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Background: AtALMT9 is an intracellular anion channel regulating stomata aperture.

Results: ATP interacts with the pore of AtALMT9 competing with vacuolar anions and modifying the voltage dependence of

this ion channel.

Conclusion: Cytosolic nucleotides and vacuolar anions directly modulate the transport activity of AtALMT9.

Significance: Regulation of intracellular transporters is crucial for their physiological functions.

The aluminum-activated malate transporters (ALMTs) form

a membrane protein family exhibiting different physiological

roles in plants, varying from conferring tolerance to environ-

mental Al3� to the regulation of stomatal movement. The regu-

lation of the anion channels of the ALMT family is largely

unknown. Identifying intracellular modulators of the activity of

anion channels is fundamental to understanding their physio-

logical functions. In this study we investigated the role of cyto-

solic nucleotides in regulating the activity of the vacuolar anion

channel AtALMT9.We found that cytosolic nucleotides modu-

late the transport activity of AtALMT9. This modulation was

based on a direct block of the pore of the channel at negative

membrane potentials (open channel block) by the nucleotide

and not by a phosphorylationmechanism. The block by nucleo-

tides of AtALMT9-mediated currents was voltage dependent.

The blocking efficiency of intracellular nucleotides increased

with the number of phosphate groups and ATP was the most

effective cellular blocker. Interestingly, theATPblock induced a

marked modification of the current-voltage characteristic of

AtALMT9. In addition, increased concentrations of vacuolar

anions were able to shift the ATP block threshold to a more

negative membrane potential. The block of AtALMT9-medi-

ated anion currents by ATP at negative membrane potentials

acts as a gate of the channel and vacuolar anion tune this gating

mechanism. Our results suggest that anion transport across the

vacuolar membrane in plant cells is controlled by cytosolic

nucleotides and the energetic status of the cell.

Aluminum-activated malate transporters (ALMTs)3 form a
membrane protein family exclusive to plants. These proteins
have been found to play different important physiological roles.

In roots ALMTs are involved in conferring tolerance to envi-

ronmental Al3� by extruding organic acids in the soil (1–3). In

guard cells ALMTs mediate anion fluxes through the plasma

and vacuolar membranes and are involved in the regulation

of stomatal movements (3–6). The first ALMT channel

described, TaALMT1, was identified as a gene associated to

aluminum resistance (2).TaALMT1 and its homologue inAra-

bidopsis thaliana, AtALMT1, catalyze the exudation of malate

across the plasmamembrane of root cells, resulting in complex-

ation of Al3� (2, 3). Another identified plasma membrane tar-

geted ALMT in A. thaliana is AtALMT12 (5). AtALMT12 is a

component of the R-type/QUAC channel of guard cells that

mediate the efflux of anions to induce stomata closure (5).

AtALMT9 was the first vacuolar ALMT identified and charac-

terized inA. thaliana (4). It was shown thatAtALMT9 is able to

mediate malate and fumarate currents into the vacuole of Ara-

bidopsis mesophyll cells. Recently, AtALMT9 was shown to

play a crucial role in guard cells where it functions as a malate-

activated chloride channel involved in stomata opening (6).

Moreover,AtALMT9 served as amodel to investigate the struc-

tural organization ofAtALMTs. It was reported thatAtALMT9

assembles as a multimer/tetramer and a region involved in

forming the permeation pathway was identified (7).

The aim of the present study was to address the question,

why different members of the ALMT family exhibit such strik-

ing differences in the current-voltage relationships (i.e. I-V

curve). The current-voltage relationship is a fundamental bio-

physical characteristic of ion transporters providing informa-

tion on their physiological properties. AtALMT12, which con-

stitutes part of the R-type/QUAC currents in the plasma

membrane of guard cells, exhibits a characteristic “bell-shaped”

