FEBS 25234

FEBS Letters 505 (2001) 233-239

A plant Shaker-like K™ channel switches between two distinct gating
modes resulting in either inward-rectifying or ‘leak’ current
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Abstract Among the Shaker-like plant potassium channels,
AKT?2 is remarkable because it mediates both instantaneous
‘leak-like’ and time-dependent hyperpolarisation-activated cur-
rents. This unique gating behaviour has been analysed in Xenopus
oocytes and in COS and Chinese hamster ovary cells. Whole-cell
and single-channel data show that (i) AKT2 channels display two
distinct gating modes, (ii) the gating of a given AKT2 channel
can change from one mode to the other and (iii) this conversion is
under the control of post-translational factor(s). This behaviour
is strongly reminiscent of that of the KCNK2 channel, recently
reported to be controlled by its phosphorylation state. © 2001
Published by Elsevier Science B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

All Shaker-like plant K* channel o-subunits are character-
ised by a common structure, a hydrophobic core displaying
six transmembrane segments (S1-S6) and a pore forming mo-
tif P between S5 and S6. The tetrameric channels they form,
however, segregate into two channel sub-families according to
the direction in which they transport K* ions. Inwardly-rec-
tifying K™ (K;) Shaker channels like KAT1 [1-5], KAT2 [6],
KSTI [7], AKT1 [8,9], SKT1 [10], ZMKI1 [11] and LKT1 [12]
are closed at membrane voltages less negative than about —80
mV. They open upon hyperpolarisation and thus mediate po-
tassium uptake under physiological conditions. In contrast,
outwardly-rectifying (K{,) Shaker channels like SKOR [13]
and GORK [14] mediate K* efflux by closing upon hyper-
polarisation and opening upon depolarisation.

In this context, the potassium channels AKT2 from Arabi-
dopsis thaliana and ZMK2 cloned from Zea mays display a
particular behaviour because they mediate both potassium
influx and potassium efflux [15-20]. These channels, which
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share about 40% identity with K; channels such as KATI
and 27% with KT channels such as SKOR, are characterised

out
by an instantaneous, ‘leak-like’ potassium conductance which

superimposes with a time-dependent component increasing in
magnitude upon hyperpolarisation. This unique gating behav-
iour and its modulation are poorly understood, and therefore,
their roles in the physiological activity of AKT2 and its ho-
mologues remain speculative.

2. Materials and methods

2.1. Expression of AKT2 in COS and Chinese hamster ovary (CHO)
cells and in Xenopus oocytes

AKT2 cDNA was cloned in pCI (Promega, Madison, WI, USA) or
pIRES [21], which allowed co-expression of AKT2 and the membrane
protein CDS [22].

COS-7 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco-BRL) complemented with 10% foetal bovine serum
(Gibco-BRL) at 37°C in 5% CO,. One day before transfection, cells
were detached with trypsin-EDTA (Gibco-BRL) and transferred to
35-mm dishes (20000 cells per dish). Per dish, 80 ul HBS 2x (NaCl
280 mM, HEPES 50 mM, Na,HPO4 15 mM, pH 7.15) were gently
mixed with 80 pul TE-CaCl, (1 mM Tris-HCI, pH 8, EDTA 1 mM;
CaCl, 250 mM) containing 1.5 pg pIRES-AKT2. The DNA precip-
itate was added to cells in their culture media. After 8 h, cells were
rinsed twice with DMEM. Electrophysiological analysis was per-
formed 3 or 4 days later.

CHO cells were cultured in the same conditions as COS cells (HT
media supplement (Sigma) was added to culture media). The day
before transfection, cells were detached with trypsin-EDTA and
transferred to 35-mm dishes (160000 cells per dish). Cells were then
transfected with 1.5 ug pIRES-AKT2 DNA per plate using Fugene 6
reagent (Boehringer Mannheim) as described by the manufacturer.
Electrophysiological analysis was performed 2 or 3 days later. Control
experiments were performed on cells transfected with pIRES alone.

