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Abstract. The hyperpolarization of the electrical plasma tial to different stimuli suggests that the electrogenic ex-
membrane potential difference has been identified as aohange of ions across the plasma membrane could serve
early response of plant cells to various signals includingfor the transduction of signals (i.e., pathogen elicitors)
fungal elicitors. The hyperpolarization-activated influx perceived at the plasma membrane. The hyperpolariza-
of C&™" into tomato cells was examined by the applica-tion of the electrical plasma membrane potential differ-
tion of conventional patch clamp techniques. In bothence has been identified as an early response of plant
whole cell and single-channel recordings, clamped memeells to blue and red light (Shimazaki, Kinoshita & Nish-
brane voltages more negative than 120 mV resulted ifmura, 1980; Assmann et al., 1985; Serrano et al., 1988),
time- and voltage-dependent current activation. Singleauxins (Felle, 1988), the fungal toxin fusicoccin (Marre,
channel currents saturated with increasing activities ofi985) and specific fungal elicitors (Vera-Estrella et al.,
C&* and B&" from 3 to 26 nm and the single channel 1994). The treatment of tomato cell suspension cultures
conductance increased from 4 pS to 11 pS in the presenggith specific fungal elicitors led to a guanine nucleotide
of 20 mv C&" or B&", respectively. These changels binding protein (G-protein)-mediated dephosphorylation
were 20-25 and 10-13 times more permeable t6"Ca of the host plasma membrané4ATPase. This resulted
than to K" and to CT, respectively. Channel currents j the stimulation of the F-pump activity with the con-
were strongly inhibited by 1@uv lanthanum and 50%  omitant hyperpolarization of the electrical potential dif-
inhibited by 100um nifedipine. This evidence SUggests tgrence across the plasma membrane and the acidifica:
that hyperpolarization-activated €apermeable chan- o of the extracellular milieu (Vera-Estrella et al.,

nels provide a mechanism for the influx of €anto 1994: Xing, Higgins & Blumwald, 1996). Thus a hyper-
tomato cells. polarization-activated influx of Ga into the host cell
could provide a pathway for the elevation of cytosolic
Key words: Tomato protoplasts — Patch clamp — Cal- free C&* concentrations that mediates the induction of
cium channels — Hyperpolarized electrical membraneseveral biochemical pathways that are part of the plant
potential differences — Signal transduction defense response (Ebel & Cosio, 1994). Many of the
biochemical responses associated with the plant defense
mechanisms are inhibited by the depletion of extracellu-
lar C&* or stimulated in the presence of ionophores that

_ . . allowed the entry of CH into the cells (Schwacke &
Changes in the electrical potential difference across th‘?—lager 1992: Ebel & Cosio, 1994) suggesting that fluc-

plasma membrane of higher plants h{;lve been ShOV.V” Riations in cytosolic CH are required for an effective
be among the most rapid alterations induced by ab'Ot'(Ejefense response by the cell.

(Assmann, Simoncini & Schroeder, 1985; Serrano, 114 earliest electro ; ; ;
) . " physiological evidence for the
Zeiger & Hagiwara, 1988) and biotic stresses (Fe"e'operation of C&*-permeable channels in the plasma

1988; Ullrich & Novacky, 1991; Lohse & Hedrich : .

' e ’ ' membrane came from studies done in charophyte algae
1992). The sensitivity of the electrical membrane pOten'(Hayama, Shimmen & Tazawa, 1979; Lunevsky et al.,
1983). Most of the studies on €apermeation through
the plasma membrane of higher plants have shown the

Correspondence tcE. Blumwald activation of C&"-permeable channels at depolarized

Introduction
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electrical membrane potential differences (Fairely-buffer and centrifuged at 200 g for 5 min. This washing step was
Grenot & Assmann, 1992; White, 1994; Huang Grunes'epeated twice.

& Kochian, 1994; Thuleau et al., 1994; Marshall et al.,

199.4; Pireros & Tes_tgr, 1995) including an ABA- \McasUREMENTS OFWHOLE-CELL CURRENTS

activated nonspecific Gd-permeable channel

(Schroeder & Hagiwara, 1990). Plasma membranexperiments were performed using conventional whole-cell and single-
stretch-activated channels have also been reported @Bannel patch-clamp techniques (Hamill et al., 1981). Protoplasts were
pathways for the influx of Cd (Cosgrove & Hedrich, keptin a glass chamber containing 5, 10, 20, 35 or 50BaCl, (or
1991; Ding & Pickard, 1993)_ CaCl,) as described in the legends to figures, 0. potassium glu-