I-V curve (5, 8). The bell shape of the I-V curve results from an

abrupt change in channel conductance from positive to nega-

tive at very negative membrane potentials. This indicates that

the channels start to close and the resulting ion current

decrease after a critical membrane potential (5, 8). In contrast,

the other ALMTs exhibit a monotonic voltage-dependent I-V

curve. This fact indicates that the channels stay open at negative

membrane potentials (2–4, 6, 9). The difference between the

I-V characteristics of the ALMTs opens the question of the

origin of such a difference. The R-type/quick-activating anion
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channel ofArabidopsis hypocotyl and guard cells was shown to
be regulated by cytosolic nucleotides (10–13). In hypocotyl
protoplasts it was proposed that cytosolic nucleotides are
blockers acting as a “voltage-dependent gate” of the R-type/
QUAC/AtALMT12 channel (13), a gating mode similar to
what has been observed in mammalian KIR (potassium
inward rectifier) with Mg2� and polyamines (14, 15). Sur-
prisingly, after the discovery that ALMTs are part of the
R-type/QUAC current the effect of intracellular nucleotides
on ALMTs has never been investigated.
In the present study we addressed the question of the origin

of the different behaviors of I-V curves of the ALMTs.We used
the vacuolar anion channel AtALMT9 as a model for ALMT
channels with a monotonic I-V curve and found that the cyto-
solic nucleotides block and regulate AtALMT9. The block of
AtALMT9 by cytosolic nucleotides is voltage-dependent and in
the presence of cytosolic nucleotides the I-V curves becomes
bell-shaped similarly to the one of the R-type/QUAC channel.
Moreover, the block by cytosolic nucleotides is modulated by
the concentration and the nature of the permeable anion pres-
ent at the cytosolic and the vacuolar side of the channel. The
anions at the vacuolar side affect the block by cytosolic nucleo-
tides indicating that the cytosolic nucleotides and the vacuolar
anions interact within the permeation pathway of AtALMT9.
Our data provide new insight in the regulation of anion chan-
nels in the vacuolar membrane.

EXPERIMENTAL PROCEDURES

Overexpression of AtALMT9-GFP in Nicotiana bentha-

miana—Agrobacterium tumefaciens (GV3101) was transformed
with plasmids containing the sequences of the AtALMT9WT

channel and its point-mutated derivative AtALMT9K193E by elec-
troporation. The Agrobacterium-mediated infiltration of 4-week-
oldN. benthamiana leaveswas performed as described previously
with slight modifications (16). After transient transformation
tobacco plants were grown in the greenhouse (16 h light/8 h dark,
25 °C/23 °C, 100 to 200 �mol photons m�2 s�1, 60% relative
humidity) for another 2–3 days and then used to isolate proto-
plasts for patch clamp experiments.
Electrophysiology—Mesophyll protoplasts from AtALMT9-

GFP overexpressing tobacco leaves were isolated by enzymatic
digestion. The enzyme solution contained 0.3% (w/v) cellulase
R-10, 0.03% (w/v) pectolyase Y-23, 1 mM CaCl2, 500 mM sorbi-
tol, and 10 mM MES, pH 5.3, 550 mOsm. Protoplasts were
washed twice and resuspended in the same solution without
enzymes. Vacuoles were released from mesophyll protoplasts
by the addition of 5 mM EDTA and a slight osmotic shock (500
mOsm, see medium below). Transformed vacuoles exhibiting
an AtALMT9-GFP signal were selected using an epifluores-
cence microscope. Membrane currents from tonoplast patches
were recorded in the excised cytosolic-side out configuration
with the patch clamp technique as described elsewhere (6, 7).
The cytosolic solution contained (i) 100 mM malic acid,

adjusted to pH 7.5 with BisTris propane, (ii) 30, 50, and 100mM

malic acid, supplemented with nucleotides as indicated,
adjusted to pH 7.5 with BisTris propane, and (iii) 100 mM Cl�,
supplemented with nucleotides as indicated, adjusted to pH 7.5
with BisTris propane. The osmolarity was adjusted to 500

mOsm using sorbitol. The pipette solution contained (i) 112
mM malic acid, 5 mM HCl and was adjusted with BisTris pro-
pane to pH 6; (ii) 10 mMmalic acid, 90 mMMES, 5 mMHCl and
was adjusted with BisTris propane; (iii) 1 mMmalic acid, 99mM

