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Abstract. Plasma membrane anion channels are thoughintroduction

to play important roles in osmoregulation and signal

transduction in higher plant cells. Knowledge of their Recent studies reveal important roles for plasma mem-
pharmacology and regulation is of importance to unravebrane anion channels in plant cell osmoregulation and
their physiological functions. In this study, we explore signal transduction (Tyerman, 1992). The study of their
the pharmacological properties and the nucleotide regupharmacological properties as well as the knowledge of
lation of the voltage-dependent anion channeRodibi-  their regulations represent two means that can help in the
dopsishypocotyls. The pharmacological profile of this identification of their physiological functions. The use
channel is characterized by a low sensitivity to mostof channel antagonists is helpful to evaluate the contri-
anion channel blockers. It is inhibited by niflumic acid bution of a channel in integrated physiological processes.
with an IG;, of 80 pM, but poorly sensitive to IAA-94 In guard cells, for instance, blockers of the slow anion
and NPPB and insensitive to 9-AC and DIDS. Nucleo-channel prevent the closure of stomata pointing to a ma-
tides alter the amplitude, the kinetics and the voltagejor role of anion channels in electrolyte efflux from these
dependence of the channel. The main effect of nucleoeells that leads to stomatal closure (Schroeder, Schmidt
tides is a shift of the voltage-dependent gate of the chan& Sheaffer, 1993; Schwartz et al., 1995). Blockers have
nel toward depolarized potentials leading to a strongalso been used to demonstrate the involvement of anion
reduction of the current amplitude. This regulation doeschannels in the transduction of various signals (Ward,
not require ATP hydrolysis as nonhydrolyzable ATP Pei & Schroeder, 1995). Anthracene-9-carboxylic acid
analogues—AMPPNP and A%{B—also regulate the (9-AC), an anion channel blocker, is a potent inhibitor of
anion current. This suggests that a nucleotide bindingplant cell responses to fungal elicitors (Ebel & Cosio,
site is involved in the regulation. The study of the prop-1994) suggesting an important role of anion channels in
erties of this putative nucleotide binding site reveals thaelicitor signal transduction. More recently, an anion
(i) ATP regulates the channel with an E{®f 0.7 nm,  channel ofArabidopsishypocotyl cells was shown to be
(i) adenyl nucleotides modulate the channel with theresponsible for the depolarization induced by blue light
following order of effectiveness: ATP > ADB- AMP, in this organ (Cho & Spalding, 1996) and thus is likely to
and (iii) thiophosphate nucleotide analogues are the mogiarticipate in the transduction of blue light responses.
potent agonists with E§ in the range of 8Qum. The The knowledge of the factors that regulate a particu-
hypothesis that this regulation may couple the electricalar channel can also provide some hints concerning its
properties of the membrane with the metabolic status ofunction. In the case of anion channels, the study of their
the cell is discussed. regulation and especially of their downregulation is of
major interest, because the opening of anion channels
dramatically perturbs the electrical equilibrium of the
plant cell. Indeed, as the equilibrium potential for anions
resides far from the resting potential of the plant cell
plasma membrane, the opening of anion channels lead:
- to a depolarization and/or to a massive salt efflux. This
Correspondence tdS. Thomine can be used by plant cells either to transduce signals or
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to regulate their osmotic pressure but has to be preventeaf regulation by nucleotides. We show that this channel
in cells at rest. Examples showing that anion channelss efficiently blocked by niflumic acid but is insensitive
are subjected to strong regulation and that a channel typ@ both 9-AC and DIDS and poorly sensitive to IAA-94
is often the object of multiple regulations have recentlyand NPPB which are potent inhibitors of guard cell anion
been described. The slow anion channel of guard cells ishannels (Marten et al., 1992, 1993; Schroeder et al.,
regulated by both intracellular calcium (Schroeder & 1993; Schwartz et al., 1995). We provide arguments that
Hagiwara, 1989) and phosphorylation processeéhe regulation of the channel by ATP reflects the inter-
(Schmidt et al., 1995). This channel is activated by a risection of ATP with a nucleotide binding site rather than
of [C&?"],, from 10 v to 1500 m (Schroeder & Hagi- its use as a substrate for kinases and describe the spec
wara, 1989). When [G4],, is set to 240 m, a concen- ficity of the nucleotide binding site. We also provide
tration that allows the activation of anion currents, the@rguments that the nucleotides act mainly, if not only, by
channel can be upregulated by protein phosphatase ir?h'ﬁ'ng the'voltagg gate of the channel towa(d§ depolar-
hibitors and downregulated if phosphorylation is inhib- ized potential. This channel thus displays original prop-
ited either by depleting intracellular ATP or using pro- erties in terms of nucl_e_o'_ude-dependent regulat|_on and
tein kinase inhibitors (Schmidt et al., 1995). Even morePharmacological sensitivity when compared with the
complex is the regulation of the rapid anion channel ofother anion channels already described in higher plant
guard cells (GCAC1). An increase in intracellular cal- C&llS-

cium as well as the presence of nucleotides are required

to activate the current (Hedrich, Busch & Raschke, 1990p1aterials and Methods

Schulz-Lessdorf, Lohse & Hedrich, 1996). In the pres-

ence of calcium and nucleotides, the current that acti-

vates is strongly voltage-dependent with a threshold foLANT MATERIAL AND PROTOPLASTISOLATION

activation around —80 mV which is far from the usual Seedlings Arabidopsis thalianaecotype Columbia), were grown on a

res_tlng_ potentlal of plant cells. A thl_rd _Iev_el of regu- . edium containing (in m); 5 KNO,, 2.5 K,HPO/KH,PO, pH 6, 2
lation is achieved by extracellular anionic ligands suchmgso,, 1 ca(NQ),, 1 Mes, and 50um FeEDTA, Murashige and
as auxin and malate. These two molecules are able t8koog microelements (Murashige & Skoog, 1962), 10 g/L sucrose and
shift the voltage-dependence of the current so that thé ¢/L agar. Culture conditions were 21°C, with a 16-hr day length at
threshold for activation becomes more hyperpolarized 27708 B BEZME T sef WU ot (bes L EOTIEion sy
gnd closer to the resting potentlal of the guar_d cells (Hed-aged of 9 to 12 days were used for electrophysiological investigations.
rich & Marten, 1993; Marten, Lohse & Hedrich, 1991)- Hypocotyls were excised from 30 to 40 seedlings and protoplasts were
Thus, several levels of regulation are overlayed to conisolated according to Elzenga (1991) as described in Thomine et al.
trol the opening of GCAC1. (1995).