Recently, hyperpolarization-activated Tranflux tamate, 1 mn MgSQ,, 5 mv Tris-Mes buffer (pH 7.1-7.3) and sorbitol
! to give a final osmolarity of 450 mosmol. Glass pipettes pulled with a

has been also reporte,d (S_tOECkel & Takeda, 1995)' AIK/ertical puller (Adams & List, New York) from borosilicate glass cap-
though a full characterization of these currents has yet tQaries (Kimax-51, VWR, Boston, MA) coated with silicone (Sigma-
be done, it appears that these channels are different fro@bte, Sigma) and fire polished, had a tip resistance of 5400vhen
the putative depolarization-activated Cachannels. filled with (in mm): 100 potassium glutamate, 1 MgSC8 MgATP
Other reports have described hyperpolarization-activate(freshly added to the pipette solution), 0.05 Ca€0.10 BATA to give
nonselective cation channels that could also potentially? final free C& concentration of 100w (Tsien, 1980), 5 m Tris-Mes
provide a pathway for the influx of G4 (Fairley, Laver uffer (pH 6.1-6.3) and sorbitol with a final osmolarity of 475 mosmol.

X . The whole-cell configuration was initially obtained by forming a
& Walker, 1991; Cosgrove & Hedrich, 1991)' The ex- gigaseal with resistance of 6 to 8(Gin the cell-attached mode fol-

istence of hyperpolarization- and depolarization-|owed by the application of further suction to rupture the plasma mem-
activated C&'-permeable channels in the plasma mem-brane within the pipette tip. Whole-cell experiments were performed at
brane may be a required feature that allows plant cells t@3°C in voltage-clamp mode using Dagan 3900 amplifier (Dagan Cor-
efficiently couple the perception of stimuli at the p|asmaporation, MA) digitized on line (TL-1 DMA Interface; Axon Instru-

membrane to fluctuations in cytosolic Taconcentra- Ments, Foster City, CA), stored on a 386 based 33 MHz computer and
tions acquired and analyzed with pClamp 6.0.2 software (Axon Instruments).

. . i Voltage-pulse protocols were applied during data acquisition as de-
In this report we present evidence for*Canflux at scribed in the legends to figures. Tail current experiments were per-

hyperpolarized membrane potentials in the plasma menMormed by activating inward currents with ~160 mV pulses for 2.5 sec
brane of tomato cells. These channels are voltagefollowed by a step up in voltage to ~80 mV. This protocol was re-
dependently gated, selective for Caver K" and Cr, peated 15 times with a subsequent increase in the deactivating pulse of
sensitive to inhibitors including 34 and nifedipine and 10 mV. All membrane potentials reported here have been corrected for

they provide a mechanism for the influx of Tainto liquid junction potentials (Barry& Lynch, 1991). Whole-ce!l currents
tomato cells were filtered at 500 Hz with a four-pole Bessel filter contained in the

Dagan amplifier.

Material and Methods VOLTAGE DEPENDENCE OFWHOLE CELL CURRENTS

To determine the voltage-dependency of channel gating, the relative
conductance of whole cell currents was plotted as a function of the
clamped electrical membrane potential difference and fit with the fol-

lowing Boltman term:

PLANT MATERIAL

Cell suspensions of tomataycopersicon esculentum)lwere grown

in 500 ml Erlenmeyer flasks containing 90 ml of Murashige and Skoog
medium (Vera-Estrella et al., 1994). The flasks were kept in the dark

at 23°C on a rotary shaker (120 rpm) and subcultured weekly. In[1 -6 (VV6(V) = AG/RT + zFVIRT @

where the relative conductand® (s defined as the rati®/G,,,,. The
|SOLATION OF TOMATO PROTOPLASTS total free energy associated with the transition from the closed to the
open state of a channel within an electric field is defined by two
Protoplasts were prepared from 3-to-5-day-old cultured cells by digesvariables: the internal free energy of openidg¥) and the change in
tion for 1.5 hr in digestion buffer (0.4 sorbitol, 0.5 nm CaCl,, 0.3m energy of the dipole momentg)(associated with the two conforma-
Mes/KOH pH 5.5 with 2.0% cellulase (Seishin Corporation, Chuo-ku, tional states of the channel protein in the electric field (Labarca, Coro-
Tokyo Japan), 0.5% BSA and 0.1% pectolyase (Seishin Corporationpado & Miller, 1980).
Chuo-ku, Tokyo Japan). Digestion of cells was carried out in the dark
at 30°C in a rotary shaker. The digested cells were filtered through
Miracloth to remove all cell debris and the filtrate containing the pro- MEASUREMENTS OFSINGLE-CHANNEL CURRENTS
toplasts was centrifuged at 200gxfor 5 min. The protoplasts were
resuspended in 10 ml of wash buffer (4sorbitol, 0.2 nm CaCl, 15 For single-channel measurements, outside-out patches of plasma mem
mm Tris-Mes pH 5.5) and collected after centrifugation at 200 fer brane were obtained after the whole-cell mode by quickly pulling the
5 min. This washing step was repeated twice. The protoplasts wergipette away from the protoplasts. Both the bathing and the pipette
loaded on top of a 0/25% discontinuous Percoll gradient and centri-solutions used in single channel measurements were the same as thos
fuged at 250 >g for 20 min. Purified protoplasts were collected at the used in whole-cell measurements. Single-channel currents were mea-
0/25% Percoll interface. The protoplasts were resuspended in washured with the same equipment and computer software as that used in
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whole-cell measurements. Data were filtered with a four-pole Bessemato protoplasts was clamped from —180 to 40 mV in
filter at 200 Hz, digitized at 2KHz and stored on disk. increments of 20 mV from a holding potential of -60

