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The Character of Inward K ' -channels in the Plasma Membrane
from Tobacco Root Cortex Protoplasts
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Abstract; To understand the mechanism of K uptake and the regulated factors, patch clamp
whole-cell recording techniques were applied to isolated tobacco root cortex protoplasts. The re-
sults showed that the inward current were activated by K* into root cortex at membrane poten-
tials more negative than —40 mV. The inward currents were strongly inhibited by the K*-channel
blacker TEA™ kinetic analysis of the inward currents yielded an apparent K* equilibrium dissocia-
tion constant (K.} of==15. 2 mmol/L.,which closely correlated to the major component of low-
affinity KT uptake. The inward K*-channels were sensitive to NH;” and NH{ was acted on a hin-
ding site external to the channel pore. The inward currents were inhibited differently by Ca** and
Mg**. Tt is suggested that the inward K* channels in root cortex may function as both a physio-
logically important mechanism for low-affinity K uptake and regulators of membrane potentials.
Key words; Patch clamp; K*-channels; Tobacco; Whole cell; Uptake

K™ is an important macronutrient element for
higher plants. K* transport across the plasma
membrane is closely linked to diverse tissue- and
ccll-specifi.c actions related to plant growth and de-
velopment, such as germination, leal movements,
stomatal action, vascular transport, and enzyme
homeostasis!'*. Detailed kinetic analyses of K*
uptake into roots have suggested the presence of at

least two separate classes of transporters™=,
The high-affinity K* transporter (mechanism 1)

was found with a K, of approximately 15 to
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40 pmol/L ,which saturates at 200 pmol/L. external
K+, This high-affinity transporter represents a
major mechanism for K* uptake from soil. Low-
affinity transporter (mechanism 1) with a K,, for
K* of 4 to 1§ mmol/L contributes to K* uptake at
concentrations greater than 300 pmol/L K14,
Studies have shown that the activity of the high-
affinity transporter is reduced at elevated K% le-
vels, and the low-affinity transporter may con-
tribute significantly to K* uptake at concentrations

greater than 300 gmol/L K+, Several molecular
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mechanisms have heen suggested for K* uptake at
the root epidermis,including K* pumpst, K+ /H*
antiporters"™, and K*/H* symporters™® as high-
affinity K* uptake mechanisms,and K* channels as
a low-affinity K* uptake mechanism"*], Research
on root cells has revealed that inward K™ -channels
provide an important mechanism for low-affinity
K* uptakel'® 193,

Tobacco is an important model plant and has
been studied widely in biology and biochemistry. It is
considered valuable to use the model plant of tohacco
to study the mechanism of K* uptake and improve
the character of K* nutrition. This will provide a
background to improve the K* nutrition of higher
plants by using genetic engineering. But the work
depends on the character of K" -channels and the
regulated mechanisms. Though some studies had
applied the patch clamp techniques to tobacco
cells, these rescarches correlated only with sus-
pended cells and mesophyll cells®™ 2, Patch clamp
whole-cell recording techniques were applied to
characterize the inward K¥-channels in the plasma
membrane of protoplast isolated {from tobaecco root
cortex (PTRC). This study represented infrequent
attempt to isolate plasma membrane K*-channels
and correlated K* transport through the channels
with the other important elements of nutrition in
soil. The results of this study revealed that the in-
ward K*-channels may [unction as major compo-
nent of the low-affinity K uptake systems opera-

ting in intact roots of higher plants.
1 Materials and Methods

1.1 Plant growth

Seeds of tobacco ( Nicotiana tobacum L. cv.
rustica America) were sown in perlite and grown
at 30C/20°C (day/night) temperatures with a
14 h photoperiod and 200 to 300 pmol sm™%+s7?
PAR. RH was maintained at 60% to 80%. Plants
were harvested alter 3—4 weeks when roots were
typically 4—8 em long.
1.2 Protoplast preparation

