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The Arabidopsis thaliana potassium channel KAT1
as expressed and characterized in Chinese hamster
vary cells. KAT1-GFP fusion protein was successfully
argeted to the plasma membrane and electrophysio-
ogical analysis revealed functional expression of
AT1 only in cells cultured at 30°C. The main biophys-

cal characteristics of KAT1 are similar to those de-
cribed for the channel expressed in other systems.
HO cells represent an advantageous expression sys-

em and may be the system of choice to study the
xpression, assembly, function, and regulation of
lant potassium channels in general. © 2000 Academic Press

Key Words: heterologous expression system; potas-
ium channel; plant 1.

Potassium channels in plants are involved in a num-
er of processes, including the uptake of K1 from the
oil by roots, the maintenance of membrane potential
1), turgor regulation in stomatal guard cells (2), and
apid leaf movement (3).

The study of plant ion channels in their native envi-
onment is technically rather difficult and whole-cell
urrents often arise from the simultaneous activity of
ore than one type of pore. The expression of isolated

ene products in heterologous systems has greatly con-
ributed to our understanding of these proteins (4, 5).

The most studied plant K1 channel is the product of
he kat1 cDNA originally cloned from Arabidopsis thali-
na (6). KAT1 encodes a shaker-type channel and pro-
uces an inward current in all expression system used so
ar. KAT1-like channels are expressed in guard cells (7, 8).

Functional expression of plant channels, including
AT1, has been achieved using various heterologous

ells. Xenopus oocytes have so far been the system of
hoice (e.g., 9–11), but it fails for some (e.g., AKT1,
KT1) (12). Several K1 channels, including AKT1 (12),
1 The first two authors contributed equally to this work.
2 To whom correspondence should be addressed. Fax: 00-39-049-

276344. E-mail: ildi@civ.bio.unipd.it.
130006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
ressed in the insect cell line Sf9. In one study of KAT1
dvantage has been taken of the Trk1D Trk2D strain of
accharomyces cerevisiae (15). Recently, KAT1 has
een functionally expressed and characterized in to-
acco mesophyll cells as well (16).
Chinese hamster ovary (CHO) cells have been widely

sed to study cloned animal K1 channels since they lack
ndogenous voltage-dependent potassium channels. The
resent work reports the successful functional expression
nd characterization of KAT1 in CHO cells.

ATERIALS AND METHODS

DNA constructs and cell culture. To fuse the gene encoding KAT1
ith the GFP protein, restriction sites were generated by PCR using
odified primers. A 2059 bp DNA fragment was amplified and cloned

irectly in the plasmid pEGFP (Clontech) in order to give plasmid
GFP-KAT1. Kat1 was amplified by PCR and cloned as a blunt ended
ragment into pCDNA3. CHO-KI cells were cultured at 37°C in a
umidified atmosphere containing 5% CO2 on glass coverslips in Dul-
ecco’s essential medium containing 10% fetal calf serum, 2 mM
-glutamine, 100 mg/ml streptomycin and 100 units/ml penicillin. 40%
onfluent culture was transfected using the Lipofectamine reagent. The
ransfected cells were cultured for 76 h at 30 or 37°C.

Fluorescence microscopy. GFP fluorescence was examined after
xation using an inverted fluorescence microscope (Olympus TM20).
he fluorescence filters used were: excitation HQ480/40, dichroic
480/40 and emission HQ510LP (Chroma Technology Corp.).

Electrophysiology. Patch clamp experiments were performed in
he whole-cell and outside-out excised patch configurations on con-
rol or transfected CHO cells grown on glass coverslips. Bath solu-
ion: 150 mM K gluconate, 20 mM KCl, 1 mM CaCl2, 2.5 mM MgCl2,
0 mM Hepes, pH 6.8 or 7.2. Pipet solution: 114 mM K gluconate, 20
M KCl, 2 mM MgCl2, 1 mM CaCl2, 10 mM EGTA, 10 mM Hepes pH