A similar scheme seems to be valid also for the
voltage-dependent anion channel Afabidopsishypo-
cotyls (Thomine et al., 1995). The activation of the cur-
rent after establishment of the whole-cell configurationwhole-cell patch-clamp experiments were performed as described by
and its subsequent rundown suggests that cytoplasmidamill et al. (1981) using an Axon 200A amplifier (Axon Instruments,
factors are necessary to maintain channel activity. Théoster City, CA). During measurements, freshly isolated epidermal
mechanism of this regulation is not yet understood and'otopiasts fromarabidopsishypocotyls were maintained in bathing

L . . e . medium (in mu): 50 CaC}, 5 MgCl,, 10 Mes-Tris, pH 5.6. The pi-
the activating factors remain to be identified. An addi- pettes were filled (in m) with 150 KCI, 2 MgCL, 2 EGTA, 1.8 CaCl,
tional level of control that involves ATP has been de- 19 Tris-Mes, pH 7.2, supplemented with nucleotides as indicated. The
scribed (Thomine et al., 1995). Intracellular ATP in- osmolalities of both solutions were adjusted to 450 mOsmol with man-
creases change the voltage range in which the channel igol using a Wescor 5500 vapor pressure osmometer (Wescor, Logan,
active so that larger depolarizations are required to actiUta_hz- Gigi“iham({)eg“?”;e _fﬁ%'sl(li‘?)(;betwefglpift"?ttel\sl (pigetti)
vate it. However, the question remained whether ATP/S3!Stance 210432 coated with sy/gard (eneral =iectic, ew Yor

. - ulled from Kimax-51 capillaries (Kimble Glass, Owens, IL) and pro-
regulates the channel via phosphorylation events as dé)— ’ ( ) ’

. . . oplast membranes were obtained with gentle suction leading to whole-
scribed for the tobacco cell anion channel (Zimmermanne) configuration. The liquid junction potential was measured accord-

et al., 1994) and the S-type anion channel of guard cellsng to Neher (1992). All the potentials given have been corrected for
(Schmidt et al.,1995) or whether it operates via a nucleoa junction potential of +4 mv.

tide binding site as described for the R-type anion chan-  Application of voltage programs and handling of the data were

nel of guard cells (Hedrich et al., 1990) and a class c)fperformed using a Digidata 1200 |nterfa(_:e and patch-clamp software
animal potassium channels (Ashcroft, 1988). pClamp 6.0.2. with Clampex and Clampfit (Axon Instruments, Foster

. . . City, CA). The filter frequency was set to 2 kHz. Capacitive transients
In this work, we describe novel properties of the were corrected during the patch-clamp experiments, but very fast tran-

voltage-dependent anion channel of hypocotyl epidermadients €1 msec) could not always be completely eliminatselfigs.
cells in terms of sensitivity to anion channel blockers and and 3). For the pharmacological tests, pipettes yielding rather high

ELECTROPHYSIOLOGICALINVESTIGATIONS



S. Thomine et al.: Nucleotide Regulated Anion Channel 73

access resistance in the range ofMQ were used to prevent rapid wheree is the elementary chargk,the Boltzmann constant aridthe

rundown of the anion current. In contrast, in the experiments testingabsolute temperature (293 Rj;, stands for membrane potential ang

the effect of intracellular nucleotides, large pipettes leading to lowthe gating charge, and,,,, the half activation potential, are character-

access resistance seals (2+3) were used to achieve fast and efficient istic parameters of the channel.

perfusion of the cytoplasm. The series resistance was compensated to

more than 85% when necessary. No leak substraction was applied on

any of the recordings. In some cases, the currents are expressed BODELING OF THE |-V CURVE OF THE ANION CURRENT

current density (A/cm?) assuming that the membrane capacity is 1

pF/en?. Unless otherwise indicated, figures are shown for one repre-The experimental-V data have been fitted with a calculated function

sentative protoplast, and statistics are given as mesm(# indicates  asl(V,) = lgux(Vim) * Po(Vi): lank represents the current calculated

the number of protoplasts tested). according to the Goldman-Hodgkin-Katz (GHK) equation (Hille,
1992). The permeability coefficient of the GHK equation has been
used as an adjustable parameter to fit the calculated function to the

INHIBITORS experimental data. The voltage dependence of the open probability
(P,) has been calculated from the Boltzmann equation using the pa-

The anion channel blockers 9-AC (Anthracene-9-carboxylic acid), rameters from the fitting of the experimentally determined normalized

DIDS (4,4-diisothiocyanato-stilbene-2-2lisulfonic acid) and niflu-  open probability §eeprevious section). The rectification of the current

mic acid were purchased from Sigma-Aldrich (St. Louis, MO). IAA- petween the peak potential and 0 mV was fitted as a voltage dependent

94 (R(+)-methylindazone; indanyloxyacetic acid 94) was purchaseqeqyction of the current by an additional Boltzmann function with a

from RBI (Natick, MD). NPPB (5-nitro-2-(3-phenylpropylamino)ben-  gating charge of 0.7 and a potential of half inhibition —115 mV.
zoic acid) was purchased from Tocris Cookson (St. Louis, MO). They

were prepared as stock solutions in ethanol so that the final concen-
tration of ethanol in the bath solution never exceeded 1%, a concen
tration which had no effect on the anion current. 9-AC was also teste(B
when initially dissolved in Iv NaOH, in this case, the final concen-

tration of NaOH was 0.5 m and it did not change the pH of the NIFLUMIC AciD. IAA-94 AND NPPB NTERACT WITH
external bath solution. ’
HyPOCOTYL VOLTAGE-DEPENDENT ANION CHANNELS