Xenopus oocytes (CRBM, CNRS, Montpellier, France) were in-
jected with 20 ng (0.02 pul) of pCI-AKT2. Control oocytes were in-
jected with 0.02 ul deionised water.

2.2. Electrophysiological recordings

Two-electrode voltage-clamp experiments on oocytes were carried
out as previously described [23]. Patch-clamp experiments on oocytes
(single-channel) and on COS and CHO cells (whole-cell) expressing
AKT?2 were carried out as previously described [17].

2.3. Tail-current analysis

In whole-cell experiments tail currents were recorded after the test
pulse. They displayed a single-exponential time course as routinely
checked with the fitting procedure featured by Clampfit software (ver-
sion 6.4, Axon Instruments Inc., USA). All subsequent analyses were
made on the initial value of the tail current sampled on the exponen-
tial fit and denoted iy. The dependence of iy on the test-pulse voltage
(E) was fitted by the following equation, which is a modified form of
the classically used Boltzmann law:

io(E) = fo.min + (i0.max —io.min)*[1/(1 + exp[z+F / (R« T)+(E—E\ 2)])]
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where there are four adjustable parameters: iy max and iy min, the values
of maximum and minimum i, z, the apparent gating charge, and E ,,
the half-activation potential. In the example of Fig. 2, data from five
cells were pooled to yield the common z and E/, values used for
curves shown in Fig. 2C,D.

3. Results and discussion

3.1. AKT2 macroscopic current diversity

AKT?2 macroscopic current was recorded (whole-cell con-
figuration) in COS and CHO cells. Pulses of 1.6 s were applied
from a holding potential of +40 mV to a voltage ranging from
+60 mV (CHO) or +80 mV (COS) to —140 mV (steps of —20
mV). In the two systems, AKT2 currents displayed similar
properties to those previously reported [17]: these currents
showed a time- and voltage-dependent component in addition
to an instantaneous (i.e. both time- and voltage-independent)
component. Both components were routinely identified as K*
currents, displaying reversal at Ex and block by Cs* ions (not
shown, see ref. [17]) and were never observed in control cells
(see Section 2). Intriguingly, the relative importance of the so-

I

L Dreyer et al.[FEBS Letters 505 (2001) 233-239

called leak current with respect to the total AKT2 current
(this was arbitrarily calculated at —140 mV, expressed in %
and hereafter denoted r—_j40 nv) Was extremely variable. In 22
tested CHO cells (2 or 3 days after transfection) r_j49 mv var-
ied from 0.68 to 73%. The r_149my variation range extended
from 22 to 94% in 56 tested COS cells (3 or 4 days after
transfection). Sample records shown in Fig. 1A exemplify
this fact: from left to right the r_j40mv value (figured as the
white portion of the bar aside current records, Fig. 1A) varied
from 11 up to 84%. As a consequence of such a variation, the
whole-cell current/voltage relationship at steady-state could
vary from a strongly inward-rectifying pattern to an essen-
tially leaky one: Fig. 1B shows AKT2 current from two
COS cells of the same batch; for a similar current intensity,
the r—140 mv value is 22% in one cell, 94% in the other. In both
COS- and CHO-expression systems, it was noticed that
r_140mv increased with time ‘post-transfection’ (Fig. 1C),
while the total AKT2 current tended to increase. For example,
in CHO cells, total AKT2 current and r_jsmy Wwere
—1.33£0.21 nA and 22.9%+6.0% (n=12) after 2 days and
—3.08£0.62 nA and 48.9%£53% (n=11) after 3 days. In
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Fig. 1. Broad pattern of whole-cell currents recorded in COS or CHO cells expressing AKT2. A: Sample current records obtained in CHO or
COS cells. Horizontal scale bar is 0.5 s and vertical one is 0.5 nA. Bar graphs at left of traces display the relative importance, at —140 mV, of
time-dependent current (grey) and instantaneous current (white). B: Current/voltage (//E) relationship at steady-state in two AKT2-expressing
COS cells. These cells are from the same batch (3 days after transfection) and exemplify the variability of membrane rectification resulting
from AKT2 expression. C: Increase of the relative importance at —140 mV (shown by the white section of bar graphs) of the instantaneous
current with time after cell transfection. Data are shown as mean+S.D. (n=35). Bath solution contained (mM): KCl (150), CaCl, (1), MgCl,
(1.5), HEPES/NaOH (10, pH 7.4); pipette solution contained (mM): KCI (150), MgCl, (1.5), EGTA (3), HEPES/NaOH (10, pH 7.2). Potassi-
um equilibrium potential (Ex) is at 0 mV. From a holding potential of +40 mV, 1.6-s-long pulses were applied at voltages ranging from +60

