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The Arabidopsis thaliana potassium channel KAT1
was expressed and characterized in Chinese hamster
ovary cells. KAT1-GFP fusion protein was successfully
targeted to the plasma membrane and electrophysio-
logical analysis revealed functional expression of
KAT1 only in cells cultured at 30°C. The main biophys-
ical characteristics of KAT1 are similar to those de-
scribed for the channel expressed in other systems.
CHO cells represent an advantageous expression sys-
tem and may be the system of choice to study the
expression, assembly, function, and regulation of
plant potassium channels in general. © 2000 Academic Press
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Potassium channels in plants are involved in a num-
ber of processes, including the uptake of K™ from the
soil by roots, the maintenance of membrane potential
(1), turgor regulation in stomatal guard cells (2), and
rapid leaf movement (3).

The study of plant ion channels in their native envi-
ronment is technically rather difficult and whole-cell
currents often arise from the simultaneous activity of
more than one type of pore. The expression of isolated
gene products in heterologous systems has greatly con-
tributed to our understanding of these proteins (4, 5).

The most studied plant K channel is the product of
the katl cDNA originally cloned from Arabidopsis thali-
ana (6). KAT1 encodes a shaker-type channel and pro-
duces an inward current in all expression system used so
far. KAT1-like channels are expressed in guard cells (7, 8).

Functional expression of plant channels, including
KAT1, has been achieved using various heterologous
cells. Xenopus oocytes have so far been the system of
choice (e.g., 9-11), but it fails for some (e.g., AKTL1,
SKT1) (12). Several K* channels, including AKT1 (12),
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KAT1 (13), and SKT1 (14) have been successfully ex-
pressed in the insect cell line Sf9. In one study of KAT1
advantage has been taken of the Trk1A Trk2A strain of
Saccharomyces cerevisiae (15). Recently, KAT1 has
been functionally expressed and characterized in to-
bacco mesophyll cells as well (16).

Chinese hamster ovary (CHO) cells have been widely
used to study cloned animal K" channels since they lack
endogenous voltage-dependent potassium channels. The
present work reports the successful functional expression
and characterization of KAT1 in CHO cells.

MATERIALS AND METHODS

DNA constructs and cell culture. To fuse the gene encoding KAT1
with the GFP protein, restriction sites were generated by PCR using
modified primers. A 2059 bp DNA fragment was amplified and cloned
directly in the plasmid pEGFP (Clontech) in order to give plasmid
pGFP-KATL. Katl was amplified by PCR and cloned as a blunt ended
fragment into pPCDNA3. CHO-KI cells were cultured at 37°C in a
humidified atmosphere containing 5% CO, on glass coverslips in Dul-
becco’s essential medium containing 10% fetal calf serum, 2 mM
L-glutamine, 100 ug/ml streptomycin and 100 units/ml penicillin. 40%
confluent culture was transfected using the Lipofectamine reagent. The
transfected cells were cultured for 76 h at 30 or 37°C.

Fluorescence microscopy. GFP fluorescence was examined after
fixation using an inverted fluorescence microscope (Olympus TM20).
The fluorescence filters used were: excitation HQ480/40, dichroic
Q480/40 and emission HQ510LP (Chroma Technology Corp.).

Electrophysiology. Patch clamp experiments were performed in
the whole-cell and outside-out excised patch configurations on con-
trol or transfected CHO cells grown on glass coverslips. Bath solu-
tion: 150 mM K gluconate, 20 mM KCI, 1 mM CaCl,, 2.5 mM MgCl,,
10 mM Hepes, pH 6.8 or 7.2. Pipet solution: 114 mM K gluconate, 20
mM KCI, 2 mM MgCl,, 1 mM CaCl,, 10 mM EGTA, 10 mM Hepes pH
7.35 and 4 mM ATP. Modified bath solutions containing 20 mM K
gluconate and 150 mM NaCl or 50 mM K gluconate and 120 mM
NaCl were used for Fig. 3B. The latter solution was used also for the
determination of selectivity (pipette solution:164 mM K™ and 134
mM CI7). Liquid junction potentials were measured and corrected for
in all experiments (17). Leak current was not subtracted. Currents
were monitored using an EPC-7 amplifier (HEKA-List). Capacitive
currents were canceled manually and series resistance was compen-
sated. Pulse protocols were applied and single channel analysis was
performed using the Pclamp6 program set (Axon). Sampling fre-
quency: 2 kHz; filtering: 1 kHz. All data are presented as mean *+ SD.