esults

NUCLEOTIDES Various anion channel blockers were tested in the whole-

All the nucleotides were purchased from Sigma (St. Louis, MO). Ad cell patCh_Clamp configuration on prOtOpIaStS from epi—
enosine-5trisphosphate (ATP) was tested either as &Mzthelate or dermal Ce.”S ofArabldopS|shypocotyIs. When the cur-
as a K salt (as indicated in the results and in the figure Iegends).rent amp“tUde hi?ld refaChed a stable_vall_Je for more than
Adenosine-5phosphate (AMP) and adenosinediphosphate (ADP) ~ ON€ minute, the inhibitors were applied in the extracel-
were tested as K salts. Guanosine‘&riphosphate (GTP),’s  lular medium using a local perfusion pipette. Local per-
adenylylimidodiphosphate (AMPPNP), adenosirig=6(3-thiotriphos- fusion around a protoplast of either 10 DIDS (n =
phate) (AIPY?' adi“OSir:‘e"g)oi('thiO?iPhgsphate) (ADF‘?S)& ghuago‘ 3) or 9-AC (0 = 7), potent inhibitors of guard cell anion
sine-B3-0-(3-thiotriphosphate) (GT¥5) and guanosine-8)-(-thiodi- P ; [ SRt
phosphate) (GDBS) were tested as Lisalts. It was checked that 10 channels, did not InduPe any significant inhibition .Of t.he
mm Li* had no effect by itself on the voltage dependence of the anionvonage'dependem anion C!'”rem on a 5-to-10-_m|n time
current. scale (lata not shownjn Fig. 1B, 9-AC was simply
injected in the bath solution). We also investigated
whether 9-AC or DIDS could act on the cytoplasmic side
DETERMINATION OF RELATIVE OPEN PROBABILITY of the membrane. When 9-AC and DIDS were added at

The relative open probability was measured in the whole-cell configu-the concentration of 100m in the patCh pipette, neither

ration using a two step voltage protocol. The membrane potential waéljld they prevent the aCt'Va_t'on_ of the current nor C_“d they
first stepped from a holding potential of ~184 mV to various depolar- induce an obvious reduction in the current amplitude.
ized voltages\,,,) to activate the channels. Then, it was stepped back Figure 1A illustrates the inhibition of the anion cur-
always to the same potentialfy (usually —184 mV) at which the  rent by 0.5 nw niflumic acid. The peak amplitude was
driving force for chloride is high. We measured the current at the veryreduced by 87% and the peak potential was shifted by 10
beginning of this second pulse before the deactivation, when the oPefv toward hyperpolarized potentials. Figur® His-
probability can still be assumed to be that which prevailed athe . . . .
imposed during the preceding depolarizing step. This current can bglays the |n_ten5|ty of the current as a func_tlon C?f time
written asl,; = N-g- (Enoq - Ec) - P, WhereN, the total number of after establishment of the whole-cell configuration. It
active channelgy the single channel conductance afg{, - E) the ~ Shows that, whereas addition of 0.IMn®-AC in the
driving force for Cl are constant, arR}, is the open probability of the ~ external solution had no significant effect, the onset of
channel at the end of the first pulse. Thiyg is proportional to the  the local perfusion system containing 0.miflumic
open probability of the channel and the raljg/laimax'ePresents the  acigl induced immediate inhibition. Steady-state inhibi-
relative open probability. The variations of the relative open probabil—tion by niflumic acid was reached within 20 sec (time
ity of the channel with the potential were then fitted using the Boltz-
mann equation: between two test protocols) after the onset of the perfu-
sion. When the local perfusion was stopped, the current
P, = L1 + expl,e/kT) * (Vi = V)l came back to the control value within 30 sec to 1 min.
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Fig. 1. Effects of niflumic acid (NA) on the voltage-dependent anion current of hypocotyl cells. Whole-cell currents were measured on hypocc
epidermal protoplasts using the solutions described in Materials and Methods. The pipette solution containkid-Z\iP and 5 nm GTP. @A)

Effect of 0.5 mm niflumic acid on thel-V curve. The current response to a 20-sec voltage ramp between —184 and +56 mV applied to the plas
membrane is shown before (control) and 1 min after the onset of the perfusion ofvONAM(B) Time course of the effect of niflumic acid on

the whole-cell current. The current at the peak potential (-~100 mV) was measured every 30 sec. The establishment of the whole-cell configu
was taken as time 0. After 8 min the anion current was nearly stabilized andM0®AC was injected in the external medium. After 12 min, the
local perfusion containing 0.1 mNA began. In this experiment NA inhibited 61% of the voltage-dependent anion current and its effect was full
reversible. Dose-response curves of the inhibitiGh énd the shift D) induced by niflumic acid on the voltage-dependent anion current. The
maximal current and the peak potential were measured from voltage ramps before and during the local perfusion of various concentrations o
The symbols represent the measntof 3 to 4 experiments on different protoplasts. The lines correspond to the fitted curves obeying to the equatic
E = (Enax' [NA]/(K + [NA]) where E stands for inhibition/shift, [NA] for the concentration of niflumic ack,, ., for the maximal inhibition/shift
andK for the apparent affinityKk andE,,, were the adjustable parameters. The fit yiel#edalues of 83.m and 0.43 nw andE,,, values of 97%

and -31 mV for the inhibition and the shift, respectively.

As shown in Fig. € andD, both effects of niflumic acid, 100um. Higher concentrations could not be assayed due
i.e., current inhibition and peak shift were concentration-to insolubility of the molecule in 1% ethanol in our con-
dependent. Niflumic acid inhibited the voltage- ditions. The inhibition occurred immediately upon
dependent anion current with angy®f 83 wm and com-  NPPB application and the reversibility could be observed
plete inhibition could be obtained with 1nm As already in some cases but as it was slow (1-2 min), it often

noticed by Marten et al. (1992), the Effor the gate
shifting effect was lower than the Igfor the inhibition.

overlapped with the rundown of the anion current. IAA-
94 also induced inhibition of the voltage-dependent an-

Indeed, the fitting of the data points with a Michaelian ion channel. However, 10@mv and 500um 1AA-94 in-

equation gave an estimation of 48 for the apparent

affinity and predicts a maximum shift of —=31 mV.
NPPB reduced the peak amplitude by 24 + 596

11) and 52 + 7%1{ = 4) when applied at 3.m and 100

duced an inhibition of the anion current of 26 + 6%

3) and 29 £ 4% 1 = 3), respectively, and induced the
same shift of -4 + mV data not showp This suggest
that IAA-94 is not able to block completely the voltage-