mV (CHO) or +80 mV (COS) to —140 mV (20 mV steps).
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Fig. 2. Tail-currents analysis suggesting dual voltage-gating of AKT2 channels. A: Pulse and tail whole-cell AKT?2 currents elicited by stimula-
tion in the —180 to +140 mV range (example of three COS cells). Top: Horizontal scale bar is 1 s and vertical one is 1 nA. Bar graphs have
the same meaning as in Fig. 1 (white area shows r_j49,v). Bottom: Tail currents are shown at larger scale below the whole records. Symbols
(black or white, respectively, for iy resulting from pulses at positive or negative voltages) indicate the sampling-time of data (ip) analysed in
(B). Horizontal dashed lines in top and bottom graphs indicate the zero current level. B: Dependence of iy on test-pulse voltage. Data are
from (A) with cross-referenced symbols. Parameters of two Boltzmann equations were adjusted (Marquardt-Levenberg algorithm, see Section
2) to fit separately the white and black point sets. The resulting curves are shown with plain and dashed lines respectively. C: Averaged dual
Boltzmann curves obtained for five cells, as in (B). Data are shown as rel. popen (meantS.D., n=35) after normalisation of iy data. Left-hand/
right-hand curve show, respectively, voltage-gating of type-1/type-2 AKT2 channels. D: Rel. popen (E) curves resulting from combination of
(1=raps.)% type-1 and rups % type-2 channels (see text). Parameters of the two Boltzmann components were from (C) and the value of ryps was
adjusted to fit normalised data from (B) (cross-referenced symbols). See Fig. 1 for bath and pipette solutions.

COS cells, between 3 and 4 days after transfection, the total current (i.e. r—140mv) can greatly vary are as yet understood.

AKT?2 current increase (from —3.34+0.99 nA to —5.01 £0.92
nA, n=11) was, however, less than the increase of r_j49mv
(from 53.9£2.9% to 68.7£3.3%, n=17).

3.2. May the AKT2 channel have two gating modes?

Neither the fact that a Shaker-like channel can enable some
leak current to flow in addition to a time- and voltage-depen-
dent one, nor the fact that the relative importance of this leak

One hypothesis would be that two types of AKT2 channels
were operating. The so-called type-1 AKT2 channels would
behave as voltage-gated channels, while the so-called type-2
AKT?2 channels would behave as open-leak channels. Among
the three expression systems (CHO and COS cells, and Xeno-
pus oocytes) in which this unexplained AKT2 behaviour was
observed, the COS cell line we used was the one which with-
stood the more extended voltage range, with less endogenous
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current. Exploring strongly positive values of membrane po-
tential (up to +140 mV) revealed a slow current component
(7100 mv =450 ms) in AKT2-expressing COS cells, which was
never observed in control cells. For example, upon a voltage
step from —40 mV to +140 mV, the evoked current not only
responded instantaneously to the altered electrochemical gra-
dient but deactivated in a time- and voltage-dependent man-
ner and, accordingly, the tail current recorded subsequently
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(i.e. upon a step back to —40 mV, see dashes and symbols in
Fig. 2A) showed re-activation (7=280 ms).