MES, 5 mM HCl, and was adjusted with BisTris propane; (iv)
100 mM HCl and was adjusted with BisTris propane to pH 6.
The osmolarity was adjusted to 550 mOsm using sorbitol. The
ionic condition (i) of cytosolic solution and (ii) the pipette solu-
tion is defined as control solution (ctrl). All chemicals were
purchased from Sigma. Liquid junction potentials were mea-
sured according to Neher (17) and corrected when higher than
�2 mV.
The dose-response for the ATPfree inhibition of AtALMT9WT

currents were fitted and analyzed with the Langmuir isotherm
in the following form,

I

I0

� 1 �
1

1 �
Kd

ATP

�ATP�cyt

(Eq. 1)

where I is the AtALMT9 current amplitude in the presence of
ATPfree, I0 the AtALMT9 current under control solution,
[ATP]cyt the cytosolic ATP concentration, and Kd

ATP the disso-
ciation constant of ATPfree.

To estimate the fraction of the electrical field that ATP tra-
verses to reach its binding site in Fig. 1B, the voltage-dependent
dissociation constant relationship was fitted with the equation
described by Woodhull (18),

Kd
ATP�Vm	 � Kd

ATP�0	 � e
z	FV

RT (Eq. 2)

in which Kd
ATP(Vm) is the voltage-dependent dissociation con-

stant ofATP,Kd
ATP(0) the dissociation constant ofATP at 0mV,

Vm is the transmembrane potential, z the valence of the blocker
(�4 for ATP at pH 7.5), 	 the fraction of the electrical mem-
brane field traversed by the blocker, and F, R, andT the Faraday
constant, gas constant, and absolute temperature, respectively.
The fraction of currents not blocked by ATP in Figs. 1B, 2B,

3B, and 4B were fitted by a Boltzmann function with an offset,

I

I0

� Iunh �
100 � Iunh

1 � e
kF�V1/ 2 � Vm	

RT

(Eq. 3)

where I is the current amplitude in the presence ofATP, I0 is the
current amplitude in a solution without ATP, Iunh is the mini-
mum fraction of unblocked current by ATP,V1⁄2 is the potential
at which current is half-blocked,Vm is themembrane potential,
k is a slope factor, F, R, andT the Faraday constant, gas constant,
and absolute temperature, respectively. Experiments were per-
formed at room temperature (22–25 °C).
Nucleotides—ATPwas tested either as aMg2� chelate or as a

Tris salt (free ATP as indicated). AMP and ADP were tested as
sodium salt. AMPPNP was Li3� salt. GTP was Tris salt. All
nucleotides were purchased from Sigma.

RESULTS

Cytosolic Nucleotides Inhibit AtALMT9-mediated Currents—

To test the effect of cytosolic nucleotides on AtALMT9-
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mediated currents we performed patch clamp experiments
in excised cytosolic-side out configuration using vacuoles
extracted from N. bentamiana protoplasts that transiently
over-expressed AtALMT9-GFP. Under control conditions (30
mMmalatecyt/100mMmalatevac), voltage pulses starting from a
holding potential of�60mV ranging to�160 in�20mV steps
induced the activation of time-dependent inward malate cur-

rents (Fig. 1A) (4, 6, 7). When 1 mM ATPfree was applied at the
cytosolic side of the vacuolar membrane (30 mM malatecyt � 1
mM ATPcyt/100 mM malatevac) AtALMT9-mediated currents
were reversibly inhibited (Fig. 1B), and similar results were
obtained when 1 mM Mg-ATP was applied (Fig. 1G). The pres-
ence of 1 mM ATPfree in the cytosolic buffer changed the I-V
characteristic of AtALMT9 from monotonic in control condi-

FIGURE 1. Cytosolic ATP reversibly blocks AtALMT9-mediated currents in a voltage-dependent fashion. A–C, representative traces and corresponding I-V
curves of excised cytosolic-side out patches from N. benthamiana vacuoles overexpressing AtALMT9 in 30 mM malatecyt, 100 mM malatevac (A), 30 mM malatecyt �1 mM