M, respectively and also provoked a significant shift of dependent anion current but that it interacts with the

the peak potential of #+ 2 mV at theconcentration of

channel with an affinity below 10Qum. As observed



S. Thomine et al.: Nucleotide Regulated Anion Channel 75

with niflumic acid the effect of IAA-94 was rapid and effect was concentration-dependent, as intermediate in-
reversible. hibitions of the current and intermediate shifts of the
peak potential were obtained when the inside of the cell
was perfused with an intermediate concentration ol m
THE NUCLEOTIDE REGULATION OF THE HYPOCOTYL Mg-ATP or AMPPNP. Thus, AMPPNP was able to
ANION CHANNEL DOES NOT REQUIRE ATP HYDROLYSIS  mimick the effect of Mg-ATP on the anion current, in-
ducing similar inhibition and shift of the peak potential
The hypocotyl anion channel has been previously shownvhen tested at the same concentrations as Mg-ATP. The
to be regulated by ATP (Thomine et al., 1995). How- ability of AMPPNP, a nonhydrolyzable analogue of ATP
ever, the question whether ATP acted as a donor of phog¥Young, 1975), to mimick the effect of Mg-ATP dem-
phate group or by binding at a nucleotide regulatory siteonstrates that ATP hydrolysis is not required for channel
remained. To address this question we compared the efegulation.
fect of AMPPNP, a nonhydrolyzable structural analogue  Furthermore, ATRS, another nonhydrolyzable ana-
of ATP, with that of Mg-ATP on the anion current. The logue of ATP, was even more efficient than Mg-ATP
cytoplasm of the protoplast was perfused by a pipettdtself to regulate the channel. Figur® 3hows a com-
solution containing either Mg-ATP or AMPPNP in the parison between the effects of Mg-ATP and AR
whole-cell configuration. In these conditions, the anionin the presence of 5 mMg-ATP, the current showed a
current activated to an amplitude and a peak potentiabeak potential of =19 + 5 mV and amean maximal
characteristic of the nucleotide concentration in the pi-current density of -25 + JuA/cm? (n = 5), whereas
pette and then began to rundown. Measurements wer&TPvyS, at the same concentration induced an extreme
done just before the onset of rundown. shift of the peak potential to %+ 3 mV (n = 3) asso-
Figure 2 shows representative results obtained witltiated with a drastic reduction of the current to -3.8 £ 1.0
various concentrations of Mg-ATP or AMPPNP in the pA/cm? (n = 3, Fig. B). In addition, even a concen-
pipette. With a pipette containing 0.1MMg-ATP or  tration of only 0.25 nu ATPyS induced a more pro-
AMPPNP, depolarizing pulses from a resting potential ofnounced effect than 5 m Mg-ATP, shifting the peak
-184 to -134 mV induced the activation of the inward potential to -% + 1 mV andreducing the current to -12
current with time constants of 32 + 10 msec£ 5)and  + 2 pA/cm? (n = 4). This finding reinforced the idea
23 + 13 msecr{ = 4) for Mg-ATP and AMPPNP re- that the regulation of the voltage dependent anion chan-
spectively (Fig. 2 and B). Depolarization to =94 mV nel by ATP does not require ATP hydrolysis.
elicited smaller currents with faster activation kinetics of However, the regulation of the channel by AJ%
2.3 +£0.9 msec (Mg-ATPn = 4, Fig. ) and 2.9 + 1.5 had some distinctive features when compared with the
msec (AMPPNPn = 4, Fig. B). This corresponded to effects of Mg-ATP. The shift of the peak potential by
anion currents activating at hyperpolarized thresholdVig-ATP was associated with a fast activation kinetics of
(around —160 mV) and reaching a maximal amplitude athe current at the peak potential. Figur& Shows that
potentials of -18 + 7 mV (Mg-ATP, n = 6, Fig. ZE) 0.25 mm ATPyS induced a more complex kinetic behav-
and -126 + 8 mV(AMPPNP,n = 5, Fig. F). These iour. The current elicited by a depolarizing pulse to -84
very negative peak potentials were similar to the onemV displayed a fast component with a time constant of
observed using a pipette lacking nucleotides (Thomine e2.1 + 0.6 msec comparable to the activation in presence
al., 1995). of ATP at a similar potential (Fig.& andC). But this
Figure Z and D show the currents elicited by de- fast component accounted only for 30 + 10% of the
polarizing pulses when the concentration of Mg-ATP orcurrent, and an additional slower component with a time
AMPPNP was raised to 10w In these conditions, de- constant of 2 + 4 msec i = 3) accounting for 70 + 9%
polarization to —134 mV was not sufficient to activate of the current was observed only in the presence of
the current, but depolarization to -94 mV still induced ATPyS. In addition, when a depolarizing step to —104
the activation of the anion current with fast kinetics. ThemV was applied to the membrane, the activation of the
time constants for activation were 1.2 + 0.3 msec (Mg-current was followed by a partial inactivation of 27 + 5%
ATP,n = 6) and 0.6 £ 0.3 msec (AMPPNP, = 3).  (n = 3) of the current.
This corresponded to anion currents activating at a de-
polarized threshold of around -120 mV and reaching
peak amplitudes at 79+ 4 mV (Mg-ATP, n = 6, Fig. THE NUCLEOTIDES MAINLY ACT BY SHIFTING THE
2E) and -91 + 4 mV(AMPPNP,n = 7, Fig. F). Rais- VOLTAGE GATE OF THE VOLTAGE-DEPENDENT
ing the nucleotide concentration from 0.1 to 1Gme-  ANION CHANNEL
duced the maximal amplitude from —45 + a2J/cm? (n
= 6) to —24 + 10pA/cm? (n = 6) for Mg-ATP and from  The nucleotides induce a shift of the threshold of acti-
-50 + 23pA/cm? (n = 5) to -15 + 7uAlcm? (n = 7)  vation of the anion channel associated with a shift of the
for AMPPNP. Additionally, Fig E andF show that this  potential for which the current reaches its maximal am-
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Fig. 2. Comparison between the effects of intracellular Mg-ATP and of its nonhydrolyzable analogue AMPPNP. Currents elicited by depolariz
pulses from a holding potential of -184 to -134 mV and -94 mV after perfusion of the cytosol with pipette solutions containin
(in mm): 0.1 Mg-ATP @), 0.1 AMPPNP B), 10 Mg-ATP (C) or 10 AMPPNP D). The dashed lines indicate the position of O current. The very
fast capacitive transients occurring at the beginning of the pulses have been masked for the sake of clarity. Représtmiaties from
protoplasts perfused with either 0.Ivnfopen circles), 1 m (filled circles) or 10 nm (filled squares) Mg-ATPE) or the same concentrations of
AMPPNP ) were constructed from the currents measured at the end of 100-msec voltage pulses to potentials ranging from —184 to +6 mV
a 10-mV increment. The currents are expressed as whole-cell current density assuming that the membrane capaiityfisThe solid lines in