Currents recorded from three cells displaying r—j40my val-
ues of 53, 74 and 88% are shown in Fig. 2A. The amplitude of
the time-dependent (deactivating) current recorded at strongly
positive potential values increased with the relative impor-
tance of the leak current at —140 mV (i.e. the r—j4mv value).
In the framework of the hypothesis proposed above, this de-
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activating current could be ascribed to type-2 channels. By the
same token, the current re-activating at —40 mV following
pulses to positive potential values could be ascribed to type-
2 channels (see enlargement of the tail currents in Fig. 2A).
The initial value of tail current (i) was plotted against the
pulse potential (Fig. 2B). From extreme negative to extreme
positive potentials, the curve displayed two phases, iy tending
sigmoidally to a ‘plateau’ value (reached at about 0 mV) with-
in the first phase, and then varying further towards zero with-
in the second (Fig. 2B). Each of these two phases could reflect
the voltage dependence of relative open probability (rel. popen)
of each of the two AKT2 channel populations. Namely, type-
1 AKT2 channels would be fully activated at very negative
potentials and fully deactivated at positive potentials, while
type-2 channels would show partial deactivation only at po-
tential values positive to +50 mV and would probably be fully
deactivated at strongly positive potentials. This logical deduc-
tion from the initial hypothesis is further illustrated in Fig.
2C, where data were gathered from five cells displaying
r—140mv values ranging from 53 to 88%. i, data obtained for
a stimulation in the —180 mV to 0 mV range and those ob-
tained for a stimulation in the 0 mV to +140 mV range were
analysed separately. Whatever the r_149 mv value, a single pair
of Boltzmann curves, with apparent gating charges of 0.46
and 0.33 and midpoint found at —143 mV and +222 mV
for type-1 and type-2, respectively, acceptably fitted rel.
Popen data (see Section 2). The two rel. popen(E) terms obeying
Boltzmann’s law and being denoted B/ and B2, it was
checked that the biphasic curves shown in Fig. 2B could be
fitted by (1—raps.)* Bl +raps. ¥ B2, with ryps. representing the ab-
solute (i.e. at any voltage) proportion of type-2 channels in
the AKT2 channel population (Fig. 2D): this yielded ryps.
values of 30, 59 and 80%. The r_j4mv parameter introduced
above was an underestimation of r,,s. because type-1 channels
are only partially activated at —140 mV. In turn, the r,ps, and
the Boltzmann parameters obtained in Fig. 2C,D respectively
allowed to estimate the r_j49 mv parameter values for the three
cells shown in Fig. 2A. This yielded 52, 78 and 91%, r—140 mv
values very similar to those obtained graphically from the raw
data of Fig. 2A.

3.3. Two types of gating at the single-channel level
If the population of AKT2 channels actually sub-divides
into two sub-populations, this should be observed at the sin-
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gle-channel level. In order to check the relevance of the ad hoc
hypothesis stated above, further experiments were performed
in conditions allowing recording of AKT2 unitary currents.
Patch-clamp experiments on oocytes were performed in the
cell-attached configuration because channel activity was invar-
iably lost upon patch excision. Multi-channel patches (Fig.
3A-C) as well as single-channel patches (Fig. 3D-G) could
be obtained. Histogram amplitudes (not shown) yielded a sin-
gle value of unitary current, =2.3 pA at —100 mV, well in
line with the unitary conductance of 22-25 pS reported pre-
viously for AKT2 [16,17]. Repeated 1.6 s pulses from a 0 mV
holding potential to —100 mV were applied to multi-channel
patches and subsequently averaged to yield pseudo-macro-
scopic current traces. A typical result is shown in Fig. 3A
(201 records averaged) and compared to a macroscopic cur-
rent trace obtained in a two-electrode voltage-clamp experi-
ment. Similar time courses of both traces further support that
the =2.3 pA unitary current denoted AKT2 activity. Analy-
sing the pulses in deeper detail revealed an interesting feature.
Although the unitary current amplitude was always the same,
two different kinds of openings were observed: short openings
with a mean open time of about 40 ms (Fig. 3B, left) and long
openings of a duration apparently longer than 1.6 s, which
were frequently interrupted by very short (<3 ms) flickering
closing events (Fig. 3B, middle). The 201 pulses were then
sub-grouped in three categories: (I) 112 traces with only short
openings (Fig. 3B, left), (II) 24 traces with only long openings
(Fig. 3B, middle) and (III) 65 traces where the two types of
openings were observed in the same pulse interval (Fig. 3B,
right). The average of category I pulses displayed time-depen-
dent activation kinetics but lacked any instantaneous compo-
nent (Fig. 3C, left). The average of category II pulses dis-
played the instantaneous component but lacked any time-
dependent activation kinetics (Fig. 3C, middle). The average
of category III pulses displayed both an instantaneous and a
time-dependent component (Fig. 3C, right). As suggested by
macroscopic current analyses (Fig. 2), the two kinetic compo-
nents of the AKT2 current would therefore correspond, at the
single-channel level, to two different gating modes: a ‘mode 1’
resulting in short openings at —100 mV (Fig. 3C, left) and a
‘mode 2’ resulting in long openings at —100 mV (Fig. 3C,
middle). Thus, two sub-populations of AKT2 channels would
actually co-exist in the membrane.

