always on

the same day from the injection.

Confocal microscopy

The region encoding for the enhanced green fluorescence protein (EGFP)

was fused in frame to the 30 end of the regions coding for the channel

subunits of interest, by using recombinant DNA techniques. Fusion proteins

were expressed in Xenopus oocytes. To distinguish the plasma membrane

fluorescence induced by EGFP-tagged membrane proteins, oocytes were

also injected by the fluorescent cytosolic calcium marker Fura Red. EGFP

(Em: 509 nm) and Fura Red (Em: 665–685 nm) fluorescences were analyzed

by a Nikon Eclipse C1 confocal laser scanning microscope equipped

with a 60� PlanApo oil-immersion objective. Both EGFP and Fura Red

were excited at 488 nm, and emissions were monitored with suitable filters.

Z-stacks of 80 images were built up starting from the plasma membrane

within the oocyte (0.5 mM steps). EGFP and Fura Red fluorescences were

discriminated using the spectral unmixing technique (25–27). All measure-

ments were averaged (mean � combined standard error) from >20 indepen-

dent scans in several oocytes (N R 8) from more than four donor frogs.

Combined standard error takes into account the statistical standard error

and the uncertainty related to the confocal microscope resolving power, ac-

cording to the expression SEþIR/(12)1/2, where IR is the instrument resolu-

tion (28). Experiments were done at room temperature with oocytes bathed

in Barth’s solution.

Electrophysiology

Whole-cell Kþ currents were measured with a two-microelectrode home-

made voltage-clamp amplifier (designed by F. Conti), using 0.2–0.4 MU

electrodes filled with 3 M KCl. The following standard bath solution was
Biophysical Journal 96(10) 4063–4074
used (in mM): 100 KCl, 2 MgCl2, 1 CaCl2. 1 LaCl3, 10 MES/Tris,

pH 5.6. 1 mM LaCl3 was added to the bath solution to inhibit oocyte endog-

enous currents elicited by potentials more negative than �160 mV. It was

verified in advance that in our working conditions La3þ had no effect on

the Kþ channels under investigation. Zn2þ was added to the external stan-

dard solution to a final concentration of 1 mM as ZnCl2.

The relative open probability was obtained dividing the steady-state

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

Boltzmann distribution. Unless otherwise indicated, experimental data points

represent mean values of at least seven experiments � 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: Popen¼
1/[1þexp(zF(V-V1/2)/RT)]. Activation time constants t1, t2 were obtained

by fitting the activation curves with the sum of two exponentials. For clarity

reasons only the slower, most reliable component, t2 is plotted (see Fig. 7 B).

Yeast two-hybrid interaction tests

The two-hybrid technique was used to identify cytoplasmic domains respon-

sible for the heteromerization of KDC1 and KAT1. Constructs specified in

the figures were cloned into the pLexPD vector (29) in fusion with the LexA

DNA-binding domain, and into the pAD-GAL4 vector (Stratagene, Amster-

dam, The Netherlands) in fusion with the GAL4 activator domain. Combi-

nations of these constructs were used to cotransform the L40 yeast strain,

which has two independent reporter genes, lacZ and HIS3, under the control

of two different promoters. The promoter of HIS3 comprises the HIS3

TATA box fused to four copies of the LexA operator and the promoter of

LacZ comprises the GAL1 TATA box fused to eight copies of the LexA

operator. Because of the different promoter structures the expression of Imi-

dazoleglycerol-phosphate dehydratase (HIS3) and b-galactosidase (LacZ)

can differ and usually depends on the protein fused to the LexA DNA-

binding domain. Therefore, double transformants were tested in drop tests

for both, growth in the absence of histidine in the medium and for b-galac-

tosidase activity. Yeast colonies were picked and resuspended in 100 ml of

H2O. These suspensions (10 ml) were dropped on solid Leu--Trp--His-

medium containing 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside.

Plates were incubated for 5 days at 30�C.

RESULTS

Fluorescence points out that, when expressed,
KDC1 alone is not targeted to the oocyte
membrane

The Kþ channel a-subunit KDC1 modified the transmem-

brane current characteristics of the potassium channel

KAT1 when both proteins were coexpressed in Xenopus
oocytes. However, when only KDC1 was expressed, we did

not observe any current in the experimentally accessible

voltage-range from �250 mV to þ100 mV (15,18,19). This

lack of functionality may be alternatively explained in

different ways: a), homomeric KDC1 channels are expressed

and targeted to the plasma membrane but are closed in the

entire voltage-range from �250 mV up to þ100 mV, b), ho-

momeric KDC1 channels are expressed but not targeted on

the plasma membrane, c), homomeric KDC1 channels are

not expressed at all. To discriminate between these possibili-

ties, we tagged KAT1 as well as KDC1 with EGFP and ex-

pressed these fusion proteins alone or in combination with

untagged Kþ channel a-subunits in oocytes. The EGFP fluo-

rescence from the labeled KAT1 protein was clearly detected
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in a layer ~5 mM thick, that probably represents the oocyte

membrane and its invaginations (Fig. 1, A–C and G) (30).