ATPfree, 100 mM malatevac (B), and recovery (C). Currents were evoked in response to 3-s voltage pulses ranging from �60 to �160 mV in �20 mV steps,
followed by a tail pulse at �60 mV. The holding potential was set at �60 mV. Red highlights the currents at the membrane potentials where the ATP inhibition
was effective. D, ratio between currents measured in the absence (Ictrl, 30 mM malatecyt, 100 mM malatevac) and presence of the indicated concentrations of
ATPcyt (IATP, 30 mM malatecyt � X mM ATPfree, 100 mM malatevac) at different applied membrane potentials. Data were fitted with Equation 3 (see “Experimental
Procedures”; dashed line) (n 
 4 –7). E, dose-response curves for ATPfree at different membrane potentials. Data were fitted with Equation 1 (see “Experimental
Procedures”; solid lines) to derive the dissociation constant (Kd

ATP). F, voltage dependence of the dissociation constant for ATP (Kd
ATP) in 30 mM malatecyt, 100 mM

malatevac. Solid line, data were fitted with Equation 2. G and H, inhibitory effect of Mg-ATP. G, normalized current-voltage curves were obtained with a voltage
ramp (from �60 to �160 mV in 1.5 s) with 30 mM malatecyt, 100 mM malatevac and in 30 mM malatecyt, 100 mM malatevac in the presence of 1 mM ATPfree (�1 mM

ATP) or Mg-ATP (1 mM Mg-ATP). H, residual currents (IATP/Ictrl; mean � S.E., n 
 3–7) plotted against the applied voltage in the presence of 1 mM ATPfree or
Mg-ATP. Data were fitted with Equation 3 (dashed line). Error bars denote S.E.
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tions to non-monotonic (i.e. bell-shaped) (Fig. 1B, lower panel).
Notably, the inhibitory effect ofATPfreewas significantly higher
compared withMg-ATP (Fig. 1H). This indicates that the inhi-
bition is mainly or even exclusively due to ATPfree and not
MgATP, the form used in energization processes. The inhibi-
tion by ATP is strongly voltage dependent, being more pro-
nounced at more negative membrane potentials (Fig. 1B). At
�160 mV, the maximum membrane potential we could apply,
the currents in the presence of 1 mM ATPfree were reduced to
10.5 � 1.2% of the control currents (30 mM malatecyt � 1 mM

ATPcyt/100 mM malatevac; Fig. 1D). The voltage dependence of
the inhibition could be adequately described by a Boltzmann
function (Equation 3 under “Experimental Procedures”) with
an “offset” indicating that at a given ATPfree concentration the
inhibition never reached 100% at any appliedmembrane poten-
tial (Fig. 1D). We found that the dissociation constant for ATP
(Kd

ATP) is a function of the membrane potential with Kd
ATP 


90 � 5 �M at �160 mV (Fig. 1, E and F). Using the Woodhull
formalism (18) to analyze the voltage dependence of Kd

ATP we
could estimate that ATP transverse �50% of the applied mem-
brane potential (Fig. 1F).
The block of AtALMT9-mediated currents by ATP was

influenced by the cytosolic concentration of the conductive
anion (i.e.malate). Cytosolic ATP inhibitedAtALMT9 currents
more at lower cytosolic malate concentrations (Fig. 2,A and B).
Conversely, the Kd

ATPwas also dependent on the concentration
of cytosolic malate. Reducing cytosolic malate concentrations
led to a decreased Kd

ATP value (Fig. 2C). The dependence of the

inhibition by cytosolic ATP on the concentration of permeable
anion suggested a competition mechanism between cytosolic
ATP and malate. To extrapolate whether this modulation
occurs in the physiological range, a Kd

ATP of �50 �M at �160
mVcould be determined formalate concentrations in the phys-
iological range (400�800 �M) (19–21). These results indicate
that the modulation observed by free ATP occurs in the physi-
ological range, since free ATP concentrations deduced from
cytosolic ATP and Mg2� concentrations are in the range of 30
to 100 �M (22).
The Anions in the Vacuolar Lumen Affect the Inhibition of

AtALMT9 by Cytosolic Nucleotides—Recently, we have shown
that AtALMT9 is also permeable to chloride and that it is
involved in chloride accumulation in the vacuole (6). Thus, we
tested the effect of free ATP on AtALMT9-mediated chloride
currents. Similarly to what was observed when malate was the
main permeable anion, 1 mM ATPfree strongly inhibited
AtALMT9-mediated chloride currents to 29 � 3% of the ATPfree
conditions at �160 mV (100 mM Clcyt