In the following, two alternatives are considered, which

«—

Fig. 3. Separation of two gating components of AKT2 at the single-channel level. A: Average of 201 current traces recorded on a multi-chan-
nel patch (cell-attached configuration, upper trace) compared to a macroscopic current trace obtained by two-electrode voltage-clamp experi-
ments on an AKT2-expressing Xenopus oocyte (lower trace). In both cases, currents were evoked by 1.6-s-long voltage steps to —100 mV from
a holding potential of 0 mV. External standard solution was composed of 100 mM KCI, 1 mM CaCl,, 1.5 mM MgCl,, 10 mM HEPES, pH
7.4 (NaOH). Pipettes were filled with 3 M KCI (two-electrode voltage-clamp) or with 100 mM KCI, 1| mM CaCl,, 1.5 mM MgCl,, 10 mM
HEPES, pH 7.4 (NaOH) (cell-attached). B: Representative examples of the three categories of current traces obtained within the whole set of
201 traces. Left: One of the 112 traces showing short openings only; middle: one of the 24 traces showing long openings only; right: one of
the 65 traces showing both types of opening (small arrows indicate short openings). C: Average of each category of traces shown in (B).
D: 60-s-long segment of a gap-free record obtained at —40 mV on a single-channel patch showing a transition from gating mode 1 to gating
mode 2. White symbols cross-refer to rel. popen values plotted in (G). E: 10-s-long segments of a gap-free record obtained at different potential
values on a single-channel patch gating either in mode 1 (two traces at top) or in mode 2 (three traces at bottom). Black symbols cross-refer to
rel. popen Vvalues plotted in (G). F: Values of unitary current obtained in same conditions as (D) and (E) plotted against potential. Circles and
squares indicate, respectively, data from gating mode 1 and from gating mode 2. G: Rel. popen in the patches shown in (D) (white) and (E)
(black) plotted against voltage. The lines represent the rel. popen (E) curves obtained in Fig. 2D. H: Proposed gating scheme for AKT2. The
AKT?2 channel population divides into two different fractions characterised by different gating modes. In mode 1, the gating is described by
voltage-dependent transitions between several closed states (C) and the open state (O). In mode 2, the activation threshold is shifted to more
positive values. In our experimental conditions with moderate voltages tolerated by the oocytes (—160 mV to +50 mV), a channel in mode 2
seems to be open all the time. The conversion of one channel from one mode into the other (figured by a §) is under the control of — yet un-
known — channel extrinsic factors.
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have clearly different biophysical meanings: (i) a given chan-
nel belongs definitely to either type-1 or type-2 and (ii) any
given channel can switch between the two gating modes. In
the former situation, the above defined r,,s. parameter repre-
sents the proportion of type-2 channels in the whole popula-
tion, e.g. after irreversible post-transcriptional events resulting
in expression of AKT2 channels of two types. In the latter
situation, the r,ps, value at steady-state has the meaning of a
probability, namely the probability for any channel to gate in
mode 2, i.e. to be of type-2; this may result from late and
reversible post-translational events such as interaction with a
cytosolic regulatory factor that could change the gating mode
of the AKT2 channel. It is worth noting that the two gating
modes were always observed in all studied patches. For in-
stance, in the experiment displayed in Fig. 3A-C, the patch
harboured channels showing the two gating modes. Up to
three channels gating in mode 2 and up to two channels gat-
ing in mode 1 were observed simultaneously in some pulses.
However in all the 201 pulses, never more than three channels
were active at the same time. With respect to these data, the
first of the two above alternatives would imply (i) that at least
five channels co-existed in this patch (two of mode 1 and three
of mode 2), (ii) that they never opened all at the same time
(none of the 65 category-III records showed more than three
channels open), (iii) that the mode 1 channels remained silent
in all the 24 category-II records and (iv) that the mode 2
channels remained silent in all the 112 category-I records.
To obtain further lines of evidence for the ability of a given
channel to switch between the two gating modes, gap-free
records obtained on single-channel patches were analysed
(Fig. 3D-G). In such records, transitions from one gating
mode to the other were often observed. An example of tran-
sition from mode 1 to mode 2 at —40 mV is shown in panel
D. During the phase in mode 1 (more than 49 s long), the rel.
Popen Was 0.014 at —40 mV. During the phase in mode 2
(more than 60 s long), rel. popen Was 0.96 at —40 mV. The
white circle and the white square in panel G show that these
rel. popen Values are in good agreement with the curves derived
from macroscopic currents. 10-s-long segments of a gap-free
record made on another patch are shown in panel E. These
segments of record were selected before (Fig. 3E, top) and
after (Fig. 3E, bottom) a clear transition from mode 1 and
mode 2, such as the one shown in panel D. The effect of
voltage on the channel is shown in both gating modes in panel
E. At any studied potential, open time was much longer in
mode 2 than in mode 1 (see above text relative to Fig. 3B).
For instance, at +60 mV the channel never opened in mode 1
(not shown), while it showed long open and short closed times
in mode 2 (Fig. 3E). Unitary current (i) and rel. popen corre-
sponding to sample records obtained in the —140 to +60 mV
range are plotted against voltage in panels F and G, respec-
tively (black circles: mode 1; black squares: mode 2). Analy-
sis of mode 1 and mode 2 records yielded the same value for
unitary current (at potential values negative to —40 mV; Fig.
3F). By contrast, rel. p,p., values determined in each case were
clearly different for mode 1 and mode 2 records and agreed
well with the Boltzmann curves derived from the analyses of
macroscopic currents recorded in COS cells (Fig. 3G).