.35 and 4 mM ATP. Modified bath solutions containing 20 mM K
luconate and 150 mM NaCl or 50 mM K gluconate and 120 mM
aCl were used for Fig. 3B. The latter solution was used also for the
etermination of selectivity (pipette solution:164 mM K1 and 134
M Cl2). Liquid junction potentials were measured and corrected for

n all experiments (17). Leak current was not subtracted. Currents
ere monitored using an EPC-7 amplifier (HEKA-List). Capacitive

urrents were canceled manually and series resistance was compen-
ated. Pulse protocols were applied and single channel analysis was
erformed using the Pclamp6 program set (Axon). Sampling fre-
uency: 2 kHz; filtering: 1 kHz. All data are presented as mean 6 SD.
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ESULTS

Since KAT1 has not been previously been expressed
n mammalian cells, we created a KAT1-GFP (green
uorescent protein) fusion protein and examined its

ocalization in transfected CHO cells by fluorescence
icroscopy. In cells incubated at 37°C (Fig. 1, right

anel) the fusion protein is highly expressed, but
eems to be retained in the endoplasmic reticulum and
ossibly in aggresomes which have been proposed to
orm in the presence of misfolded proteins (18). Anal-
sis of several images similar to the one presented in
he left panel of Fig. 1. revealed that if the transfected
ells were incubated at 30°C, instead, at least a part of
he fusion protein reproducibly reached the plasma
embrane. The efficiency of transfection, determined

s the percentage of fluorescent cells in the whole pop-
lation, was 30 6 10%. Transfection of HeLa cells with
AT1-GFP gave similar results (data not shown) indi-

ating that the correctness of the folding was depen-
ent on the incubation temperature rather than on the
ell line used.

To test whether the plasma membrane-localized
AT1-GFP fusion protein was functional as a channel
nd the expression/activity correlation, we performed
hole-cell patch clamp experiments on transfected
HO cells. Figure 2 shows representative current

FIG. 1. KAT1-GFP expression in CHO cells at 30 and 37°C. Fluor
t 30°C (left) and at 37°C (right). Bar: 10 mm.
131
races recorded from KAT1 transfected (n 5 32) (Fig.
A) and KAT1-GFP transfected (n 5 3) (Fig. 2B) CHO
ells incubated at 30°C. In both cases transient expres-
ion of the protein resulted in the appearance of large,
oltage-dependent currents at hyperpolarizing volt-
ges 2 to 4 days after transfection, altogether in 36% of
he trials (35 out of 96). This % is in agreement with
he transfection efficiency. Control non-transfected
n 5 14) and pCDNA3 transfected (Fig. 2C) (n 5 3)
ells, cultured at 30°C, did not display any such activ-
ty. Importantly, transient expression of KAT1 in cells
ultured at 37°C failed to result in channel activity
n 5 11) (not shown). Thus the plasma membrane
ocalization correlates with the functional expression of
he protein.

Studies in various expression systems show that
AT1 behaves in a slightly different manner depend-

ng on the system used. Therefore we performed a
etailed characterization of this plant protein ex-
ressed in animal cells. Since channel activity in cells
ransfected with KAT1 alone (Fig. 2A) showed a strong
imilarity to KAT1 expressed in oocytes, we used cells
ransfected with KAT1 (not with KAT1-GFP) for the
est of the study. In the absence of ATP in the pipet
olution a rapid rundown (approx. 70%) was observed
ithin 5–10 min. The currents elicited at various po-

entials decreased only slightly (by 6% within 15 and

nce microscopy images of KAT1-GFP expressing CHO cells cultured
esce
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y 15% within 50 min; at 2180 mV) with ATP in the
ipet (Fig. 3A). Figure 3B shows the current–voltage
elationship of KAT1-induced currents in the presence
f 20 (n 5 5), 50 (n 5 4) and 170 (n 5 11) mM
xternal K1. In accordance with previous results (15),
lmost complete saturation was achieved at 50 mM K1.
he normalized currents are reported in Fig. 3C show-

ng that the intrinsic voltage-dependence and the acti-
ation potential of the channel did not change signifi-
antly with varying the potassium concentration. The
hreshold potential for activation was approximately
100 mV (n 5 25). At pH 7.2 activation was half-
aximal at 2158 6 12 mV (n 5 11) as determined

rom the Boltzmann fit of G/Gmax as a function of the
embrane potential (not shown). Figure 3D reports

he time constants of activation measured at various
pplied potentials showing that increasing hyperpolar-
zation caused a faster activation of KAT1.