E andF represent-V curves calculated using the model described in Materials and Methods. The parameters used to fit the data obtained witt
mm Mg-ATP were: gating charge, = —3.4, potential of half activatiol,, = —145 mV for the voltage-dependent open probability, afyd=
1.5;Vv'y, = -105 mV for the rectification of the current between the peak potential and 0 mV. Concentrations: [{BR mv, [Cl], = 110 mm.

The curves fitting the data obtained with 1 and 1@ iMg-ATP were calculated using the same parameters exceptipatas shifted from -145

to —120 mV (1 nm) and —-104 mV (10 m). The data inF were fitted using the same procedure, in this caseVtjjesalues were —144 mV (0.1

mv AMPPNP), =126 mV (1 mi) and =94 mV (10 ).

plitude (peak potential) and a reduction of the amplitudeof the membrane potential with pipette solutions contain-
of the current. In an attempt to analyze the effect ofing 0.1, 1 or 10 mu Mg-ATP. This analysis reveals that
nucleotides on the voltage-dependence of the anioMg-ATP induced a shift of the activation curve toward
channel in more detail, we used a two-pulse protocol thatlepolarized potentials. The fit of these data using the
allowed a determination of the relative open probability Boltzmann equation showed that, whereas the gating
of the channel at different membrane potentiglseMa-  charge that accounts for the steepness of the voltage-
terial and Methods). FigureMdisplays the variation of dependence was nearly unchanged when the interna
the relative open probability of the channel, as a functionconcentration of Mg-ATP was raised (2.8, 3.0 and 2.6 for
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Fig. 3. Comparison between the effects of intracellular Mg-ATP and 0.?240 200 -160 -120 -80 -40 0
of its thiophosphate analogue AY8. (A) Currents elicited by depo-

larizing pulses from a holding potential of -184 to -104 and -84 mV Vm (mV)
after perfusion of the cytosol with a pipette solution containing 0.25 _ . .
mm ATPyS. The dashed lines indicate the position of zero current. TheF'g_' 4. Effects of nucleotides on the voltage gate of the anion Cha_mnEI_'
very fast capacitive transients occurring at the beginning of the puIseJaII currents were measured using a two pulse protocol as described in

have been masked for the sake of clariB). RepresentativeV curves Materials and Methods. The tail currents were normalized and dis-

from protoplasts perfused either with 5mMg-ATP (filled squares) or played as a function of the prepulse potential. The normalized data
with 0.25 my (open circles) and 5 m ATPyS (filled circles) were (symbols) have been fitted by Boltzmann functions. Variations of the

constructed from the currents measured at the end of 100-msec voltagj)eoen pmb"’“b”ity asa function 9f the me_m_brane potential in protoplasts
pulses to potentials ranging from —184 to +6 mV with a 10-mV incre- perfused with an internal solution containing 0.1, 1 or 1@ kg-ATP

ment. The currents are expressed as whole-cell current density to elimi™ O With an internal solution containing no nucleotide, % rig-

nate the differences in currents amplitudes due to the different sizes o'?‘TP or 1 ma ATPyS (B). The parameters of the Boltzmann curve

the protoplasts. The solid lines B represent-V curves calculated V€% of 2.8, 3.0 and 2.5 anvl/Z_ of ~140, ~125 and ~106 mV for

using the model described in Materials and Methods. The parameterg'l’ 1 and 10 m Mg-ATP, respectively4), andz, O_f 2.9,2.8and3.3

used to fit the data obtained with 5SMYMg-ATP were: gating charge andV,, of 141, ~107 and ~61 mV for 0 nucleotide, SaMTP and

z, = —3.4, potential of half activatiol’, = =111 mV for the voltage- 1 mm ATPYS, respectively®).

dependent open probability, aatj, = 1.5;V'y, = -105 mV for the

rectification of the current between the peak potential and 0 mV. Con-

centrations: [Cli]‘= 162 mv, [Cl], = 110 nm. The curves fitting the  gnd =61 mV in the presence of 1MPATPYS, which

data obtained with 0.25mand SmAATPyS were calculated using the corresponds to a shift of 80 mV. A concentration of 5

same parameters except tNa}, was shifted from -111 mV to -90 mV v Mg-ATP close to the physiological conditions. sets

(0.25 nm) and -68 mV (5 mu). ! . ! -
the voltage gate of the channel near the middle of this
range with avy, of —107 mV (Fig. 4).

0.1, 1 and 10 m Mg-ATP, respectively), the half acti- To show that the nucleotide-induced shift of the

vation potential ¥;,,) was shifted to depolarized values voltage gate accounts for all the effects of nucleotides on

(140, -125 and -106 mV for 0.1, 1 and 10 Mg-ATP, thel-V relationship of the current, the experimental data

respectively). Figure B shows that ATRS also acted in Figs. &, F and 38 have been fitted using the model

by shifting the voltage gate of the anion channel. It alsodescribed in Materials and Methods. The solid lines in

illustrates the fact that the channel can be modulated othese figures represents the calculdtddcurves. In Fig.

a wide potential scale sinoé,, can vary between —-141 2E, for example, the parameters of the model were cho-

mV when no nucleotide is added in the internal mediumsen to obtain amV curve fitting the data obtained using
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Fig. 5. Nucleotide specificity of the regulation of
the voltage-dependent anion channel. Peak
potentials were measured from 20-sec voltage
ramps after perfusion with internal solutions
containing various nucleotides, just before the
onset of rundown. Mean valuessb are shown
and the numbers in parenthesis indicate the
number of protoplasts tested in each condition.
Except for ATP, GTP and UTP, the experiments
were done using the solutions as described in
Materials and Methods. In the case of ATP, GTP
©) and UTP, the internal solution did not contain

-150 Mg?*.