3.4. Dual-gating mode of AKT2 channel: control by some
unidentified post-translational event
Based on the whole set of observations, a model can be
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proposed accounting for the complex behaviour of AKT2.
At a given time, the AKT2 channel population divides into
two sub-populations. Some AKT2 channels gate in mode 1,
the others in mode 2. The former channels display a voltage-
gating behaviour within the commonly studied voltage range
(half-activation potential in the —140 mV range), like the
well-described KAT1 channel [24]. The gating of this fraction
could be described by a multi-state scheme (Fig. 3H, mode 1).
Mode 2 channels are also voltage-gated (rel. popen at —40
mV >rel. popen at +60 mV, see Fig. 3G), the half-activation
potential being, however, far more positive (> +200 mV, see
also Fig. 2), similar to that of the S4-mutant KATI1-S168R
[25]. The gating of mode 2 channels might also be described
by a multi-state scheme (Fig. 3H, mode 2). There must be, as
suggested in the preceding section, some late and reversible
post-translational events (figured by the vertical < in Fig.
3H) that affect the gating mode of AKT2 channels. Whether
this may be an interaction with some cytoplasmic factor,
which would result either in the binding of a cyclic nucleotide,
a regulatory peptide, etc., or in a protonation, an oxidation, a
phosphorylation event remains to be elucidated. Interestingly,
Bockenhauer and coworkers recently reported an analogous
change in gating mode of the animal KCNK2 channel: this
TWIK-like (2-pore and KT-selective) channel behaves as a
leak channel when dephosphorylated and as a depolarisa-
tion-activated outward rectifier upon phosphorylation [26].
We are currently investigating a possible phosphorylation de-
pendency of AKT2 channel operation.
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