In electrophysiological experiments performed on the same

oocytes, typical KAT1 currents were observed (data not

shown), thus confirming that the fusion protein KAT1-

EGFP was targeted to the plasma membrane (see also (31)).

Similarly, when KDC1-EGFP was coexpressed with the unla-

beled KAT1, the EGFP fluorescence was observed at the

superficial layer of the oocyte (Fig. 1, E and G). This signal

could only originate from KDC1-EGFP because when only

the unlabeled KAT1 was expressed, only a faint autofluores-

cence with spectral features different from the EGFP spectrum

was observed (Fig. 1, F and G). In contrast, only a minor

number (5/21) of oocytes, injected with the fusion protein

KDC1-EGFP, displayed an EGFP emission (Fig. 1, D and G).

To discriminate whether this fluorescence can be ascribed

to proteins present in the plasma membrane or confined in

the cytosol, the fluorescent cytosolic calcium marker Fura

Red, was microinjected in oocytes. The normalized EGFP

and Fura Red fluorescence intensity distributions were then

analyzed along an oocyte radius. Well-defined differences

were observed between the constructs; the fluorescence

peaks from the fusion protein KAT1-EGFP and from the

coexpressed KAT1/KDC1-EGFP were localized externally

to the Fura Red fluorescence peak (Fig. 2, A, and B, left
panel). On the contrary, when only KDC1-EGFP was

FIGURE 1 KDC1 is efficiently tar-

geted to the membrane only when

coinjected with KAT1. Confocal laser-

scanning microscopical analyses on

oocytes expressing KAT1-EGFP (A–C),

KDC1-EGFP (D), KAT1/KDC1-EGFP

(E), and KAT1 (F). Panel A shows the

transmission light signal, panels B,

D–F show the fluorescence signal, and

panel C shows the superimposition of

transmission and fluorescence signal.

(G) Relative fluorescence at 510 nm

measured at the external layer of the

oocyte (region of interest 1, ROI1,

yellow marked area in A) and outside

the oocyte (ROI2, orange marked area

in A, taken as the reference value). Data

are shown as mean � SE (N ¼ number

of experiments).

Biophysical Journal 96(10) 4063–4074
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FIGURE 2 KDC1 is targeted to the membrane only in

tandem with KAT1. Confocal laser-scanning microscop-

ical analyses on oocytes expressing KAT1-EGFP (A),

KAT1/KDC1-EGFP (B), and KDC1-EGFP (C) microin-

jected with Fura Red. The left column shows the fluores-

cence collected from an x-y plane of the oocyte. Panels A

and B show a green layer (belonging to GFP signal)

external to the red one (belonging to Fura Red signal);

the yellow layer is due to the colocalization of the two flu-

orophores. In panel C there is no green layer. The right

column shows the results obtained by a spectral unmixing

analysis, applied on every injected oocyte: traces show

normalized fluorescence intensity for a particular region

of interest (ROI) of the two fluorophores as a function of

the distance z (0 coincides with the slide plane and

40 mm with the most internal plane of the oocyte reached).

The distance between the two peaks, d(EGFP-Fura Red), is

significant in the case of KAT1-EGFP (2.6 � 0.3 mm) and

KAT1/KDC1-EGFP (2.5 � 0.3 mm), whereas for KDC1-

EGFP the two peaks practically coincide (�0.5 �
0.3 mm). Data are mean values � SE from more than

20 ROI.
injected, the green and red fluorescence distributions were

fully overlapped, suggesting that KDC1-EGFP was located

in the cytosol (Fig. 2 C, left panel). Fig. 2 (right panel) di-

plays the normalized intensity distributions of both EGFP

and Fura Red fluorescences for the different constructs in

the left panel. The average distance between the EGFP

(green trace) and the Fura Red (red trace) fluorescence

maxima is 2.6 � 0.3 mm for KAT1-EGFP, 2.5 � 0.3 mm

for KAT1/KDC1-EGFP, and approximately zero (�0.5 �
0.3 mm) for KDC1-EGFP (N R 20).

These results suggest that KDC1 alone, when expressed,

is not targeted to the plasma membrane, whereas the coex-

pression of KDC1 and KAT1 targets the complex to the

oocyte membrane.