Permeqblllty rgtlos for solutions containing a mixture qf mono- v/ At this holding potential the probability of channel
valent and divalent ions were calculated from the constant field equa-

tions proposed by Goldman-Hodgkin-Katz (Lewis, 1979) where theOpenlng IS very low, thus channel activation (open State)

reversal potential is determined by the zero current condition: y hyperpolgrizing-membrane potentials could be spe-
cifically studied. Only membrane voltages more nega-
I+ led + 1™ =0 (@ tive than -120 mV (hyperpolarized membrane poten-

In calculating channel selectivity wher"KCa* and CI are permeant, tlals) e“CIte.d Iarge inward Curren.ts Wlth Baas the

it is necessary to measure two or more values of the reversal potentieﬁharge carrer (FIg.A)._ Cu_rrent activation was fast and_
in two different solutions4 andB). The zero current equations for the followed an exponential time course. The voltage acti-
two conditions can then be manipulated to calculate relative permevation of the B&* currents was time-dependent and the
abilities: Pc2"IP*, P /P and Pc2*Pg~ (Hille, 1992; Allen & magnitude of the currents was largest at —-180
Sanders, 1995). The following equations were used to calculate perm\/. These currents were active at membrane voltages

meability ratios: that were within the range of the Nernst potentials fér K

P2Y/PE = (QAQE - QBQA)(QEQA. - QAQE.) 3) (=167 mV) and CI (=158 mV) suggesting that trlese
currents were not due to the movement &f &t of CI".

Pa/Pi = -P&PiQBa— QRIQE, 4) Similarly, replacing B&" with C&* on the extracel-

lular side of the protoplasts resulted in inward currents

elicited by hyperpolarized membrane voltages. These
EF2[S}, - [S], & ZEFRD currents were time- and voltage-dependent. Witf*Ca
RT  1_g7ERD (5) as the change carrier, current activation was faster and

the magnitude of the currents smaller (Fig)1 Activa-

and whereE is the reversal potential (in voltsF, is the Faraday con-  tion of C&" currents also followed an exponential time

stant,R is the gas constant is the absolute temperature,is the  course. The nonlinear current-voltage relationship (Fig.

valency of the ionS,[g is the activity of the ion on the cytoplasmic 1C) revealed inward currents that were strongly voltage-

((i) pipette solution) and extracellular s_ldegthln_g _soluFlon) of the dependent with maximum current activation onIy at hy-
plasma membrane ardlandB are solutions with distinct ion concen- . .
perpolarized membrane potentials.

trations. lon concentrations were expressed as ion activities for al " i
calculations of permeability ratios and Nernst potentials. Activities of Whole cells were exposed to 50nCa " while the

ions were derived by using activity coefficients estimated from the membrane voltage was clamped from —200 to 100 mV
Debye & Hickel equation (Nobel, 1991). For the measurement of for 1.2 sec (Fig. D). A fast voltage ramp increases the
whole-cell and single-channel currents®Bavas used as a €aana- probability of measuring a large proportion of channels
logue for several reasons: (i) Bablocks potassium channels in the in a given open state. The same ramp experiment was
plasma membrane of both animal (Armstrong & Taylor, 1980) and . +
plant (Wegner, De Boer & Raschke, 1994) cells that could potentiallyfmne n th.e p_resence of .10cha2 (nOt ShOWbl. As
mask C&" currents; (ii) B&" enhances the resolution of €ahannels Observeq in Fig. A andB, 'nwar_d currents were '?fQGSt
since the magnitude of the single channel currents are larger with Ba at Negative membrane potentials that were within the
as the charge carrier (Gelli & Blumwald, 1993). range of the reversal potentials fof Knd CI' suggesting