To determine the selectivity of the channel expressed
n CHO, relaxation tail currents (Fig. 4A, inset) were
ecorded under asymmetric ionic conditions. The theo-
etical EK

1 was 230 mV. The current reversal potential
as 228.5 6 5 mV (Fig. 4A) (n 5 5) indicating a high

electivity of KAT1 for K1 over Na1 (PNa
1 /PK

1 5 0.025).
AT1 was shown to be permeable to NH4

1 when ex-
ressed in oocytes (19) and in mesophyll cells (16) but
ot in yeast (15) and in Sf9 cells (13). In CHO cells,
xchanging the K1-containing bath solution (20 mM)

FIG. 2. Functional expression of KAT1 in CHO cells. (A) Whole-
ell currents recorded in a KAT-transfected CHO cell. Inward recti-
ying currents were elicited by applying pulses of 600 ms duration
anging from 2180 to 180 mV in 20 mV steps, at 45-s intervals. The
ame pulse protocol was used in B and C. (B) Representative whole-
ell currents recorded in a KAT1-GFP transfected CHO cell (voltages
rom 2160 to 180 mV in 40 mV steps). (C) Whole-cell currents
ecorded in a control, GFP-transfected CHO cell. In all figures cells
ere cultured at 30°C.
132
4

M) during whole-cell experiments resulted in a 81 6
% decrease of the current recorded at 2180 mV (Fig.
B, lower part) (n 5 3). Figure 4C shows traces re-
orded from an experiment with the NH4

1 bath solution
a) and after addition of 10 mM KCl (b). KAT1 in CHO
ells, like plant inward rectifying potassium channels
n general, are inhibited by TEA1 (72% inhibition by 10

M TEA1 at 2180 mV in CHO cells; n 5 3) and Cs1

60% inhibition by 3 mM Cs1 at 2180 mV; n 5 3).
The single channel conductance of KAT1 was deter-
ined in outside-out excised patches. Figure 5A shows
representative current trace recorded upon applica-

ion of a voltage step to 2140 mV. The activation
inetics typical for KAT1 can be observed. Figure 5B
hows single channel activity at steady-state hyperpo-
arizing voltage (2140 mV). The conductance, as deter-

ined from the current–voltage relationship, is in the
ange of 7–10 pS and the open probability of the chan-
el increased with increasing hyperpolarization (not
hown).

ISCUSSION

The results reported here demonstrate that CHO
ells are a valid system for the study of KAT1. This
ystem has various advantages. Patch clamp experi-
ents can be easily performed for the study of both
hole-cell currents and single channel activity, with-
ut any pretreatment of the cells, in contrast to yeast,
esophyll cells and oocytes. Importantly, CHO cells

olerate large hyperpolarizing voltages, in contrast to
f9 cells. KAT1 is expressed in CHO cells at high levels
ithin a short time, giving reproducible currents, in

ontrast with the somewhat unreliable performance of
he oocyte expression system. In this work we induced
ransient expression, but, a stable cell line expressing
nother plant Kin

1 has been obtained (Lo Schiavo et al.,
npublished result), suggesting the possibility to cre-
te a stable cell line expressing KAT1 as well. CHO
ells expressing plant ion channels could become an
deal tool also for biochemical and regulation studies of
hese channels, since large number of cells can be
btained within a short time, and the cell membrane is
irectly accessible. Importantly, CHO cells do not ex-
ress other voltage-gated or inward rectifying potas-
ium channels which could interfere with plant Kin

1

ctivity recording. However, the appropriate condi-
ions must be chosen in order to avoid activation of the
welling-activated chloride channels (20, 21) and of the
alcium-activated chloride (22) and potassium chan-
els, which are present in both HeLa (23) and CHO
ells (Szabò et al., unpublished).