Roots were briefly washed in distilled water

before being removed from the plants. The follow-
ing protocol was used to isolate protoplasts [rom
the cortex. Roots {rom about 50 seedlings were
finely chopped into pieces of 0.5 to 1 mm long in
1.5 mL of enzyme solution (2. 5% cellulase [R 10
Onozuka], 0. 1% macerozyme [R 10 Onozuka],
0.1% BSA [Sigma], 10 mmol/L K-glutamate,
1 mmol/L. CaCl,,2 mmol/L. MgCl,,5 mmol/L. Mes
[Sigma],pH6. 0 adjusted with Tris). The chopped
tissue was agitated at 28'C in a water bath shaker
(50 r/min) for 60 min. The digest was filtered
through 50 pm nylon mesh. Protoplasts were col-
lected by centrifugation (5 min, 550 r/min; 28'C)
and washed twice with the standard solution. The
protoplasts were then resuspended in external
solution and kept on ice until required.
1.3 Electrophysiology

Whole-cell currents from protoplasts were
recorded™ at room temperature with Epc-9 using
conventional patch clamp techniques. Cells were
held in a following chamber of less than 0.5 mL
volume allowing fast solution changes. The cham-
ber had a thin glass base to which protoplasts ad-
hered loosely. Electrodes were pulled from borosi-
licate glass capillaries and fire polished using a
PC10 (Narishige,Japan) to give resistances of 10—
11 M in “pipette solutions” (Table 1). And Ag/
AgCl reference electrode was connected to the bath
via a 3 mol/L. KCl/agar salt bridge. After giga-ohm
seals were formed, strong suction was applied to
the interior of the pipette to obtain the whole-cell
configuration. Whole-cell capacitance and series re-
sistance were partially compensated for by the am-
plifier. Access resistance was usually less than
30 M. Analysis of data was done by pulse-8.3
software.

Table 1 Equilibrium potential for the major ions

Item K+ Mgt Ca®t
Pipette solution (mmol/L) 100, 0 L 0. 0001
Bath solutionm{mmol /L} 10 4.0 50
Equilibrium potential{(mV) —58.0 —1.5 =0

1.4 Solutions

All solutions{(Table 2) were [iltered (0. 22 pm,
Millipore) before use. The patch clamp pipette so-
lution consisted of (mmol/L} ;100 K-glutamate, 10
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Hepes, 2 MgCl,,2 EGTA,2 ATP-Mg,.pH7. 2 with
BTP, replenished with Dsorbitol to an osmolarity
of 385 mOsm/kg. The stand bath solution con-
sisted of (mmol/L); 10 K-glutamate, 1 CaCl,,
2 MgCl,, 5 MES, pHA. 0 with KOH, replenished
with Dsorbitol to an osmolarity of 300 mOsm/kg.

Table 2 The components of solution

The bath solution consisted of (mmol/L.) 10 K-
glutamate, 2 CaCl,, 4 MgCl,, 5 MES, pH6. ¢ with
Tris, replenished with D-sorbitol to an osmolarity
of 345 mOsm/kg. Also, when varying the external
K+, TEA*,NH;,Cl™, Ca’* and Mg*" concentra-

tions ,the solutions contained the indicated amount

{(mmel /L)

Item Glu-K Cally MeCl: Hepes
Stand bath solution 10 1 Z N
Bath solution 10 2 q
Pipette solution 100 2 2 10

Osmotic concentra-

Mes ATP-Mg EGTA  pH Ogmoilc soncents
PRSP 5.0 320
5 G0 450
2 2 7.2 100

of K-glutamate, TEAC],NH,CI,CaCl; and MgCl,.
Abbreviations used; BTF, 1, 3-bis [tris (hy-
droxymethyl)-methylamino ]l propanc; Hepes, 4-(2-
hydroxyethyl J-1-piperazineethane sulphonic acid;
Mes, 2-( N-morpholino ) ethane sulphonic acid;
Tris, tris (hydroxymethyl ) aminomethane; BSA,
bovine serum albumin; EGTA, ethyleneglycol-bis

(aminoethylether)-N,N*-tetraacetic acid.
2 Results

With 10 mmol/I. K" in the bath solution and
100 mmol/I. K* in the pipette solution, the whole-
cell resistance was 1. 24 0.2 GO (mean + 5D; 12
cells). The value of the diameter of the protoplasts
used in this study was 12+ 3 pm (mean 4 SD; 30
cells ). Protoplasts of similar size (approximately
12 pm in diameter) were chosen for the experi-
mernts.
2.1

currents

Identification of the time-dependent inward

Protoplasts were isolated from tobacco root
cortex and used for patch-clamp measurements in