Peak potential (mV)

the 0.1 nm Mg-ATP pipette solution. The open prob- sented in Fig. 5: (i) Only molecules with a nucleotide
ability has been calculated using the Boltzmann equatiostructure are active, as S\ipyrophosphate is inactive in
with a gating chargez() of 3.4, and a potential of half comparison with 5 m Mg-ATP. The fact that 5 m
activation {/;,,) of -145 mV. The curves fitting the data NAD which includes an ADP moiety linked with nico-
obtained with 1 and 10 m Mg-ATP have been gener- tinic acid in+y is inactive shows that the last phosphate
ated using the same parameters with the only differencgroup needs to be free. (i) The number of phosphate
thatV,;, has been shifted from -145 to -120 mV (Min  groups as well as the nature of the bond between the
and -107 mV (10 m). This sole modification of the groups are critical: 10 m AMP is nearly ineffective to
position of the voltage gate was sufficient to mimick the shift the peak potential, whereas ADP is active but not as
effects of the Mg-ATP on the threshold of activation, the much as ATP. Alteration of one phosphate group by
peak potential and the amplitude of the current at thesypstitution of an oxygen atom by a sulfur atom in-
peak. A similar procedure was applied to the data increases very much the activity of a given nucleotide: 1
Figs. & and 3B confirming that the nucleotide effect on 3y ATPyS, ADPBS, GTR/S or GD®BS are more effi-
the voltage gate is responsible for all the modifications ofsjent than a ten times higher concentration of ATP or
_thgl-v curve when in.tracellular nycleotide concentratio_n GTP. The presence of ahbond between two phosphate
is increased. Especially, the shift of the peak potentialyq,ps diminishes the activity: AMPPNP is less efficient
toward potentials at which the electrochemical gradientyan, free ATP. (jii) The nature of the base is not critical:
is reduced appears sufficient to account for the nucleoy g . ATP, 10 v GTP or 10 nv UTP induce a similar
tide-induced inhibition of the anion current. Further- shift of the peak potential and AR and GTRS dis-

more, the strong o_iecrease of the anion conductance ﬁay similar activity. These requirements define the pro-
depolan;gd potential makes the sh!fts of the voltage gat le of the nucleotide binding site involved in the regu-
most efficient to modulate the amplitude of the current 23ation of the hypocotyl anion channel.

the peak potential in the range between -140 a We studied the activity of some selected nucleotides

~60 mv. in more detail by establishing their dose-response curves
(Fig. 6). The data were fitted with a Michaelian equation

STRUCTURAL REQUIREMENTS FORNUCLEOTIDE ACTIVITY assuming a single binding site for nucleotides, although

ON THE ANION CURRENT a clear saturation was not reached for every nucleotide.

This allowed the determination of two parameters that
We investigated the structural requirements for nucleoare important for the regulation: the apparent affinity of
tide activity on the anion current. As the most reproduc-the binding site for a nucleotide and the maximal shift of
ible effect of nucleotides on the channel is a shift of thethe peak potential that a nucleotide can induce. Figure
voltage gate that can be easily measured as a shift of th@A recapitulates the dose-response curves to Mg-ATP
peak potential, we measured the peak values obtained and its two nonhydrolyzable analogues AMPPNP and
a given concentration of a range of nucleotides (Fig. 5)ATPyS that were presented in the first part of the results
The following properties required for a molecule to be a(Figs. 2 and 3). As already underlined, Mg-ATP and
channel effector can be derived from the results preAMPPNP were similarly effective. A Michaelian fit of
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-40 Fig. 6. Concentration-dependent effects of nucleotides. The peak po-
A tentials were measured from 20-sec voltage ramps after perfusion with
internal solutions containing various concentrations of different nucleo-
I~ 60 tides, just before the onset of rundown. The data points represent the
E means of these measurementsot The curves represent the fit of the
® 80}l data by the following equation describing the fixation of an agonist on
g a single binding site:
5-100 B Vpeak = Vpeak(0)+ (Avpeak(max)' [N])/( K+ [N])
é where V.o stands for peak potential, [N] for the concentration of
-120p nucleotide Ve, for the peak potential in the absence of intracellular
= nucleotidesAV,eakmaxfor the maximal shift of the peak potential and
140t K for the apparent affinity. The adjustable parameters werand
. AVpeakmaxy (A) Comparison between the dose response curves for
Mg-ATP and two nonhydrolyzable analogues, AMPPNP and A3.P
log [nucleotide] (M) The number of protoplasts tested was 9 in the absence of nucleo-
40 tide, and 5-7, 57 and 3-7 for the various concentrations of Mg-ATP,
AMPPNP and ATRS, respectively. The data were fitted with K values
—~ -80 of 1.2 mv, 0.7 mv and 86uM, andAV, ek maxvalues of 41, 40 and 77
E mV for Mg-ATP, AMPPNP and ATRS, respectively.R) Effects of
= thiophosphate analogues of guanine nucleotides. The dashed curve cor
2 80} responds to the fit obtained for Mg-ATP given as a reference. The
; number of protoplasts tested were 4—6 and 3-9 for the various concen-
-4 100 trations of ATR'S and GDRS, respectively. The data were fitted with
=" ] K values of 75um and 81um, andAVpeak(max) values of 73 mV, and
o 81 mV for GTRS and GDBS, respectively.¢) Comparison between
-120 the dose-response curves for ATP and ADP. Note that ADP was tested
in the presence of 2 mof Mg?*, whereas ATP was tested in the
absence of intracellular Mg. As in B, the dashed curve corresponds to
140 . . > . the fit obtained for Mg-ATP given as a reference. The number of
- -5 4 3 2 -1 protoplasts tested were 7-9 (except 0.26,m = 2) and 46 for the
log [nucleotide] (M) various concentrations of ATP and ADP, respectively. The data were
70 fitted with K values of 0.9 and 2.9, aniV,¢ o, maxvalues of 56, and 58
mV for ATP and ADP, respectively.
-801
T -9
£-100
{,;’_1 1 are able to induce. We also an_alyzed the response tc
x GTPyS and GDBS (Fig. ). Thglr properties are very
2120 close to those of AT#S. They display Eg, of 75 and
81 wm and induce maximal shifts of +75 and +81 mV,
-130, respectively.
140l ) X . . Nucleotide regulations are classically interpreted as
- -5 -4 -3 2 -1 a way to couple the activity of a protein and the energetic
log [nucleotide] (M) status of the cell. Thus it was important to clarify the

difference between the effects of ATP, Mg-ATP, ADP
and AMP. Figure € shows the dose-response curves
for ATP, ADP and Mg-ATP (dashed linsgeFig. 64).