The C-termini of KAT1 and KDC1 interact,
whereas the N-termini do not

To verify the role of different protein segments to heteromeric

KAT1/KDC1 assembly, we performed experiments by using

various methodological approaches on different truncated

forms of the C-terminus of KDC1 and KAT1. In this part of

the study, we employed the yeast two-hybrid system to iden-

tify regions that are involved in the channel heteromerization.
Biophysical Journal 96(10) 4063–4074
In a first approach, we fused the cytosolic N-terminus

of KAT1 (¼KAT1-M1_M64) and of KDC1 (¼KDC1-

M1_A64) to the LexA DNA binding domain and to the

GAL4 activator domain, respectively. The fusion proteins

were pairwise coexpressed in the yeast strain L40, which

comprises the two reporter genes HIS3 and LacZ. When

the cotransformants were tested on histidine-free media no

growth could be observed. Likewise, no b-galactosidase

activity was monitored. On media containing 5-bromo-

4-chloro-3-indolyl-beta-D-galactopyranoside no blue dye

formation was detected (data not shown).

In a second approach, we included the cytosolic C-termini

of KDC1 (Ct-KDC1¼KDC1-A310_F629) and KAT1 (Ct-

KAT1¼KAT1-T308_N677) in our tests (Fig. 3 A, i, ii).
No indications for physical protein-protein interactions

between N- and C-termini were observed (data not shown).

In contrast, clear reporter gene expressions were observed

when the KAT1 C-terminus was fused to the LexA DNA

binding domain and the KDC1 C-terminus to the GAL4 acti-

vator domain (Fig. 3 A). Similarly, when assessing the inverse

fusions we observed only for the KAT1/KDC1 pair the

expression of the LacZ reporter gene. On the contrary, the

histidine reporter gene was active in all combinations with

the KDC1 C-terminus, LexA fusion indicating an autoactivity
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FIGURE 3 Yeast two-hybrid studies

on the interaction between the C-termini

of potassium channels. Interactions

were monitored in a drop test on

Leu--Trp--His- medium containing

5-bromo-4-chloro-3-indolyl-beta-D-gal-

actopyranoside. Blue dye formation

and, in part, growth report the physical

association of the coexpressed fusion

proteins. A positive answer is denoted

by a ‘‘þ’’, a negative answer by a

‘‘�’’. The presented results are repre-

sentatives of at least three independent

experiments each. Note that the fusions

of Ct-KDC1 and Ct-KDC1-DKHA to the

LexA binding domain enable yeast to

grow on histidine-free medium even in

the absence of an interacting protein

(Ct-KDC1 þ empty vector, Ct-KDC1-

DKHA þ empty vector). In these cases,

HIS3 is not a suitable reporter gene for

protein-protein interactions, and there-

fore only the blue dye formation was in-

terpreted as a positive answer (indicated

as (þ)). (A) Identification of intermolec-

ular interactions between the C-termini

of KAT1, SKOR, and KDC1. A schematic illustration of the tested C-termini and chimeras is shown in the upper panel. Parts originating from KDC1 are

illustrated by gray rectangles, parts from KAT1 by white rectangles, and parts from SKOR are shown as black rectangles. The C-terminal regions

Ct-KDC1 (¼KDC1-A310_F629) (i), Ct-SKOR (¼SKOR-D338_T828) (ii), Ct-KAT1 (¼KAT1-T308_N677) (iii), Ct-K-S (¼KAT1-T308_D544-SKOR-

P574_T828) (iv), Ct-S-K (¼SKOR-D338_D573-KAT1-T545_N677) (v) were fused to the LexA DNA binding domain of the vector pLexPD and to the

GAL4 activator domain of the vector pAD-GAL4. The interactions between Ct-SKOR and Ct-KAT1, Ct-K-S, and Ct-S-K were tested and reported earlier

(11). (B) Identification of structural domains of KDC1 being responsible for the interaction with KAT1. A schematic illustration of the tested full-length

and truncated C-termini is shown in the upper panel. Parts originating from KDC1 are illustrated by gray rectangles, parts from KAT1 by white rectangles:

the C-terminal regions Ct-KAT1 (¼KAT1-T308_N677) (i), Ct-KDC1 (¼KDC1-A310_F629) (ii), Ct-KDC1-DKHA (¼KDC1-A310_T578) (iii), and

Ct-KDC1-cNBD (¼KDC1-A310_F495) (iv) were fused to the LexA DNA binding domain of the vector pLexPD and to the GAL4 activator domain of

the vector pAD-GAL4.
of this construct, which sets limits for the interpretation of

these data. Nevertheless, the combined results indicate that

the C-termini of KAT1 and KDC1 physically interact.

The KHA domain of the KAT1 C-terminus is
responsible for the interaction with KDC1 in yeast

Next we tested the interaction of the KDC1 C-terminus with

the C-terminus of the plant Kout channel SKOR (Ct-SKOR¼
SKOR-D338_T828). There were no indications for a physical

interaction between the KDC1 and SKOR C-termini

(Fig. 3 A). Based on this result we narrowed down in KAT1

the region that is responsible for the interaction with KDC1.