the whole-cell conliguration (Fig. 1). Figure 2:a

Fig. 1 Protoplasts isolated
from the cortex of a young
tobacco root cortex

Hpm

shows typical recordings of activation of inward
K*-currents in the plasma membrane upon hyper-
polarizing pulse potentials ranging from —170 mV

to 10 mV. Tail-current protocals were used to de-

termine the major ion responsible for the time-de-
pendent inward current. The reversal potentials
(E..) of the tail currents were determined as de-

scribed in Figure 2:c. The reversal potential of the
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The bath solution was vsed and the membrane potential was
held at — 58 mV. a.Plasma membrane currents resulting [rom
voltage pulses ranging from — 170 m¥V to 10 mV (in 20 mV
steps at intervals of § seconds). b, Current-voltage (I-W) rela
tionship of the time-dependent component of the currents shown
in a. cy Tail currents from a cortical protoplast resulting from
vuhage [11|1ses ranging from — 150 mV to O mV. For clarity.only
currents responses {rom voltage pulses ranging from — 80 mV
to — 20 mV are shown. Holding potential was — 58 mV., En=
— 40 mV. d,Enlargement of the boxed area in ¢

Fig. 2 Recordings of whole-cell inward currents
across the plasma membrane of PTRC

inward currents for protoplasts in the bath solution
was —40+4. 2 mV (n=5). This is much closer to
the equilibrium potential for K" in the solution (E,=
—58 mV). The K*-channel blocker TEA*™#* at
a concentration of 10 mmol/L in the bath solution
reduced the inward currents by 67. 5% with 2 min-
utes relative to control in — 170 mV (Fig. 3).
These results suggested that the inward currents
were major K'Y influx.

2.2 Sensitivity to K™

The phenomenon that the inward currents de-
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a,Before addition of TEA™, b, 2 min after adding 10 mmol/L
extracellular TEA+. ¢, Current-voltage relationship of time-de-

pendent in varying concentrations of extracellular TEA™

Fig. 3 The effect of extracellular TEA™ on
the inward currents from PTRC

pending on the external K¥ concentrations was
used to explain the kinetic parameters of K% up-
take. Figure 4:b,c,d showed that the magnitude of
the inward currents increased as the extracellular
K* concentration increased, but the saturation of
the inward currents voltage decreased as the extra-
cellular K7 concentration decreased. Analysis of
the current-voltage relationship of the currents,
which obtained from tobacco root cortex exposed
io varying external K1 concentrations, indicated
that the activation potential ol inward currents
shifted to more negative values with decreasing Kt

eoncentrations (Fig. 4:e).
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170 to 10 mV with 20 mV
steps. b, Currents in 10 mmel/L K. ¢,Currents in 5 mmal /L
Kt. d,Currents in 2.5 mmol/L. K7, e, Current-voltage rela-

A, Pulses were applied ranging from

tionship of time-dependent in varying extracellular K7 concen-
trations, {, Michaelis-Menten function in extracellular K+ con-
centrations TAnging from £.5 to 10 mmal /L

Fig. 4 The effects of changes in extracellular K'
concentrations on the currents from PTRC

Numerous studies have shown that K+ uptake
by higher plant cells can be described by dual
Michaelis-Menten kineticst*). Fig 4. shows that
the dependence of the K* current density on the
extracellular K™ concentrations was well described
by Michaelis-Menten kineties, with a K, of
15. 2 mmol /L ,resembling kinetic properties of ma-
jor low-affinity Kt uptake component in higher
plant cellst 4,

2.3 Sensitivity to NH;

When the stand bath solution contained the
indicated 5 mmel/L. NH,Cl,the inward current was
reduced by 17. 1% relative to the current observed
with control in —170 mV (Fig. 5:a,b,d}. And the
current was [urther reduced by 26.6% with 10
mmol /L. extracellular NH,Cl (Fig. 5:a,¢,d). The
above-mentioned changes in the inward currents
showed that NH; inkibited the activity of inward
KT -channels and the effects became more obvious

with extracellular NH{ concentrations improved.
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a, Before addition of NHY . b,5 min alter adding 5 mmol /L. ex-
tracellular NI-IT, .5 min after nclding another 5 mmol /L extra-
cellular NH; . d,Current-voltage relationship of time-dependent

in varying concentrations of extracellular NH;