� � 1 mM malatecyt/100
mM Clvac

� ; Fig. 3). Intriguingly, the I-V curve in chloride condi-
tions inhibited by ATP remained monotonic and did not dis-
play a bell-shaped behavior in the investigated voltage range at
all tested concentrations of cytosolic ATP (Fig. 3A, left). In
these conditions the ATP inhibition started to be effective at
membrane potentials more negative than �50 mV (Fig. 3B).
However, when chloride was the main permeable anion in the
cytosolic solution and 100mMmalatewas in the vacuolar buffer
(100 mM Clcyt

� � 1 mM malatecyt, 100 mM malatevac), the inhib-

FIGURE 2. Cytosolic ATP compete with cytosolic malate to inhibit AtALMT9-mediated currents. A, normalized current-voltage curves obtained with a
voltage ramp protocol (from �60 to �160 mV in 1. 5 s) in cytosolic-side buffers containing various concentrations of malate (30, 50, and 100 mM malatecyt) with
constant vacuolar side conditions (100 mM malatevac) in the presence (�ATP) or absence of 1 mM ATPfree. B, fraction of unblocked current in the presence of 1
mM ATPfree (IATP/Ictrl; mean � S.E., n 
 4 –7) plotted against the applied voltage in different cytosolic malate concentrations. Data were fitted with Equation 3
(“Experimental Procedures”; Table 1; solid line). C, logarithmic plot of the dissociation constant for ATPfree (Kd

ATP) at different applied membrane potentials
(�120, �140, �160 mV) shown as a function of different cytosolic malate concentrations (30, 50, and 100 mM malatecyt). Data were fitted with a straight line
with no theoretical significance to extrapolate the value of the dissociation constant at malate concentrations in the physiological range. Error bars denote S.E.
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itory effect induced by 1 mM ATPfree (Fig. 3A, right) resembled
that observed in themalate-based cytosolic solution (Figs. 1 and
2). Indeed, under these conditions the inhibitory effect of cyto-
solic ATP starts abruptly at lower membrane potentials (�100
mV). The analysis of the voltage dependence of the ATP block-
ade shows that the presence of malate instead of Cl� in the
vacuole shifts the effect of cytosolic ATP towardmore negative
potentials (Fig. 3B). Indeed, the half-activation voltage (V1⁄2) was
�66� 1 and�124� 1mVwith 100mMCl� or 100mMmalate
in the vacuole, respectively (Fig. 3B, Table 1). The maximal

inhibition obtained at hyperpolarized voltages appeared to

depend only slightly on the nature of the vacuolar anion, being

24 � 1 and 31 � 2% in the presence of Cl� or malate in the

vacuole, respectively (Fig. 3B, Table 1).

To evaluate whether the presence of malate in the vacuole

was affecting the ATP inhibition we progressively raised the

vacuolar concentration of malate (0 mM malatevac � 100 mM

MESvac, 1 mM malatevac � 99 mM MESvac, 10 mM malatevac �

90 mM MESvac, 100 mM malatevac) while keeping constant the

cytosolic solution (100 mM malatecyt). The ATP block was

shifted towardmore negativemembrane potentials by vacuolar

malate (Fig. 4B). Moreover, in the absence of vacuolar malate

the inhibition by 1 mM free ATP did not induce a bell-shaped

I-V curve (Fig. 4A) similar to what observed in Cl� conditions

(100 mM Clcyt
� , 100 mM Clvac

� ). The V1⁄2 was shifted toward more

negative values by vacuolar malate (Fig. 4B, Table 1). Thus, the

permeable anion in the vacuolar buffer affected the inhibitory

behavior of cytosolic ATP on AtALMT9. This further suggests

that cytosolic ATP andmalate compete for a binding site that is

likely to be located in the conduction pathway of AtALMT9 at

the cytosolic side.