We created two chimeras between the C-termini of KAT1

and SKOR, Ct-K-S, and Ct-S-K, as indicated in Fig. 3 A (iv,

v). When we tested these constructs in the yeast two-hybrid

system against Ct-KDC1, reliable reporter gene expressions

were only monitored with Ct-S-K. This result suggests that

the distal part of the KAT1 C-terminus is responsible for the

interaction with KDC1. In contrast, the KAT1 C-terminus

appears to interact with both chimeras, Ct-K-S and Ct-S-K,

but preferentially with the chimera Ct-K-S comprising

the first part of the KAT1 and the second part of the SKOR

C-terminus (Fig. 3 A).
The KHA domain of KDC1 is responsible for the
interaction with the KAT1 C-terminus in yeast

Finally, we investigated which part of the KDC1 C-terminus

was responsible for the interaction with the KAT1 C-ter-

minus. For this purpose, we deleted from the KDC1

C-terminus the KHA-domain (last 51 amino acids; Ct-

KDC1-DKHA; Fig. 3 B, iii) and a larger stretch of 134 amino

acids right after the cyclic nucleotide binding domain (Ct-

KDC1-cNBD; Fig. 3 B, iv). Both domains have their equiva-

lents in all other voltage-gated plant Kþ channels. Neverthe-

less, their roles are controversially discussed. It is widely

accepted, for instance, that the presence of the cNBD is essen-

tial for channel formation (11,32,33). The specificity for

channel assembly, however, is not determined by this domain

(11). A different role was assigned to the KHA domain, a region

at the carboxy-terminal end of plant Shaker-like Kþ channels,

which comprises two high-homology blocks enriched for

hydrophobic and acidic amino-acid residues, respectively.

This domain is somehow involved in the interaction between

channel a-subunits, but its presence is not essential for func-

tional channel formation (32,34).

When both deletion constructs, Ct-KDC1-DKHA and Ct-

KDC1-cNBD, were tested in the yeast two-hybrid system
Biophysical Journal 96(10) 4063–4074
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together with Ct-KAT1, no evidences for physical protein-

protein interactions were obtained anymore (Fig. 3 B).

Thus, it appears that the KHA-domain of KDC1 is responsible

for the interaction with the KAT1 C-terminus.

Fluorescence points out that without KHA domain
KDC1-EGFP is not targeted to the oocyte
membrane

Looking for a confirmation of the loss of interaction observed

in the yeast two-hybrid system when the KHA segment was

deleted, we investigated the properties of truncated KDC1

by means of fluorescence measurements. To this purpose,

we generated the two deletions in the cDNA coding for the

full-length KDC1, fused them at the 30-end with the coding

region of EGFP, and expressed these constructs in Xenopus
oocytes alone or in coexpression with the unlabeled KAT1.

Similarly to the full-length KDC1-EGFP expressed alone

(Fig. 1, E and G), no GFP signal could be detected at the

membrane of oocytes expressing KDC1(DKHA)-EGFP and

KDC1(cNBD)-EGFP, respectively, neither when they were

injected alone nor together with KAT1 (Fig. 4). More-

over the injection of the cytosolic marker Fura Red in

FIGURE 4 Truncated KDC1 constructs, alone or coinjected with KAT1,

are not targeted to the plasma membrane. Relative fluorescence at 510 nm

measured at the external layer of the oocyte (ROI1), normalized to the fluo-

rescence measured outside the oocyte (ROI2) for the different constructs

KDC1(cNBD)-EGFP and KDC1(DKHA)-EGFP injected alone or coinjected

with KAT1. Data are shown as mean � SE from >9 ROI.
oocytes expressing KAT1/KDC1(DKHA)-EGFP and KAT1/

KDC1(cNBD)-EGFP did not show any variation of the fluo-

rescence results. The distances between the two peaks identi-

fying the two fluorophores, d(EGFP-Fura Red), are shown in

Table 1. Thus, without the amino acids downstream of the

cNBD or the KHA domain, KDC1 is not targeted to the plasma

membrane of oocytes even when it is coinjected with KAT1.

The KHA domain of KDC1 is important but not
essential for the KDC1 heteromerization with
KAT1

The functional consequences of the loss of interaction

(Fig. 3 B) and the loss of channel targeting (Fig. 4) were as-

sayed by electrophysiological experiments. Control experi-

ments demonstrated that neither the injection of KDC1 in

Xenopus oocytes nor that of KDC1(cNBD) or KDC1(DKHA)

resulted in currents different from the baseline (oocyte in-

jected with H2O) (Fig. 5 A).