The open and closed time constants were determined from expothat the voltage-activated currents were due to the move-
nential fittings of open and closed time histograms using pClamp softment of C&" into the cell. The C& inward currents
ware. Histogram fits were determined to be good only if the standardreversed direction at 35 mV in the presence of 50 m

errors of time constants were less than 10% and if the criteria set b + . + .
pClamp software (i.e., goodness of #2.0) was met. Mean open and )baz and at 10 mV in the presence of 10unCa”* with

closed times were determined by the method of Labacca et al (1980)t.aII gurrent experlmentsn()t ShQWD" These reversal po-
Open channel probabilitie®§) were calculated from the ratio of mean tentials suggest that all three ions*(kCI™ and C&") are

open time to the total recording time (mean open time + mean closepermeant however the change in the reversal potential
time). In this way values oN (total number of channels in the patch toward the Nernst potential for @5'6\(154 mV) indicates

of membrane) estimated from single-channel records could not affecihat the channel is more permeable t¢Ohan to K or

values ofPg since this method considered only the average number ofCl— Using these reversal potentials for the calculation of
channels in the open state. This is relevant for channels with low open__ '

o ; ; 2+
state probabilities where the difficulty in determiniNgusually results peimeablhty rat|oss{(_aeM+ater|aI and MethOdSz); E_Ca /
in an underestimate (Plant, Gelli & Blumwald, 1994). Py of about 20, aP¢/Py of about 2 and &#z;/Pc, of

about 10 weeks were obtained. Similar results were ob-
tained with B&" as the charge carriengt showi.
Results To examine the voltage-dependency of channel gat-
ing a Boltman plot (Fig. 2) was constructed from whole
HYPERPOLARIZATION-INDUCED INFLUX OF Ba®* AND C&* cell recordings similar to those shown in Fig. 1. The
gating chargeZ), corresponding to the slope of the fit,
Whole cell currents were measured when the electricatevealed that both B4 (z = 1.09 + 0.15) and CH (z =
potential difference across the plasma membrane of t01.09 + 0.19) currents were sensitive to the electric field

whereQ is defined as:
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A
Fig. 1. Voltage-dependent Ba and C&" inward currents of tomato
::ggr:‘\\// protoplasts. Inward currents across protoplasts were measured by
clamping the membrane potential to —180 mV for a duration of 5 sec
—140mv followed by a 20 mV increment from -180 to 40 mV from a holding
—160mV potential of —~60 mV. A) Protoplasts bathed in 50nmBa?* (100 v
150 pA free cytoplasmic calcium (pipette interior)) displayed time-dependent
| 500 ms —180mY inward currents in response to negative membrane voltages. Largest

current levels corresponded to the largest negative membrane voltage.
(B) Replacing the protoplast’s bathing solution of 56 lBa?* with 50

B mm C&* revealed a similar type of voltage-dependent current however,
the time-dependence of voltage-activation appeared to be faster with

B Ca* than with B&". (C) Current-voltage plot from protoplasts A(H)
—100mv and B (@). Current levels measured at 4.8 sec from the onset of the
::fg’“\\// imposed voltage as described above were plotted against their respec:
m tive voltages. Values are Mearsp (n = 12). (D) A voltage ramp from
150pA —-160mv —200 to 100 mV in whole protoplasts. Similar results were observed in
500 ms at least 12 other protoplasts.
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C
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g 40t @ » =
3 [ ]
(6] 1 CID
© -800 + . NG
o 0D
o —
_8 hi
S —12007 W
+ + -2
1;50 ) ' ' ' -200 -150 -100 -50
-160 -120 -0 -40 0 40 membrane potential (mV)
membrane potential (mV)
Fig. 2. A Boltzman plot of the whole-cell currents recorded in 50 m
of either B&* (@) or C&* (O) in the bathing solution and with 100un
D pA 4 cytoplasmic-free calcium in the pipette. The relative conductaficis (

4500 defined as the ratio 0B/G,,, The gating chargez) of the channel is
represented by the slope of the least-squares fit line. The free-energy
(kcal/mol) associated with the transition of the channel from the closed
to the open state was determined from the Y-intercap6() of the

plot. Values are Mean b (n = 12). Error bars are smaller than

'-zloo mv -100 symbol size.
500 INHIBITION OF INWARD CURRENTS BY NIFEDIPINE
1200 ms The organic inhibitor nidefipine, known for its effective-