The possibility to follow the fate of ion channel sub-
nits fused to GFP in CHO cells by fluorescence mi-
roscopy while at the same time testing for functional
ctivity might open new perspectives for the study of
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hannel expression and subunit assembly. In this work
or example, GFP was fused to the C-terminal part of
he subunit, which is thought to play an important role
n the association of plant Kin

1 channel subunits (24,
5). Probably as a consequence, currents recorded in
he presence of GFP at the C-terminus were low and
noisy” (Fig. 2B). C-terminus fusion nevertheless al-
owed us to verify that the KAT1-encoded protein was
ffectively translated.
The observed strong influence of temperature on
AT1 targeting might seem surprising. An analogous
bservation was reported for CFTR (26). Furthermore,
he formation of aggresomes, due to the accumulation
f incorrectly folded proteins in the cytosol, has been

FIG. 3. Characterization of KAT1 expressed in CHO cells. (A) Re
in (°) and 50 min (“) following the establishment of the whole-cell

n the presence of 20 mM (‚), 50 mM (h), and 170 mM (E) bath pota
ells for each point displayed on the figure (see Results); variability o
arge standard deviation. (C) Intrinsic voltage-dependence of curren
otentials were expressed as % of the current measured at 2160 mV
D) Whole-cell currents recorded with 170 mM external potassium a
alues of the time constants of the fast component are reported on t
133
hown to decrease at 30°C with respect to culturing at
7°C (27). All expression systems used so far for the
tudy of plant ion channels require the culturing of the
arious cell types at temperatures #30°C.
Various similarities and differences can be observed

n the properties of KAT1 by comparing results ob-
ained in different expression systems. Concerning the
ependence of the KAT1-induced inward current mag-
itude on the external potassium concentration and
he voltage at which the currents were activated (2100
V), the behavior of KAT1 in CHO cells was compara-

le to that observed in other systems (9, 10, 15, 16).
he half-activation voltage in CHO cells was more
imilar to that found in the yeast expression system

sentative KAT1 current traces recorded as in Fig. 2A: 3 min (*), 15
figuration with ATP in the pipet. (B) Current–voltage relationships
m concentrations. Whole-cell currents were recorded from different
ll size and of KAT1 expression from cell to cell resulted in relatively
ecorded as in Fig. 2B. Whole-cell currents recorded at various test
each experiment. The obtained values were averaged and reported.
arious potentials were fitted with two exponentials. The logarithm
figure as function of the applied voltage.
pre
con
ssiu
f ce
ts r
for
t v
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134
2160 2180 mV) than to that recorded in oocytes
2120 2130 mV). The half-activation time was similar
o that found in oocytes (200 ms at 2140 mV) (30) (also,
ig. 3D). The permeability of KAT1 expressed in CHO

or NH4
1 is comparable to that observed in mesophyll

ells (16) and in oocytes (9, 29). 10 mM TEA1, a typical
otassium channel blocker, caused an 70–81% inhibi-
ion in all systems studied, including CHO cells. 10
M Cs1 almost completely blocked KAT1 expressed in
esophyll cells (16). In our case 3 mM Cs1 caused a

0% inhibition of the current. The single channel con-
uctance of KAT1 expressed in CHO cells is consistent
ith other reports (11, 16, 28).
In conclusion, the data reported here demonstrate

hat CHO cells represent a valid and easily accessible
eterologous expression system with important advan-
ages with respect to other systems used. Expression in
HO cells could be used for the characterization of
everal putative plant ion channels which do not ex-
ress in other systems.

C) Current trace recorded at 2180 mV in the presence of 20
M NH4

1 (a) (see B) and following the addition of 10 mM K1 to the
ath (b).

FIG. 5. Single channels in KAT1-transfected cells. (A) Current
licited by application of a voltage pulse (2140 mV) of 3 s duration in
utside-out configuration (bath, 20 mM K1). Lower part: expanded
ime and current scale. (B) KAT1 activity in an outside-out patch, at
140 mV (steady-state) (bath, 50 mM K1; pipet, 164 mM K1). (A and
) Sampling frequency, 5 kHz; filter, 500 Hz. Dashed lines corre-
pond to the current level of one open channel.
FIG. 4. Selectivity of KAT1 expressed in mammalian cells. (A)
ail currents recorded by stepping the voltage form the holding
otential (270 mV) to 2180 mV, and subsequently to voltages rang-
ng from 2120 to 140 mV (bath: 50 mM K1; pipet: 164 mM K1

olution). A set of representative relaxation tail currents are shown
n the inset. The averages of the tail currents are reported as a
unction of the voltage. (B) Upper part: Whole-cell traces recorded as
n Fig. 1A with 20 mM K1 bath solution. Lower part: currents
ecorded under the same conditions, following exchange of the
ath solution with a 20 mM NH4

1, 0 mM K1 containing solution.
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