Then, the coexpression with KAT1 was tested. KAT1 was

expressed alone or coexpressed with KDC1, KDC1(DKHA),

and KDC1(cNBD), respectively. In all cases inward-recti-

fying Kþ-selective currents were measured (Fig. 5 B). The

different susceptibility of KAT1 and KDC1 toward Zn2þ

(KAT1 is blocked whereas KAT1/KDC1 currents are stimu-

lated by Zn2þ) was used as a marker to demonstrate the forma-

tion of heteromeric KAT1/KDC1 channels (15,18,19). When

1 mM Zn2þ was added to the bathing medium, the current

increased in the case of the KAT1/KDC1 pair, whereas it

decreased, to a different extent, in the other two pairs

(Fig. 5 C). Indeed, the KAT1/KDC1(cNBD) pair displayed

a zinc inhibition of the current very similar to that observed

for KAT1 alone (Fig. 5 C, left panel), whereas the decrease

of the current of the KAT1/KDC1(DKHA) pair was less pro-

nounced and statistically different from that observed on

KAT1. Therefore, quantitative electrophysiological data

suggest that KDC1 lacking the KHA domain actually still

marginally interacts with KAT1.

To provide further information on a possible effect of

EGFP (attached at the C-terminal domain) on heteromeriza-

tion as well as functionality of the channel, electrophysiolog-

ical experiments were also done on the fluorescent constructs

KDC1(DKHA)-EGFP and KDC1(cNBD)-EGFP coexpressed

with KAT1 (Fig. 6). Also in these cases zinc was added to

the external solution to test the metal susceptibility of the

channels. At �160 mV no differences were observed

between KAT1 and the two coexpressed channels; this

suggest that when GFP was present no heteromeric KAT1/
TABLE 1 Values (� combined SE) of the distances between the peaks of fluorescence intensity of the two fluorophores (EGFP and

Fura Red) for the wild-type and the truncated channels (N R 8)

KAT1 KAT1/KDC1 KDC1 KAT1/ KDC1(cNBD) KAT1/KDC1(DKHA) KDC2/KDC1

d(EGFP-Fura Red) 2.6 � 0.3 (þ) 2.5 � 0.3 (þ) �0.5 � 0.3 (�) �0.8 � 0.4 (�) �0.6 � 0.4 (�) 2.1 � 0.3 (þ)

The � labels indicate when EGFP is external (þ) or internal (�) with respect to Fura Red.

Biophysical Journal 96(10) 4063–4074
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FIGURE 5 Electrophysiological analysis of the homo-

meric and heteromerized truncated constructs. Current

traces recorded in oocytes injected with the full-length

construct KDC1 and the truncated constructs

KDC1(cNBD) and KDC1(DKHA) (A) and the same

constructs coinjected with KAT1(B). (C) Comparison �
Zn2þ at �160 mV for KAT1 and KAT1 coinjected with

KDC1 or with the truncated KDC1 constructs. (D) Change

of the current induced by 1 mM Zn2þ at �160 mV (Izinc-

Icontrol)/Icontrol for the same constructs of panel C. Data

are shown as mean � SE. The values obtained for the

KAT1/KDC1(DKHA) pair were significantly larger than the

values obtained for KAT1 (Student’s t-test, p < 0.0001),

whereas the values obtained for the KAT1/KDC1(cNBD)

pair were not (p ¼ 0.77).
KDC1(DKHA)-EGFP channels were formed. Presumably,

the presence of the large GFP protein, attached at the C-ter-

minus, definitely compromises the already critical interaction

between KAT1 and the DKHA truncated form of KDC1.

Moreover, also when the EGFP was attached at the

N-terminus, heteromerization capability between KAT1 and

KDC1 was decreased (Fig. 6 B). Indeed, the enhancement

of the current induced by zinc was comparable in KAT1/

KDC1-EGFP and KAT1/EGFP-KDC1, but lower compared

to that observed in the heteromeric wild type KAT1-KDC1.

Detailed analysis pointed out that the open probability char-

acteristics (Fig. 7 A) and the kinetics (Fig. 7 B) (illustrated by the

slower component of the activation time constant, ty) of the

homomeric KAT1 channel were almost identical to those of

the KAT1/KDC1(cNBD) combination but different from those

of KAT1/KDC1(DKHA). These lines of evidences confirm that

some heteromeric KAT1/KDC1(DKHA) complexes are still

present. Instead, when the EGFP protein was attached to the

construct, heteromeric channel formation was compromised

as demonstrated by the comparison of Boltzmann curves in

Fig. 7 A. This confirms that EGFP attached to wild-type

KDC1 has a negative effect on heteromerization, as suggested
from the shift of the open probability of KAT1/KDC1-EGFP to

less negative voltages (i.e., closer to homomeric KAT1 charac-

teristics, Fig. 7 A) and in agreement with the results obtained

previously from the inhibition of ionic current by zinc

(Fig. 6 B). Moreover, the open probability analysis provides

further support to the equivalence of EGFP tagging at the C- or

N-terminus of KDC1. Interestingly, the formation of hetero-

meric complexes influences the apparent gating charge derived

from the Boltzmann distribution in Fig. 7 A (z < 1.3 for the

heteromeric and z > 1.6 for the homomeric channels).