? ness in blocking L-type calcium channels in animal (Cat-
teral & Striessnig, 1992, Hille, 1993) and €a
permeable channels in plant cells (Gelli & Blumwald,
1993; Allen & Sanders, 1994) was used here in an at-
tempt to further characterize the inward currents. The

across the plasma membrane, comparable to that of Khalf-blocking concentrations reported are within the

currents in the plasma membrane of xylem parenchymaange of 0.5 to 10Gu™m, depending on the type of cell
cells = 1.16 + 0.22) (Wegner et al., 1992). The free (Hille, 1992). Inward currents were reduced by about
energy (Gibbs free energy AG;) associated with the 50% when 100um of nifedipine was added to the ex-
transition of the channel from the closed to the open statéracellular side (bathing chamber) of the protoplasts (Fig.
in the plasma membrane was similar for’84AG, = 3). The external BE concentration was maintained at
2.92 +0.23 kcalmot') and for C&* (AG, = 2.81+0.29 50 mv. Whole-cell currents were recorded by applying
kcalmol™). voltage pulses from —180 mV in increments of 20 to 40
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mV from a holding potential of -60 mV before (FigAB
and after (Fig. B) the addition of nifedipine. The pres- -100 mv
ence of nifedipine reduced whole cell currents and also -120my
slowed down current activation (FigBR The nonlinear
current-voltage relationship (Fig.C3 clearly demon-
strated the reduction in whole cell currents by nifedipine.
The block of whole cell currents was not strongly volt- -160mv
age-dependent as was shown by plotting the fraction of =, ,a
current inhibited by nifedipine as a function of the ap-
plied membrane voltage (FigD3.

=140mv

500 ms
-180mvV

~120 mV
V OLTAGE-DEPENDENT C&+ CURRENTS AT THE -140mv

SINGLE-CHANNEL LEVEL

-160mV

Single-channel currents were measured from outside-out 200pA
patches of plasma membrane exposed to various concen- | sooms
trations of C&" and B&" (bathing solution) while polar-

izing the plasma membrane to membrane potentials from ¢
—-120 to =190 mV. Single-channel recordings from iso- 200

lated patches exposed to 5mnC&* revealed voltage- o I -
[ ]

(pA)

dependent channel activity (FigA}¥in that channel

e

events became more frequent with increasingly negativéo L4
membrane voltages. Channel activity was detected at ~*% | o8
membrane potentials corresponding to the reversal po® @ .
tentials of K" (-167 mV) and CI (-158 mV) suggesting § -804 * 8
that the downward deflections corresponded to theo

movement of C&. Channel recordings at potentials 2 ~1200 1
greater than —190 mV were difficult to obtain since the ) . ) ) )
isolated patch of membrane became very unstable at _160 -120 -80 40 o0 4o
these large potential differences.

The current-voltage relationship constructed from
single-channel recordings similar to those shown in Fig.
4A was ohmic (Fig. B) for all three concentrations of D
extracellular C&" (5, 20 and 50 mM) (activities: 3.9, 1.00
13.3 and 26.1 m). Least-squares analysis yielded re-
versal potentials of 14, 30 and 42 mV for channel cur-
rents recorded in the presence of 5, 20 and 50 mM,c
respectively. The reversal potential of the single-channel,g T

-

membrane potential (mV)

0.75+

|
currents shifted toward the equilibrium potential forCa 2 %%°7 ] T T ¢
(=+133 mV with 5 mm (extracellular) and 100nn (cy- E l 1 °
toplasmic)) with increasing extracellular €xoncentra- 0.25¢ !
tions (Fig. 8B) suggesting that these channels are more
permeable to C4 than to K or CI”. Based on the re- 0.00 4 :
—200 -160 -120 -80

versal potentials, permeability ratid®3/Py, Pc,/Py and
PZ!/Pc,) revealed that these channels are about 25 times
more permea+ble to Cathan to K_' 13 times more per- Fig. 3. Inhibition of Ba2* currents by nifedipine. Time- and voltage-
meable to C&" than to CT and 2 times more permeable dependent currentsA were approximately 50% inhibited3] when
to CI” than to K. protoplasts were exposed to 1Q® nifedipine. This inhibition was
The open probability o) of the C&*—permeable observed irrespective of the divalent cation used in the bathing solution.
channels was dependent on the membrane potential difC) Current-voltage plot from protoplasts A (H) andl_3 (@). Current
ference (Fig. @) as shown by the sigmoidal-type of s mesiwed s 4 sec fom e orsetof e iosed volage s
relatlonShlp' ThePO began '[O. mcr_ease between —160 are Mean #sp (n = 12). D) The fraction of current (measured from
and -170 mV and reached its h|ghe5t value betWeel{hhole—cellrecordings as shown AnandB) inhibited by nifedipine was

-180 _tO —-190 mv. ) plotted as a function of membrane voltage. Values are Mesm(th =
Single-channel currents, recorded in the presence af2).

membrane potential (mV)
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Fig; 5 The dependence of single-channel currents on the activity of
Ba?" and C&". Channel currents were measured from single-channel
recordings similar to those in FigA4(A) Single-channel currents()
recorded at -180 mV were plotted against divalent ion activities in
(mm): 3.9, 13.3, 19.5 and 26.1. Channel currents saturate with increas-
ing concentrations of the divalent ion8)(An Eadie-Hofstee plot of

C experimental data il gaveK, values of 4.7 and 7.7 mand single-
channel maximum currents of 1.1 and 2.9 for’Cand B&", respe-
0157 cively. Values are + SDn( = 8).