Fig.5 The effect of extracellular NH; on the inward
currents from PTRC

2.4 Sensitivity to Ca** and Mg*"

When the bath solution contained 4. 5 mmol /L.
Ca®* (2. 5 mmol/L Ca®" added),the inward current
was reduced by 57. 7% relative to the current ob-
scrved with control (2 mmol/L Ca** ) in —170 mV
(Fig. 6:a.b,d). The current was {urther reduced
by 68% with another 2.5 mmol/L extracellular
Ca** added (Fig. 6:a,c,d). The sensitivity of the
inward currents to extracellular Mg®" was also
Mg+

investigated. Extracellular 14 mmol/L
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(10 mmol/L Mg** added) reduced the inward cur-
rent by 50. 3% relative to the current observed in
the control (4 mmol/L Mg**) in —170 mV (Fig.
7:a,b,d}. And the current was further reduced by
68% with another 15 mmol/L extracellular Mg**
added (Fig. 7:a,c,d). To summarize, the experi-
ment demonstrated that the activity of inward K*-
channels was inhibited by Ca*t and Mg*" and the
effects become more obvious with extracellular

Ca*" and Mg'" concentrations increased.
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Fig. 6 The effect of extracellular Ca’* on
the inward currents from PTRC
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a,Before addition of Mg®*. b, 10 min after adding 10 mmol/L
extracellular Mg?*. ¢,10 min after adding another 15 mmol/L
extracellular Mg®t. e, Current-voltage relationship of time-de-
pendent in varying concentrations of extracellular Mg?+

Fig. 7 The effect of extracellular Mg on
the inward currents from PTRC

3 Discussion

Here, the data of this initial voltage-clamp
analysis of root cortex demonstrated that the in-
ward K*-channels constituted a major K¥ trans-
port mechanism in root cortex and that the K*-

channels provided a means for low-affinity K* up-

take at physiological external K* concentrations.

The result is similar to the previous works in
which the protoplasts of BY-2 cell and mesophyll
cell were used[”_”],bul the root cortex prutuplast
were seldom to be reported. And the root cortex
protoplast, which is identical with the normal root
cortex cells growing phenomenon, is dillerent to
the suspension cultured tobacco cells or mesophyll
cells. The result showed the extra-cellular K" con-
centration lowed in conjunction with the decreasing
of K¥ inward in PTRC. Obviously, extra-cellular
lower K concentrations don’t contribute to low-
alfinity K* uptake.

There were similarities hetween NH} and K™,
for example in the charge of ions,the diameter of
hydration cations and the effect on membrane po-
tential. These characters cause NH} and K* to
compete in biological activity such as the interac-
tion effect in plant passive uptake and the influence
on the component of plant tissue in the experiment

[24.25]

on long-time uptake sthe impact on the speeds

ol inward ion transport and outward ion transport
in the experiment on short-time absorption!!®#-#1,
The present studies indicated that NH} could sig-
nificantly reduce the quantity of K* uptake when
mediums contained NH{ "% In this experiment
the result indicated that NH; inhibited K% trans-
port through the inward K*-channels in the plasma
membrane of PTRC and the effects became more
obvious when extracellular NH} concentrations
were increased. Inward-rectifying K" channels have
universal permeability to NH{ ", When replacing
the external KT with identical concentration of
NH; ,a decrease of the current to 16% of the in-
ward current of the original current was observed
in the plasma membrane of PTRCEF4, The reason
that NH; inhibits the potassium current through
the inward channels is possibly that NH; acts on a
binding site external to the channel pore,which in
some way alfects the permeability of the channel.
Both Ca®** and Mg** are necessary macronutri-
ents for higher plants and they exist widely in soil.

The content of Ca®t and Mg®* in soil ranges {rom
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trace to 4% and from 0. 05% to 4%, respectively.
These changes depend on soil type, climate and
other factors=*.. The influence of Ca** and Mg** on
plant K*-channels results to induce distinct regula-
tion of K™ uptake from soil. In this experiment the
result indicated that the inward K*-channels in the
plasma membrane of PTRC were sensitive to the
transformation of extracellular Ca** and Mg** con-
centrations. Ca*" and Mg*" inhibited potassium
transport through inward K*¥-channels and the ef-
fects became more obvious when extracellular Ca®t
and Mg*" concentrations were increased. So Ca®"
and Mg** reduce K* uptake [rom soil when the me-
diums have high concentrations of Ca®* and Mg+,
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