The Inhibition of AtALMT9byCytosolicNucleotides doesNot

Require ATP Hydrolysis—Our data suggest that cytosolic ATP

interact withAtALMT9directly blocking the pore. However, to

definitively exclude the possibility that the effect of ATP was

based on a phosphorylation/dephosphorylation mechanism,

we used a non-hydrolysable analog of ATP, AMPPNP. In the

presence of 1 mM AMPPNP in the cytosolic solution (100 mM

malatecyt � 1 mM ATP or AMPPNPcyt, 100 mM malatevac), the

amplitudes of AtALMT9-mediated currents at �160 mV were

reduced to 26.0 � 3.0% (Fig. 5B). AMPPNP showed a similar

and even stronger inhibitory effect compared with ATP (Table

1, Fig. 5B). This demonstrates that no phosphorylation of

AtALMT9 occurs under the experimental setup. We further

analyzed the relative importance of the polyphosphate and

nucleoside moieties in the block of AtALMT9-mediated cur-

rents. We found that the progressive reduction of the number

of phosphate groups, and thus of negative charges, strongly

impacted the inhibitory effect of the nucleotides with ADP

being less efficient thanATP (IADP/Ictrl
 56� 2% at�160mV)

andAMPeven less (IAMP/Ictrl
 90� 1% at�160mV) (Fig. 5A).

Differently, the nucleoside part seems to have a marginal role

FIGURE 3. Vacuolar anions affect the ATP-dependent block of AtALMT9-
mediated chloride currents. A, normalized AtLMT9-mediated currents elic-
ited by a voltage ramp from �60 to �160 mV in 1. 5 s (holding potential �60
mV) with a chloride-based cytosolic buffer in the presence (�ATP) or absence
of 1 mM ATPfree. The vacuolar buffers contained 100 mM Cl� (left panel; 100 mM

Clcyt
� � 1 mM malatecyt, 100 mM Clvac

� ) or malate (right panel;100 mM Clcyt
� � 1

mM malatecyt, 100 mM malatevac). B, fraction of unblocked current (IATP/Ictrl;
mean � S.E., n 
 4) plotted against the applied membrane potential in the
presence of 100 mM Cl� or 100 mM malate in the vacuolar buffer. Data were
fitted with Equation 3 (“Experimental Procedures”; Table 1; dashed lines) yield-
ing V1⁄2 
 �66 � 1 mV (100 mM Clvac

� ) and V1⁄2 
 �124 � 1 mV (100 mM

malatevac). Error bars denote S.E.

TABLE 1

Parameters of the Boltzmann fits (Equation 3) in different experimental conditions
IATP/I0 is the ratio between the current measured in the presence of ATP and in cytosolic solutions without ATP. Iunh is the residual current in presence of ATP, V1⁄2 is the
potential at which half of the current was blocked. Data are presented as mean � S.D.

Ionic conditions

IATP/I0 at �160 mV

Parameters

LocationCytosolic Vacuolar ATPcyt V1⁄2 Iunh

mM % mV %

30 mM Malate 100 mM Malate 0.1 46 � 1 �131 � 4 40 � 7 Fig. 1B
30 mM Malate 100 mM Malate 0.5 17 � 1 �118 � 1 16 � 3 Fig. 1B
30 mM Malate 100 mM Malate 1 10 � 1 �114 � 0.8 6 � 2 Fig. 1B
50 mM Malate 100 mM Malate 1 19 � 2 �119 � 4 11 � 5 Fig. 2B
100 mM Malate 100 mM Malate 1 37 � 2 �135 � 2 32 � 5 Fig. 2B
100 mM Cl� 100 mM Cl� 1 29 � 3 �66 � 1 24 � 1 Fig. 3B
100 mM Cl� 100 mM Malate 1 34 � 2 �124 � 1 31 � 2 Fig. 3B
100 mM Malate 0 mM Malate 1 44 � 2 �112 � 4 38 � 4 Fig. 4B
100 mM Malate 1 mM Malate 1 42 � 1 �113 � 2 39 � 3 Fig. 4B
100 mM Malate 10 mM Malate 1 38 � 3 �119 � 3 31 � 4 Fig. 4B
100 mM Malate 100 mM Cl� 1 41 � 3 �135 � 13 7 � 16 Fig. 4B
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because 1 mM free GTP showed an effect similar to ATP (IGTP/
Ictrl 
 48 � 2% at �160 mV; Fig. 5A). These data suggest that
the number of charges carried by the nucleotide is fundamental
for the block of AtALMT9-mediated currents. Cyclic nucleo-
tides such as cAMP and cGMP and the inorganic pyrophos-
phate (PPi) induced no significant reduction of AtALMT9-me-
diated currents (Fig. 5B). Previously, we found that lysine 193 is
part of the permeation pathway of AtALMT9 and its mutation
(K193E) affects both anion permeation rectification and effi-
ciency of citrate to block the currents (7). Thus, in an attempt to
find a site of interaction of ATP with the channel, we tested
whether the mutation of Lys-193 impacted the ATP blockade.
We found that the currents mediated by the AtALMT9K193E
variants were completely insensitive to 1 mM ATPfree in the
cytosolic side solution (100mMmalate� 1mMATPcyt, 100mM