-1.20 + + + +
-220 -160 -100 -40 20 80

membrane potential (mV)

increasing concentrations of extracellula”Cand B&*,
(5, 20, 35 and 50 mM) were plotted against the activities
‘ (3.9, 13.3, 19.5 and 26.1m) of the divalent cations (Fig.
0.00 ; | 5A). Current amplitudes were obtained from single-
e e e channel records similar to those shown in Fig. 4. The
membrane potential (mV) currents displayed an apparent saturation with increasing
activity of C&* and B&*. These current amplitudes
were used to generate an Eadie-Hofstee plot (FR). 5
Fig. 4. Voltage-dependent single-channel currents witif'Gas the  from which K4 values of 4.7 and 7.4 snand maximum
charge carrier.A) Single-channel recordings of outside-ogt patches of current values of 1.1 pA and 2.9 pA for Eaand B§+,
membrane from protoplasts exposed to 50 @&* and polarized from respectively, were obtained.

membrane voltages of —150 to —190 mV. Downward deflections indi- . .
cate 1 or 2 channels open and correspond to the movementbir@a Single-channel currents, recorded in the presence of

the cytosol. B) Current-voltage plots from single-channel recordings 20 MM Ce* or 20 mM B§+, resulted in two different
similar to those shown ii. Channel currents were measured over a levels of current amplitude when the membrane potential
range of extracellular G4 concentrations: 5@), 20 () and 50 nw difference was maintained at -180 mV (Fig. 6). The
(A). Single-channel currentd4) reversed E,.,) direction at 14, 30 unitary conductance decreased from 11 pS to 4 pS when
and 42 mV (indicated by arrows) as determined from a least-squares fitBa2+ was replace by G4 The current-voltage relation-

Data points are Mean 2p (n = 8). Error bars are smaller than size of . . . . .
symbols. C) The open probability o) of the channel is voltage- ship was ohmic for bOt_h dlvalent. cations (Fig.

dependent. The channBy, increased as the membrane voltage was 6C). Least squares analysis resulted in reversal poten-
made more negative and it reached its highest value between —180 fals of 26 mV (B&") and 30 mV (C&") suggesting that

=190 mV.
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A B
‘4pA WWWWWMW
100 ms !

C
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Fig. 6. Single-channel activity with B4 and C&" as the charge carrier. Channel recordings were obtained while polarizing the membrane to -1¢
mV in athe presence of 20nmBa2* or C&*. (A) With Ba2* as the charge carrier, single channel current amplitude was -2.0 pA at -180 mV. At
least two channels were present in the patch of membrgh&Vith Ca?* as the charge carrier, single channel current amplitude was much smaller
(-0.8 pA at -180 mV) and fewer channel events were observed. At least two channels were present in the patch of mé@nGranenttvoltage
relationship of single channels is linear for both?Band C&*. Largest current amplitudes were observed at increasingly negative membran
voltages. Least-squares analysis gave reversal poterEjgs¢f 26 and 39 mV (indicated by arrows) for Baand C&", respectivelly. Values are
Mean £ SD 6 = 8).

these channels are similarly permeable t6'Band C&"  pA) (Fig. 7D) corresponding to the opening of one chan-

(Pas =PZ2). nel is evident upon comparison (FigDY.
Single-channel recordings obtained in the presence
INHIBITION OF SINGLE-CHANNEL CURRENTS BYLa®" of 50 mu C&* while clamping the membrane voltage to