the experimental data yields similar apparent affinitiesThe comparison between the dose-response curves fol
for the regulatory site with Eg of 1.2 and 0.7 mi, and  ATP and Mg-ATP reveals that Mg diminishes the ef-
similar maximal shifts of +41 and +40 mV, for Mg-ATP ficiency of ATP mainly by decreasing the maximal shift
and AMPPNP, respectively. In contrast, AJ®is much  of the peak potential from +55 to +40 mV whereas the
more potent than Mg-ATP and AMPPNP. It shows aECg, of the nucleotide is only slightly increased from 0.9
higher apparent affinity for the nucleotide binding site mm for ATP to 1.2 nm for Mg-ATP. The comparison
with an EG,, of 86 um and also a greater maximal shift between the dose-response curves for ADP and ATP
of +77 mV. This shows that even moderate modifica-shows that ATP has a 3-fold greater apparent affinity
tions of the structure of the nucleotide can modify boththan ADP (EG, = 2.9 mv) but the maximal shifts they
their affinity for the site and the maximal response theycan induce are similar.
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Discussion dent anion channel (Thomine et al., 1995), nucleotides

In this work we show that the voltage-dependent anionaccelerate the deactivation kinetics at a given membrane

channel of Arabidopsis hypocotyls displays original potential, although this effect has not been studied fur-

properties in terms of sensitivity to anion channel block-ther (data not showh W_e also show that the actlvz_atlon
ers and nucleotide-dependent regulation kinetics of the channel is accelerated by depolarization

but that ATP does not alter significantly the activation
PHARMACOLOGICAL PROPERTIES kinetics at =94 mV (2.3 + 0.9 msec and 1.2 + 0.3 msec

. . . . with 0.1 mv and 10 nwm internal Mg-ATP, respectively).
Although the identity of this channel as an anion channeLI.he results presented focus on new insights into the

has been demonstrated previously (Thomine et al'regulation of this channel by ATP. Several lines of ar-

1995), it lacks sensitivity to some of the most Commonguments demonstrate that ATP hydrolysis is not required

anion channel blockers. 9-AC and DIDS, which havefor the regulation: (i) Nonhydrolyzable analogues of
been shown to be potent inhibitors of chloride channels 9 ) yaroly 9

: , . ATP, AMPPNP and ATRS, are as efficient or more
in many animal cell types (Greger, 1990; Paulmichl et’ "’ = .
al., 1993) and of plant voltage-dependent anion channel‘gﬁ'cIent than Mg-ATP to induce the shift of the voltage

i . > gate. (i) ATP is more efficient in the absence of Mg
(Marten et al., 1992, 1993; Schwartz et al., 1995; Zim than Mg-ATP complex to induce the shift, although Mg-

mermann et al., 1994) had no effect on the voltage- . R
rman a ) had n « on votag TP is the proper substrate for hydrolysis. (iii) ADP and

dependent anion channel of hypocotyl cells. Among th ) . . o
active inhibitors, none was found to interact with the Other dinucleotides, ADBS and GDRS, induce signifi-

channel with an affinity as high as those found for guardc@nt shifts of the peak potential, although they cannot be
cell anion channels (Marten et al., 1992, 1993; Schroedeubstrates for kinases. Thus, the regulation of this chan-
et al., 1993). 1AA-94, which was developed to purify nel by ATP.reercts the bl'ndlng of the nucleotide on a
chloride channels from kidney and trachea (Landry et al.égulatory site rather than its use as a substrate for kinase
1989) and which blocks both rapid and slow anion chan-r e€nergy-dependent processes. Thiophosphate nucleo
nel in guard cells with IG, below 10w, inhibited only ~ tide analogues display a striking efficiency to regulate
29% of the hypocotyl anion current at the concentrationthe channel and therefore appear as extremely poten
of 500 wm. Similarly, NPPB at 10Qum inhibited only ~ agonists for the nucleotide receptor involved. The gua-
50% of the voltage-dependent anion currentAsfbi- Nyl nucleotides, GT®S and GDBS, were the first thio-
dopsishypocotyl cells whereas it blocks both S-type andnucleotides that we tested. We have been confused by
R-type anion currents of guard cells, as well as the bludheir striking efficiencies and believed for some time that
light activated anion channel &rabidopsishypocotyl —a G-protein regulation was involved. This points to the
cells with 1G5, below 10pm. Niflumic acid is the most  importance of making AT#S controls when studying a
efficient blocker that we identified to date. It induced regulation by G-proteins.

both an inhibition of the current and a shift of the voltage The structural requirements for the regulatory effect
gate of the anion channel toward hyperpolarized potenen Arabidopsisanion channel match closely those that
tials, which is comparable to the effect of different block- have been described for,l channels of some animal
ers on guard cell anion channels of the rapid type (Mar-cell types (Ashcroft, 1988). A sequence of efficiency
ten et al., 1992). Altogether, these properties define a\TP > ADP > AMP, similar to what we found, has been
original pharmacological profile for the voltage- described for K channels of frog skeletal muscle and
dependent anion channel afabidopsishypocotyls. It  of guinea pig ventricular cells (Kakei, Noma & Shi-