malatevac; Fig. 5B). These data suggest that cytosolic nucleo-
tides interact with Lys-193 and that the blocking mechanism
was similar to the one observed previously for citrate. There-
fore, ATP is likely to block AtALMT9-mediated currents by
obstructing the AtALMT9 pour.

DISCUSSION

ALMTs form a family of anion channels playing diverse
important functions in plants. Among the different ALMTs,
AtALMT9 is the first member of the family shown to be local-
ized in the vacuolar membrane (4). In vivo AtALMT9 acts as a
malate-activated chloride channel, playing an important role in
stomatal opening (6). A further study provided evidence that
AtALMT9 forms tetramers and the fifth transmembrane 
-he-
lix (TM
5) possibly forms the permeation pathway (7). Because
the I-V characteristic is a fundamental property of ion channels,
in the present work we aimed to find a reason for the different
I-V characteristic displayed by differentmembers of the ALMT
family. AtALMT1 and AtALMT9 display a monotonic and
moderately voltage-dependent inward rectifying I-V character-
istics (3, 4). Differently, AtALMT12/QUAC1 displays an I-V
characteristic with a strong voltage dependence especially at
membrane potentials below �100 mV (5). Earlier studies on
Arabidopsis hypocotyl protoplasts showed that cytosolic ATP
regulates the R-type currents (12, 13). Thus, a model of the
R-type channel that is gated by the cytosolic nucleotides was
proposed. The vacuolar localization ofAtALMT9 appears to be
very convenient because it allows the reversible application of
nucleotides on the cytosolic side of the membrane, enabling to
directly probe the effect of nucleotides on I-V characteristic of
AtALMT9.
The two main results we present in this work are that cyto-

solic nucleotides reversibly inhibit AtALMT9-mediated cur-
rents and that in the presence of cytosolic nucleotides the I-V
characteristic of AtALMT9 changes from monotonic to bell
shaped (Fig. 1). In other terms the presence of ATP in the cyto-
solic solution is sufficient to make AtALMT9 display the same
bell-shaped I-V characteristic as AtALMT12/QUAC1. This
intriguing result suggests that the typical bell-shaped I-V char-
acteristic is not a unique property of this clade of the ALMT
family and that it does not result from an intrinsic voltage sen-
sor in the ion channel protein. The understanding of the voltage
dependence of AtALMT9 and AtALMT12 is relevant because
of their roles in regulating stomatal movement (5, 6). Our data
indicate that the effect of ATP on AtALMT9 currents does not
rely on a phosphorylation mechanism but directly by blocking
the permeation pathway of the channel. Indeed, the non-hydro-
lysable ATP analog AMPPNP is able to blockAtALMT9-medi-
ated currents. AMPPNP presents a stronger inhibitory effect
compared with ATP. This might be due to the presence of a
nitrogen atom, forming an imido bond between the � and �

phosphorus, instead of an oxygen atom forming an anhydride
bond. This difference in the phosphoric moiety between the
two nucleotides might influence the interaction between the
blocker and the channel, consequently affecting the strength of
the inhibition. Moreover, several lines of evidence point at an
“open-channel block” mechanism. (i) The effect is voltage
dependent and more pronounced at negative voltages at which

FIGURE 4. Vacuolar malate relieves cytosolic ATP inhibition. A, currents
elicited by a voltage ramp from �60 to �160 mV in 1.5 s (holding potential
�60 mV) in the presence of a cytosolic-side buffer containing 100 mM malate
and vacuolar-side buffers containing 0 mM malate (100 mM malatecyt/100 mM