Vol. 274, No. 1, 2000

FIG. 1.
at 30°C (left) and at 37°C (right). Bar: 10 um.

RESULTS

Since KAT1 has not been previously been expressed
in mammalian cells, we created a KAT1-GFP (green
fluorescent protein) fusion protein and examined its
localization in transfected CHO cells by fluorescence
microscopy. In cells incubated at 37°C (Fig. 1, right
panel) the fusion protein is highly expressed, but
seems to be retained in the endoplasmic reticulum and
possibly in aggresomes which have been proposed to
form in the presence of misfolded proteins (18). Anal-
ysis of several images similar to the one presented in
the left panel of Fig. 1. revealed that if the transfected
cells were incubated at 30°C, instead, at least a part of
the fusion protein reproducibly reached the plasma
membrane. The efficiency of transfection, determined
as the percentage of fluorescent cells in the whole pop-
ulation, was 30 = 10%. Transfection of HeLa cells with
KAT1-GFP gave similar results (data not shown) indi-
cating that the correctness of the folding was depen-
dent on the incubation temperature rather than on the
cell line used.

To test whether the plasma membrane-localized
KAT1-GFP fusion protein was functional as a channel
and the expression/activity correlation, we performed
whole-cell patch clamp experiments on transfected
CHO cells. Figure 2 shows representative current
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KAT1-GFP expression in CHO cells at 30 and 37°C. Fluorescence microscopy images of KAT1-GFP expressing CHO cells cultured

traces recorded from KAT1 transfected (n = 32) (Fig.
2A) and KAT1-GFP transfected (n = 3) (Fig. 2B) CHO
cells incubated at 30°C. In both cases transient expres-
sion of the protein resulted in the appearance of large,
voltage-dependent currents at hyperpolarizing volt-
ages 2 to 4 days after transfection, altogether in 36% of
the trials (35 out of 96). This % is in agreement with
the transfection efficiency. Control non-transfected
(n = 14) and pCDNAS3 transfected (Fig. 2C) (n = 3)
cells, cultured at 30°C, did not display any such activ-
ity. Importantly, transient expression of KATL1 in cells
cultured at 37°C failed to result in channel activity
(n = 11) (not shown). Thus the plasma membrane
localization correlates with the functional expression of
the protein.

Studies in various expression systems show that
KAT1 behaves in a slightly different manner depend-
ing on the system used. Therefore we performed a
detailed characterization of this plant protein ex-
pressed in animal cells. Since channel activity in cells
transfected with KAT1 alone (Fig. 2A) showed a strong
similarity to KAT1 expressed in oocytes, we used cells
transfected with KAT1 (not with KAT1-GFP) for the
rest of the study. In the absence of ATP in the pipet
solution a rapid rundown (approx. 70%) was observed
within 5-10 min. The currents elicited at various po-
tentials decreased only slightly (by 6% within 15 and
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FIG. 2. Functional expression of KAT1 in CHO cells. (A) Whole-
cell currents recorded in a KAT-transfected CHO cell. Inward recti-
fying currents were elicited by applying pulses of 600 ms duration
ranging from —180 to +80 mV in 20 mV steps, at 45-s intervals. The
same pulse protocol was used in B and C. (B) Representative whole-
cell currents recorded in a KAT1-GFP transfected CHO cell (voltages
from —160 to +80 mV in 40 mV steps). (C) Whole-cell currents
recorded in a control, GFP-transfected CHO cell. In all figures cells
were cultured at 30°C.

by 15% within 50 min; at —180 mV) with ATP in the
pipet (Fig. 3A). Figure 3B shows the current-voltage
relationship of KAT1-induced currents in the presence
of 20 (n = 5), 50 (n = 4) and 170 (n = 11) mM
external K*. In accordance with previous results (15),
almost complete saturation was achieved at 50 mM K*.
The normalized currents are reported in Fig. 3C show-
ing that the intrinsic voltage-dependence and the acti-
vation potential of the channel did not change signifi-
cantly with varying the potassium concentration. The
threshold potential for activation was approximately
—100 mV (n = 25). At pH 7.2 activation was half-
maximal at —158 = 12 mV (n = 11) as determined
from the Boltzmann fit of G/G,,,, as a function of the
membrane potential (not shown). Figure 3D reports
the time constants of activation measured at various
applied potentials showing that increasing hyperpolar-
ization caused a faster activation of KAT1.