Finally, we verified the physiological significance of the

results obtained on the KDC1/KAT1 model system by replac-

ing the Arabidopsis KAT1 by KDC2, a KAT1-homolog from

carrot (23). Like KAT1, KDC2 expresses functional channels

when injected alone in Xenopus oocytes (23). We could verify

by confocal fluorescence measurements and electrophysio-

logical analyses that, similarly to KAT1 (Fig. 2), KDC2 forms

heteromeric channels with KDC1 (Fig. 8 B) targeting KDC1

to the oocyte membrane (Fig. 8 A and Table 1). Expression of

KDC2 with the truncated KDC1 constructs demonstrated that

also the heteromerization of these two subunits was abolished

by the cNBD deletion (Fig. 8 B). On the contrary, deletion of
Biophysical Journal 96(10) 4063–4074
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the KHA domain determined a decrease of the macroscopic

current but did not abolish the interaction of KDC2 and

KDC1-DKHA as demonstrated by the KDC1-specific zinc

phenotype.

DISCUSSION

We addressed the problems of localization and contribution

to heteromerization by different segments of plant Shaker-

like inward-rectifying potassium channels by using different

approaches: a), confocal microscopy was adopted to verify if

the channels are localized or not in the membrane of oocytes

injected with different cocktails of subunit-encoding RNAs,

b), the yeast two-hybrid system provided information on the

role played by different parts of the C-terminus in the inter-

actions of diverse subunits, c), electrophysiology experi-

ments performed on Xenopus oocytes provided information

about the functional properties of diverse homomeric and

heteromeric aggregates.

FIGURE 6 Effect of zinc on the heteromeric EGFP constructs. (A) Compar-

ison�1 mM Zn2þ at �160 mV for KAT1-EGFP and KAT1 coinjected with

KDC1-EGFP or the truncated KDC1-EGFP constructs. (B) Change of the

current induced by 1 mM Zn2þ at �160 mV (Izinc-Icontrol)/Icontrol for all the

studied constructs. Data are shown as mean � SE (N R 7).

FIGURE 7 Open probability and kinetics of channels obtained from the

coexpression of KAT1 and different KDC1 constructs, either tagged or

untagged with GFP. (A) Open probability characteristics of the homomeric

KAT1 channel, the heteromeric KAT1/KDC1 channel, and channels obtained

coexpressing KAT1 with truncated KDC1 with and without EGFP. Data were

obtained from steady state currents like those shown in Fig. 5. Continuous

curves are the best fit of the mean open probability (� SE) obtained from at

least seven experiments for each construct yielding the following values:

KAT1(V1/2 ¼ �119 mV, z ¼ 1.7); KAT1/KDC1(V1/2 ¼ �208 mV, z ¼
1.3); KAT1/KDC1-EGFP(V1/2 ¼ �163 mV, z ¼ 1.0); KAT1/EGFP-

KDC1(V1/2 ¼ �164 mV, z ¼ 1.1); KAT1/KDC1(cNBD) (V1/2 ¼ �120

mV, z ¼ 1.7); KAT1/KDC1(DKHA) (V1/2 ¼ �143 mV, z ¼ 1.0); KAT1/

KDC1(cNBD)-EGFP(V1/2 ¼ �118 mV, z ¼ 1.6); KAT1/KDC1(DKHA)-

EGFP (V1/2¼�117 mV, z¼ 1.3). (B) Activation current traces of the inves-

tigated channels were fitted with two exponentials and the activation time

constant of the slower exponential, t2, was plotted versus the applied poten-

tial. It can be observed that the activation time constant, t2, for the construct

KAT1/KDC1(DKHA) significantly differs from that observed for KAT1

(Student’s t-test, ranging from p < 0.002 to p < 0.0001). Data are mean �
SE of at least seven experiments.
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FIGURE 8 Heteromerization between KDC1 and KDC2

channel subunits. (A) KDC1 is targeted to the membrane

when it is coexpressed with KDC2. Confocal laser-scan-

ning microscopical analyses on oocytes expressing

KDC2/KDC1-EGFP microinjected with Fura Red. The

left column shows the fluorescence collected from an x-y

plane of the oocyte. This panel shows a green layer

(belonging to GFP signal) external to the red one

(belonging to Fura Red signal); the yellow layer is due to

the colocalization of the two fluorophores. The right

column shows the results obtained by a spectral unmixing

analysis, applied on every oocyte injected. Traces show

normalized fluorescence intensity for a particular ROI of

the two fluorophores as a function of the distance z (0 coin-

cides with the slide plane and 40 mm with the most internal

plane of the oocyte reached). The inset shows a magnifica-

tion of the distance between the two fluorophores. The

mean distance measured between the two peaks, d(EGFP-

Fura Red), is 2.1 � 0.3 mm. Data are mean values � SE

from more than 20 ROI on seven independent oocytes.