is of interest that this pharmacological profile allows to basaki, 1985; Spruce, Standen & Stanfield, 1987). In
distinguish between this channel and the blue light actiparticular, K,;p from frog skeletal muscles have a 3
vated anion channel ofrabidopsishypocotyls that is  times higher affinity for ATP than for ADP (Spruce et
sensitive to micromolar concentrations of NPPB. How-g|. 1987) which is exactly what we found for the hypo-
ever, both niflumic acid and NPPB have been shown nOboty| anion channel. Based on the decrease of ATP ef-
tO l;)e SpeCifiC f0r anipn Channels al.S they efﬁciently in-ﬁciency by M92+ and on a Comparison between the pKa
hibit outward potassium currents in wheat root proto-of the various nucleotides and their relative efficiencies,
plaStS (Garlll et al., 1996) To help for the determinationit has been proposed that the Charge carried by the phos.
of the physiological role of the voltage-dependent anionphate groups of the nucleotides might be an important
channel in the plant, the pharmacological data presentegeterminant of their capacity to inhibit gp in rat pan-
he_re. need tc.).be complgted by the identification of highcreatic g-cells (Ashcroft & Kakei, 1989). The hypoth-
affinity specific antagonists. esis of a similar determination of nucleotide efficiency
for the hypocotyl anion channel is supported by the fact
that Mg?* decreased ATP efficiency and also by the high
In this study, we could confirm that, as found in our potency of thiophosphate analogues that have lower pKa
initial characterization of the hypocotyl voltage-depen-than ATP (7 for ATP and 5.8 for AT¥S) and thus carry

NUCLEOTIDE REGULATION
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a higher charge at physiological pH. Additional featuresgate can be modulated through an intracellular binding
of the nucleotides, such as their spatial organizationsite for nucleotides. An alternative hypothesis would be
must also be involved in the determination of their effi- that nucleotides themselves are responsible for the ob-
ciency. served voltage dependence by entering a binding site
The regulation of the anion channel by nucleotideslocated within the pore in a voltage-dependent manner
also displays some properties distinct from those deand produce a voltage-dependent block of the open chan-
scribed for Ko channels. First, the affinity of ko  Nel (Woodhull, 1973). Although this latter hypothesis is
channel for ATP (EG, in the range of 10Quv; Ashcroft,  attractive, its assessment would require further analysis.
1988) is ten times higher than the one we found for the
voltage-dependent anion channel. Second, GTP WaRg|, eyvance oF THE NUCLEOTIDE REGULATION
found to be ineffective or ten times less effective than
ATP to inhibit K,p (Ashcroft, 1988), whereas we found We provide arguments that the regulation of the channel
similar efficiency for ATP and GTP. Third, a major dis- by nucleotides can be a mean to couple its activity with
tinctive feature of the regulation of the anion channel bythe energetic metabolism of the cell. The apparent af-
nucleotides is the high potency of thiophosphate nucleofinity for ATP is consistent with the known intracellular
tide analogues. concentrations of 1 to 2 mATP determined in cultured
Regulations by nucleotides have also been describeslycamore cells and in maize root tip cells (Gout, Bligny
for other plant ion channels. Spalding & Goldsmith & Douce, 1992; Saint-Ges et al., 1991; Xia, Saglio &
(1993) characterized a potassium channel that is actiRoberts, 1995). When the cells are subjected to anoxic
vated by ATP produced photosynthetically, but whetherstress (Xia et al., 1995) or when the proton pump ATPase
ATP needs to be hydrolyzed to produce its effect was nots stimulated by cytosolic acidification (Gout et al.,
addressed. The guard cell R-type anion channel is als992), the intracellular ATP concentration can decrease
regulated by nucleotides (Hedrich et al., 1990; Schulzto values as low as 0.5 When the ATP pool de-
Lessdorf et al., 1996). In this case, AMPPNP, AE?  creases, ADP does not accumulate in the cytosol (Gout et
GTPyS can replace ATP to activate the channel demonal., 1992; Xia et al., 1995), likely due to high dinucleo-
strating that the regulation likely involves a nucleotide tide kinase activity in plant cells. Thus, when ATP is
binding site. Both this regulation and the one describecfonsumed, it is rather converted to AMP (Gout et al.,
here concern voltage-dependent anion channels bi992; Xia et al.,, 1995). As AMP is nearly inactive to
nucleotides have opposite effects on the guard cell aniofodulate the anion current (Fig. 5), a drop in the ATP
channel and on the hypocotyl epidermal cell anion chanlevel will result in a large shift of th_e voltage gate of the
nel. In the first case, they are required to support thechann.el. Furthermore, the nucleotide concentrations that
calcium dependent activation of the channel (Hedrich eccur in the neighborhood of the plasma membrane may

al., 1990) whereas in the second they exert an inhibitory!d€rgo even larger variations. Indeed, the plant plasma
effect on the current membrane carries the ATPase proton pump which is one

We show that the nucleotides induce a shift of theof the greatest ATP consumer of the cell. It also has to
é)e considered that shifts of the gate in the voltage range

that this effect can account for all the modifications thatconcerned have strong effects on the current amplitude

ATP induces on the current. Indeed, modeling the effec ue to the rectifying properties of the currdat curve.

of the sole change of the half activation potential on the hu_s the nucleatide re.gulanon that we (_jescr|be can po-
tentially couple the anion channel activity with the en-

e o e s 1l melabosm o e olland s emping o spct:
litude induced by ATP. Thus. the nucleo_Iate that the nucleotide regulat!on of t_he anion channels
gsgsemh?tmar:;aﬁion current %y shiﬁing the; voltage gatecould be a mean to couple their activity with that of the
of the channel. This regulation mechanism is very efﬁ_proton pump _ATPase. They would be activated when
. : . . the consumption of ATP by the ATPase overcomes the
cient because it does not only reduce the maximal 'ntenéapacity of the cell machinery to generate enough ATP.

sity of the current but also sends the threshold for acti-

vation _aWB‘y from the resting po?entlal of hypocotyl C_e"S This research was supported by the European Community’s BIOTECH
(Spalding & Cosgrove, 1992; Stirnberg, King & Barbier- program, as a part of the Project of Technological Priority 1993-1996
Brygoo, 1995). This means that larger depolarizationsnd by the CNRS (UPR0040). S. Thomine was funded by the Minis-
are required to activate the voltage-dependent aniotire de I'Enseignement Stpeur et de la Recherche.
channel when it is inhibited by nucleotides. Two main
hypotheses can be envisaged for the mechanism c&
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