To determine the selectivity of the channel expressed
in CHO, relaxation tail currents (Fig. 4A, inset) were
recorded under asymmetric ionic conditions. The theo-
retical Ex was —30 mV. The current reversal potential
was —28.5 = 5 mV (Fig. 4A) (n = 5) indicating a high
selectivity of KAT1 for K™ over Na“ (Pu./Px = 0.025).
KAT1 was shown to be permeable to NH, when ex-
pressed in oocytes (19) and in mesophyll cells (16) but
not in yeast (15) and in Sf9 cells (13). In CHO cells,
exchanging the K*-containing bath solution (20 mM)

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

(Fig. 4B, upper part) with a NH,-containing one (20
mM) during whole-cell experiments resulted in a 81 =
5% decrease of the current recorded at —180 mV (Fig.
4B, lower part) (n = 3). Figure 4C shows traces re-
corded from an experiment with the NH, bath solution
(a) and after addition of 10 mM KCI (b). KAT1 in CHO
cells, like plant inward rectifying potassium channels
in general, are inhibited by TEA" (72% inhibition by 10
mM TEA" at —180 mV in CHO cells; n = 3) and Cs”
(60% inhibition by 3 mM Cs* at —180 mV; n = 3).

The single channel conductance of KAT1 was deter-
mined in outside-out excised patches. Figure 5A shows
a representative current trace recorded upon applica-
tion of a voltage step to —140 mV. The activation
kinetics typical for KAT1 can be observed. Figure 5B
shows single channel activity at steady-state hyperpo-
larizing voltage (—140 mV). The conductance, as deter-
mined from the current—voltage relationship, is in the
range of 7-10 pS and the open probability of the chan-
nel increased with increasing hyperpolarization (not
shown).

DISCUSSION

The results reported here demonstrate that CHO
cells are a valid system for the study of KAT1. This
system has various advantages. Patch clamp experi-
ments can be easily performed for the study of both
whole-cell currents and single channel activity, with-
out any pretreatment of the cells, in contrast to yeast,
mesophyll cells and oocytes. Importantly, CHO cells
tolerate large hyperpolarizing voltages, in contrast to
Sf9 cells. KAT1 is expressed in CHO cells at high levels
within a short time, giving reproducible currents, in
contrast with the somewhat unreliable performance of
the oocyte expression system. In this work we induced
transient expression, but, a stable cell line expressing
another plant K;;, has been obtained (Lo Schiavo et al.,
unpublished result), suggesting the possibility to cre-
ate a stable cell line expressing KAT1 as well. CHO
cells expressing plant ion channels could become an
ideal tool also for biochemical and regulation studies of
these channels, since large number of cells can be
obtained within a short time, and the cell membrane is
directly accessible. Importantly, CHO cells do not ex-
press other voltage-gated or inward rectifying potas-
sium channels which could interfere with plant K;,
activity recording. However, the appropriate condi-
tions must be chosen in order to avoid activation of the
swelling-activated chloride channels (20, 21) and of the
calcium-activated chloride (22) and potassium chan-
nels, which are present in both HeLa (23) and CHO
cells (Szabo et al., unpublished).

The possibility to follow the fate of ion channel sub-
units fused to GFP in CHO cells by fluorescence mi-
croscopy while at the same time testing for functional
activity might open new perspectives for the study of
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FIG. 3. Characterization of KAT1 expressed in CHO cells. (A) Representative KAT1 current traces recorded as in Fig. 2A: 3 min (*), 15
min (°) and 50 min (“) following the establishment of the whole-cell configuration with ATP in the pipet. (B) Current—voltage relationships
in the presence of 20 mM (2), 50 mM (), and 170 mM (O) bath potassium concentrations. Whole-cell currents were recorded from different
cells for each point displayed on the figure (see Results); variability of cell size and of KAT1 expression from cell to cell resulted in relatively
large standard deviation. (C) Intrinsic voltage-dependence of currents recorded as in Fig. 2B. Whole-cell currents recorded at various test
potentials were expressed as % of the current measured at —160 mV for each experiment. The obtained values were averaged and reported.
(D) Whole-cell currents recorded with 170 mM external potassium at various potentials were fitted with two exponentials. The logarithm
values of the time constants of the fast component are reported on the figure as function of the applied voltage.