(B) Upper panel: current traces recorded in oocytes injected

with KDC2 and KDC2 coinjected with KDC1 and the

truncated constructs KDC1(cNBD) and KDC1(DKHA).

Middle panel: comparison � Zn2þ at �160 mV for the

same constructs. Lower panel: mean values (� SE) of the

change of the current induced by 1 mM Zn2þ at �160 mV

(Izinc-Icontrol)/Icontrol for the different constructs.
To this purpose we selected the silent potassium channel

KDC1, which, in Xenopus oocytes, does not form homomeric

functional channels by itself; instead, KDC1 subunits partic-

ipate, with other inward rectifying potassium channel

subunits, in the formation of functional heteromeric channels.

The presence of KDC1 subunits in heteromeric channels can

be conveniently monitored by the channel response to zinc

added to the bath solution. Indeed, unlike other voltage-

dependent plant potassium channels, this type of heteromeric

channels displays currents that are potentiated by zinc.

Localization

KDC1-EGFP displayed in oocytes only in 20% of the exper-

iments EGFP fluorescence at the oocyte external surface.

This could be interpreted as a limited expression efficiency

of KDC1 in oocytes. However, electrophysiological experi-

ments performed on these fluorescent oocytes did not reveal

any potassium current.

To clarify this point a more accurate localization and anal-

ysis of channel bound EGFP was necessary. To this purpose,
we injected Fura Red as a cytosolic marker in oocytes ex-

pressing the EGFP-fusion construct. The spectral unmixing

technique helped to define more precisely the relative posi-

tion of membrane and cytosol (35). Indeed, unlike KAT1-

EGFP and coexpressed KAT1/KDC1-EGFP, KDC1-EGFP

colocalized with Fura Red; thus suggesting that actually,

KDC1 alone was never targeted to the plasma membrane.

This fluorescence signal could derive from the endoplas-

matic reticulum being very close to the inner surface of the

oocyte (35–37). Endoplasmic reticulum retention has been

observed for several other regulatory potassium channel

a-subunits (20,21).

Differently from many heterologously expressed membrane

proteins that are typically targeted to the animal hemisphere

(35,38), KAT1-EGFP and KAT1/KDC1-EGFP were uni-

formly targeted to both animal and vegetal hemispheres (data

not shown).

No difference was observed in electrophysiogical control

experiments when EGFP was attached to the N- or C-terminus

(i.e., EGFP-channel or channel-EGFP form) of the channel

(Figs. 6 B and 7 A). Vice versa, when we looked at the
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fluorescent constructs by confocal microscopy, a diffuse and

unclustered fluorescence signal was occasionally observed in

the case of the EGFP-channel constructs. Therefore, to rule

out the possibility to work with free soluble EGFP, in our

experiments, we used the C-terminal fusions (channel-

EGFP forms).

Contribution of segments to heteromerization

Many previous studies have shown that the C-terminus of the

channel is involved in the functional expression of plant

potassium channels (11,32,34). It has been demonstrated

that the deletion of the region before the cNBD of the

KAT1 channel inhibits the expression of this channel,

whereas other deletions on C- or N-termini change the voltage

dependence but not the expression (33). Recently the diacidic

motif DAE, upstream the cNBD of KAT1, was demonstrated

to be crucial for the transfer of functional channels from the

endoplasmic reticulum to plasma membrane (39). However,

point mutation in the KDC1 amino-acid sequence (K396D-

A-E) failed to transform KDC1 from a silent to a functional

subunit (data not shown). Moreover, also a KDC1 chimera

where the C-terminus of KDC1 was substituted with the

C-terminus of KAT1 did not express functional channels in

Xenopus oocytes (data not shown).

To date, some results provided information on parts of the

C-terminus that favor the interaction between different

subunits of Shaker-like channels. Usually, the region that is

involved in the interaction between different a-subunits

depends on the type of channel under investigation. Indeed,

only some inward rectifying subunits present an ankyrin

domain in the C-terminus, which cooperates to the interaction

with other homologous proteins (32). The C-terminus charac-

teristics seem also to be responsible for the prevention of het-

eromeric complexes between inward and outward rectifying

channels (11).

To investigate which segments of the protein are involved in

the heteromerization of KDC1, we deleted the last part of the

protein downstream the cNBD (134 amino acids) or the distal

part of the C-terminus KHA (51 amino acids). By the two-

hybrid system, no interaction was observed between both

deleted KDC1 C-terminus constructs and the C-terminus of

KAT1. Similar consistent results were also obtained from fluo-

rescence experiments. The absence of EGFP clusters at the

external layer of the oocytes indicated that deletion of the

KHA domain prevented formation of heteromeric complexes.