—180 mV, were used in constructing open (Fig) &nd
Among the transition heavy metals, 4] G**, La*>* and  closed time histograms (FigB$. Both histograms were
Zn?* have been shown to block €apermeable channels fitted with one exponential suggesting the presence of at
in both animal cells (Hille, 1992) and plant cells (Jo- least one closed (or one open) state of the channel (Fig.
hannes, Brosnan & Sanders, 1992; Gelli & Blumwald,8). The mean open and mean closed time of the channel
1993). The concentrations used to effectively blockwere voltage-dependent (FigCB The mean closed
these channels have ranged from 0.5 to 20 (Hiille, time constants decreased while the mean open time con:
1993). Here, single channel currents, recorded in thetants increased with increasingly negative membrane
presence of 50 m C&* while clamping the membrane voltages.
voltage from —160 to -180 mV (Fig.Aj, were blocked
by exposing the patch of membrane to L@ of La®* _ )
(Fig. 7C). Similar results were observed in the presencePISCussion
of Ba®* (data not showp The frequency of channel
events (Fig. A) was greatly reduced by BA(Fig. 7C).  THE VOLTAGE-DEPENDENCY OF
The inhibition of channel activity was further demon- HypPERPOLARIZATION-ACTIVATED Ca&" CURRENTS
strated by the amplitude histograms constructed from
single-channel recordings (=180 mV) similar to thoseThe large electrochemical potential gradient (200 to 300
shown in the absence (FigByand the presence of Ba  mV) for calcium ions across the plasma membrane, di-
(Fig. D). The absence of the peak (amplitugde -1  rected into the cytosol, allows for signal amplification by
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Fig. 7. Inhibition of channel activity by L&. (A)
Voltage-dependent single-channel currents recorded
in the presence of 50mCa*. The number of chan-
Amplitude (ph) nel events increased as the membrane voltage be-
pittude (p came increasingly negative. At least two channels
D were present in the patch of membrarig). Ampli-
C —160mV -14000 tude distribution histogram from single-channel re-
WW cordings (-180 mV) similar to thoses showAnThe
3 largest peak (0 pA) repesents the channel in the

— YF - e — 170 mV closed state. The additional peak at -1 pA corre-
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10000 sponds to the opening of one channé&)) [nhibition

of single-channel activity recorded in the presence
of 10 um La®*. Channel activity was significantly
inhibited as demonstrated by the reduced number of
channel events.) Amplitude distribution histo-
gram from single-channel recordings similar to
those shown irC. Inhibition of channel activity is

J :2000 demonstrated by the absence of the peak corre-

oo il —-180mV 3
W W

6000

3 sponding to the opening of one channel. Similar re-
S A 0 sults were observed in six other protoplasts.

-1 0
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transducing an imposed signal into a controlled increaséuction pathways linking the perception of signals (i.e.,
of cytosolic calcium (Bush, 1995). The localized signal fungal elicitors) at the host plasma membrane to the in-
perception at the plasma membrane can result in theduction of a series of biochemical responses (defense
hyperpolarization of the membrane potential from theresponses) that are essential to the survival of the in-
normal range of resting potentials (Shimazaki et al.fected cell (Xing et al., 1996).

1980; Assmann et al., 1985; Marre, 1985; Serrano et al.,  Although most of the studies on €apermeation
1988; Felle, 1988). Plasma membrane hyperpolarizatiothrough the plant plasma membrane have shown the ac-
has been inferred through the activation of the tomatdivation of C&*-permeable channels at depolarized po-
plasma membrane HATPase by fungal elicitors (Vera- tentials (Schroeder & Hagiwara, 1990; Fairely-Grenot &
Estrella et al., 1994). Previous work with tomaBi5  Assmann, 1992; White, 1994; Huang et al., 1994; Thu-
cell suspension cultures showed that treatment with infeau et al., 1994; Marshall et al., 1994 Bins & Tester,
tracellular fluids containing thavr5fungal elicitor ledto  1995), a few studies have shown<anflux at hyper-

a guanine nucleotide binding protein (G-protein)- polarized potentials (Stoeckel & Takeda, 1995).
mediated dephosphorylation of the host-plasma memsStoeckel and Takeda (1995) demonstrated that the de-
brane H-ATPase. This resulted in the stimulation of the layed outward-rectifying K currents in pulvinar proto-
H*-pump activity with the concomitant hyperpolariza- plasts were reduced by increased cytosoli¢*Qavels

tion of the electrical potential difference across thethat correlated with G4 influx at hyperpolarized poten-
plasma membrane and the acidification of the extraceltials. The hyperpolarization-associated rundown in the
lular milieu (Vera-Estrella et al., 1994). Thus, the acti- K* outward current was reversibly blocked by3‘g2
vation of calcium-permeable channels at hyperpolarizednw) and Gd* (0.5 to 2.0 nw) and it was reversed by
membrane potentials could provide a pathway for theowering external C& or polarizing the membrane to
influx of calcium into the host cells in response to patho-less negative membrane potentials. These results sug
gen infection. The subsequent elevation of cytosolic-gested the operation of €apermeable channels at hy-
free calcium concentration could activate signal trans{perpolarized membrane potentials.
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A tion-activated C&" influx previously reported. The
780 existence of hyperpolarization- and depolarization-
640 - activated C&'-permeable channels may allow plant cells
560 to efficiently couple the perception of stimuli at the
180 - plasma membrane to fluctuations in cytosolic?Ceon-

centrations.