channel expression and subunit assembly. In this work
for example, GFP was fused to the C-terminal part of
the subunit, which is thought to play an important role
in the association of plant K;, channel subunits (24,
25). Probably as a consequence, currents recorded in
the presence of GFP at the C-terminus were low and
“noisy” (Fig. 2B). C-terminus fusion nevertheless al-
lowed us to verify that the KAT1-encoded protein was
effectively translated.

The observed strong influence of temperature on
KAT1 targeting might seem surprising. An analogous
observation was reported for CFTR (26). Furthermore,
the formation of aggresomes, due to the accumulation
of incorrectly folded proteins in the cytosol, has been

shown to decrease at 30°C with respect to culturing at
37°C (27). All expression systems used so far for the
study of plant ion channels require the culturing of the
various cell types at temperatures =30°C.

Various similarities and differences can be observed
in the properties of KAT1 by comparing results ob-
tained in different expression systems. Concerning the
dependence of the KAT1-induced inward current mag-
nitude on the external potassium concentration and
the voltage at which the currents were activated (—100
mV), the behavior of KAT1 in CHO cells was compara-
ble to that observed in other systems (9, 10, 15, 16).
The half-activation voltage in CHO cells was more
similar to that found in the yeast expression system

133



Vol. 274, No. 1, 2000

A
500- som
400 wony il )
300 w;ﬁ e I
200- -aom/_/J’Mﬂ 7
100 ]
- ¥
g -100 80 60 40 20 0 20 40
© -1004 Voltage (mV)
22004 E
-300-
4004
-500
B
100 ms
500 pA

: -

a

100 ms

500 pA

FIG. 4. Selectivity of KAT1 expressed in mammalian cells. (A)
Tail currents recorded by stepping the voltage form the holding
potential (—70 mV) to —180 mV, and subsequently to voltages rang-
ing from —120 to +40 mV (bath: 50 mM K*; pipet: 164 mM K*
solution). A set of representative relaxation tail currents are shown
in the inset. The averages of the tail currents are reported as a
function of the voltage. (B) Upper part: Whole-cell traces recorded as
in Fig. 1A with 20 mM K" bath solution. Lower part: currents
recorded under the same conditions, following exchange of the
bath solution with a 20 mM NH;, 0 mM K™ containing solution.
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200 ms

FIG. 5. Single channels in KAT1-transfected cells. (A) Current
elicited by application of a voltage pulse (—140 mV) of 3 s duration in
outside-out configuration (bath, 20 mM K™). Lower part: expanded
time and current scale. (B) KAT1 activity in an outside-out patch, at
—140 mV (steady-state) (bath, 50 mM K™; pipet, 164 mM K™). (A and
B) Sampling frequency, 5 kHz; filter, 500 Hz. Dashed lines corre-
spond to the current level of one open channel.

(=160 —180 mV) than to that recorded in oocytes
(=120 —130 mV). The half-activation time was similar
to that found in oocytes (200 ms at —140 mV) (30) (also,
Fig. 3D). The permeability of KAT1 expressed in CHO
for NH, is comparable to that observed in mesophyll
cells (16) and in oocytes (9, 29). 10 mM TEA", a typical
potassium channel blocker, caused an 70—81% inhibi-
tion in all systems studied, including CHO cells. 10
mM Cs* almost completely blocked KAT1 expressed in
mesophyll cells (16). In our case 3 mM Cs” caused a
60% inhibition of the current. The single channel con-
ductance of KAT1 expressed in CHO cells is consistent
with other reports (11, 16, 28).

In conclusion, the data reported here demonstrate
that CHO cells represent a valid and easily accessible
heterologous expression system with important advan-
tages with respect to other systems used. Expression in
CHO cells could be used for the characterization of
several putative plant ion channels which do not ex-
press in other systems.

(C) Current trace recorded at —180 mV in the presence of 20
mM NH; (a) (see B) and following the addition of 10 mM K™ to the
bath (b).
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