Instead, although ionic currents of oocytes injected with

KAT1/KDC1(cNBD), challenged by the addition of Zn2þ

and by its biophysical characteristics, did not show any

appreciable presence of KDC1(cNBD) in the functional

channels, a slight heteromerization capability was observed

in electrophysiological experiments performed on oocytes

injected with KAT1 and the deleted KDC1(DKHA) construct.

Indeed, the inhibition of the current induced by zinc was less

pronounced than in the homomeric KAT1 channel although
Biophysical Journal 96(10) 4063–4074
we never observed any increase of the current as we did in the

heteromeric KAT1/KDC1 channel (see Fig. 6 and (18)). Last

doubts on the formation of heteromeric KAT1/KDC1(DKHA)

channels were ruled out by analyzing the voltage-dependence

of the channel open probability. The characteristics of KAT1/

KDC1(DKHA) were different from those of heteromeric

KAT1/KDC1 channels but also different from those of homo-

meric KAT1 channels (Fig. 7).

The results obtained from coexpressing KDC1 with KAT1

were in good qualitative agreement with those observed for

the pair KDC1 and KDC2. Deletion of the region down-

stream of the cNBD completely abolished the capability of

KDC1 to form heteromers with KDC2 and deletion of the

KHA domain reduced heteromeric channel formation. The

smaller currents (I�160(KDC2/KDC1(DKHA))¼ �0.9 �
0.2 mA with respect to I�160(KDC2/KDC1)¼�5.4� 1.2 mA

and to I�160(KDC2)¼ �10.7 � 2.6 mA and Fig. 8 B)

together with the large zinc potentiation of the KDC2/

KDC1(DKHA) subunits suggest that a smaller number of

functional channels are expressed and that the majority of

them are heterometers. Interestingly, identities between

KDC2 and KAT1 subunits are higher in the cytosolic

N-terminus (67%) and the channel transmembrane core

(83%), but slightly lower (59%) in the first part of the cyto-

solic C-terminus (compare Fig. 3 A, iv) and much lower

(35%) in the second part of the C-terminus (compare

Fig. 3 A, v), which was identified in our study to be essential

for the KAT1/KDC1 interaction.

All together, the experiments performed on the truncated

forms of KDC1 suggest that the deletion of the last 134 amino

acids is crucial for the heteromerization capability of KDC1

with KAT1 and KDC2, whereas the deletion of the last 51

amino acids is not sufficient to fully prevent heteromerization.

This result is slightly different from previous findings on the

potato guard cell channels KST1 and SKT1 (10,34). Although

also here the deletion of the last 141 amino acids in SKT1

(including the KHA and a so-called KT domain) resulted in

a loss of the ability of this subunit to heteromerize with KST1,

the deletion of only the KHA-domain (last 75 amino acids) had

no negative effect on the heteromerization process (10).

Interestingly, the discrepancy between the results obtained

by electrophysiology and fluorescence studies might depend

on the presence of EGFP. We wonder whether truncated

constructs with or without EGFP may display a different

subunit assembly capability between KDC1 and KAT1 prob-

ably owing to the steric hindrance of the large EGFP molecule

attached to the carboxiterminus. Electrophysiology experi-

ments confirm that no evident heteromerization occurs when

the green fluorescent protein is attached to KDC1(DKHA).

Moreover, EGFP affects heteromerization also when attached

to the protein N-terminus that typically is not involved in

subunit assembly. Precisely, control experiments on KAT1/

KDC1 channels and on KAT1/KDC1(EGFP), where EGFP

was attached either to the N- or to the C-terminus, demon-

strated a significant difference in the zinc effects (Fig. 6 B)
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and different open probabilities of KAT1/KDC1-EGFP and

KAT1/EGFP-KDC1 with respect to wild-type KAT1/KDC1

(Fig. 7 A). Indeed, all these evidences point to an interference

of EGFP with the assembly process.

CONCLUSION

The presented data indicate that KDC1 is an auxiliary subunit

incapable to form functional Kþ channels on its own. The

protein is not targeted to the membrane. Upon coexpression

with KAT1 or with the physiological partner KDC2, the

two subunits form heteromeric channels, which are then tar-

geted to the membrane. Heteromerization depends on regions

within the last 134 amino acids of the KDC1 protein. Deletion

of the KHA-domain (last 51 amino acids) weakens but does not

fully suppress the heteromerization process. Protein fusions

with GFP also had a negative influence on the heteromeriza-

tion capability. Our data indicate that results on ion channels

obtained with channel-GFP fusion constructs may not neces-

sarily reflect the behavior of the untagged channel.
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