7 The C&*-permeable channels reported here are ac-

tive at electrical membrane potential differences more
240 - negative than —120 mV (=120 to —-190 mV) and become
160 - much less active upon depolarizing the membrane where
the electrochemical driving force for €ainflux is re-
duced. Thus the influx of G4 into the cytosol is a volt-
s 100 | =0 o 40  seo age-dependentprocess. Furthermore, the Boltzman rela
Open Times (ms) tionship for the whole cell currents revealed that channel
B 2o openings (the transition from the closed state to the open
1 state) are associated with the movement of a gating
210 charge ¢ = 1.09) suggesting that the currents are sen-
180 sitive to the electric field across the membrane, thus they
are voltage-dependently gated. It is very unlikely that
the inward rectifying C&" currents are due to a Gold-
120 - man-style nonlinear diffusion through an open channel
that could arise when a steep gradient of ions exists
across the membrane (Hille, 1992).
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¢ £ The single-channel conductance suggested th&t @4
o, 1o pS) and C4&" (4 pS) permeated the channel pore slowly,
g 804 . however the apparent permgabll|t_|es and the appa?g:nt.
= et values suggested that both ions interacted strongly with
2 T, & the channel pore. Reversal potentials of the single-
g channel currents suggested a comparable selectivity be-
L sl tween B&" and C&" although the appareri{, values
S g - suggested a somewhat higher binding affinity foPCa
S s (4.7 mv) over B&* (7.7 mw). The channels reported
g —202- i Ti0o here were about 25 times more permeable t6"@an to
g membrane potential (mV) K* under ionic conditions of 100 m K™ and 100 m

Cé&* in the cytosol and 0.1 mK* and 5 to 50 mn C&*
Fig. 8. Dwell time distribution histograms of the Baand C3-  In the extracellular space. This value of selectivity is

permeable channel. Open and closed time histograms were construct@bmparable to that reported for theahannel in the

from single-channel currents recorded at -180 mV similar to thoseygcuolar membrane (Johannes et al.,, 1992: Gelli &
shown'in Figs. 4, 6 and 7Af Open and.closed timeBJ histograms Blumwald, 1993) and it falls in the range (3—26) of the
from single-channel curents recorded in the presence 8t @are aselectivity ratios reported for the depolarization-induced

fitted by one exponential. Events shorter than 1 msec were omitte n - . ~
from the fit. (C) The mean open and mean closed times were deter-Ca2 channels (Wh'te’ 1994; Thuleau et al., 1994;-Pin

mined as described in Materials and Method and plotted against th€f0S & Tester, 1995).
applied membrane voltages. Both the mean open and mean closed Further characterization of the hyperpolarization-
times varied linearly with membrane voltage. Values are Mean + SDactivated channels was attempted by examining the ef-
(n=8). fect of channel blockers on whole cell and single channel
currents. A series of organic (1,4-dihydropyridines in-
Although a full characterization of these channelscluding nifedipine) and inorganic (transition metals in-
has yet to be done, it is likely that the €anflux re-  cluding L&*) blockers have been used in the character-
ported by Stoeckel and Takeda (1995) and those dezation of calcium channels in animal and plant systems.
scribed here, are different from the putative depolarizaHowever the response of €zchannels to these blockers
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is variable when applied at high concentrations becausserved with C&', suggesting that the channels mediating
of nonspecific effects (Hille, 1992; Terry, Findlay & Ty- the hyperpolarization-induced €zcurrents are different
erman, 1992; Wegner et al., 1994). In several studiesfrom the K" inward rectifier.

La®>" and dihydropyridines have shown a moderate inhi- In conclusion, the hyperpolarization-activated
bition of outward-rectifying K channels in the range of plasma membrane currents described in this report pro-
10 pum to 100 um (Terry et al., 1992) and a stronger vide a mechanism for the influx of ainto tomato
inhibition of inward-rectifying K channels at concentra- cells. The hyperpolarization of the electrical potential
tions greater than 1 m(Wegner et al., 1994). I@hara, difference across the plasma membrane during pathoger
La>" was effective in blocking action potentials irrevers- attack would activate these channels allowing the influx
ibly but also blocked K and CI' channels (Tyerman, of C&" into the host cell. The subsequent elevation of
Findlay & Paterson, 1986; Smith, Walker & Smith, cytosolic C&" serves to activate signal transduction
1987). Although these studies suggested that thespathways that link the perception of fungal elicitors at
blockers may not be highly specific for €achannels, the plasma membrane to the induction of plant defense
more specific type of blockers have yet to be developedresponses (Xing et al., 1996). The hyperpolarization-
Here in this study, Cd-permeable channels were sig- induced increase in cytosolic €aconcentration is cur-
nificantly inhibited by 10um La®" and 50% inhibited by  rently being quantified and mechanisms of?Canflux

100 pm nifedipine. The block by L appeared to be regulation are being investigated.

voltage-dependent since fewer channel events were ob-

served as the electrical membrane potential difference
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