MESvac), 1 mM malate (100 mM malatecyt, 1 mM malate � 99 mM MESvac), 10 mM

malate (100 mM malatecyt, 10 mM malate � 90 mM MESvac), 100 mM malate
(100 mM malatecyt, 100 mM malatevac), in the absence or presence of 1 mM

ATPfree (�ATP) in cytosolic-side buffer. B, ratios (IATP/ICtrl, mean � S.E., n 
 5–7)
between currents recorded in the presence (IATP) and absence (Ictrl) of 1 mM

ATPfree with the progressive increase of vacuolar malate concentration as
indicated (cytosolic buffer was kept constant with 100 mM malate). The solid
lines represent data fit with Equation 3 (“Experimental Procedures”; Table 1).
Error bars denote S.E.
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the channels’ open probability is higher; (ii) the dissociation
constant (Kd

ATP) is voltage-dependent, indicating that ATP
enters the transmembrane electrical field; (iii) the current is

more noisy at membrane potentials at which ATP is effective
(Fig. 1A); (iv) ATP and the permeating anion compete because
the Kd

ATP becomes lower when malate concentrations decrease

FIGURE 5. Effect of the non-hydrolysable nucleotide AMPPNP and different cytosolic nucleotides on AtALMT9-mediated malate currents. A, left panel:
representative currents elicited by a voltage ramp (from �60 to �160 mV in 1.5 s, holding potential �60 mV) in 100 mM malatecyt, 100 mM malatevac (ctrl), and
in 100 mM malatecyt, 100 mM malatevac � 1 mM of different nucleotides in the cytosolic-side buffer: ATP, ADP, AMP, GTP. Right panel: mean current ratios
between currents in the presence of 1 mM of the indicated nucleotide (In) and control conditions (ICtrl) at different membrane potentials (n 
 4 –7). B, left panel:
I-V curves elicited as in A in 100 mM malatecyt and 100 mM malatevac (Ctrl) and 100 mM malatecyt and 100 mM malatevac in the presence of 1 mM cAMP, cGMP, PPi,
and AMPPNP (gray traces). Right panel: mean current ratios between currents in the presence of 1 mM of the indicated nucleotide (In) and control conditions
(Ictrl) at different membrane potentials of cAMP, cGMP, PPi, and AMPPNP and currents measured (n 
 3– 4). C, left panel: representative currents obtained as in
A in excised cytosolic-side out patches from vacuoles overexpressing AtALMT9WT and AtALMT9K193E (n 
 6) in the presence (�ATP) or absence of 1 mM ATPfree

(100 mM malatecyt, 100 mM malatevac). Right panel: mean current ratios of AtALMT9WT and AtALMT9K193E currents in the presence (IATP) or absence (Ictrl) of 1 mM

ATPfree at different membrane potentials. Dashed lines indicate the tendency but have no theoretical meaning. Error bars denote S.E.
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(Fig. 2C). It is interesting to note that this is in line with the
nucleotide-dependent gating mechanism of the R-type/QUAC
channel in the plasmamembrane proposed by Colcombet et al.
(13). Moreover, our results provide a strong molecular basis to
interpret these findings by the identification of Lys-193 as a
possible interaction site of ATPwithAtALMT9 (Fig. 5B). Nota-
bly, in a previous studywe found Lys-193 to be part of a putative
pore forming region (7), further supporting the idea that ATP
interacts with the pore region of AtALMT9.
Because the inhibition ofAtALMT9 by ATP inmalate-based

solutions transform the I-V curve of this channel from mono-
tonic to bell shaped, similar to the one of R-type channels, our
data support the idea thatAtALMT12/QUAC1 is gated by cyto-
solic nucleotides and that the typical I-V characteristic of this
channel comes from this voltage-dependent block. It has to be
noted that in all the situations in which AtALMT12/QUAC1
has been measured ATP was present in significant amounts in
the cytosolic solution (5, 8). Moreover, the only attempt to
remove ATP from the cytosolic solution revealed a change of
the bell-shaped I-V characteristic to monotonic one (13). As a
corollary our data also provide a simple and straightforward
interpretation of a phenomenon that R-type currents are acti-
vated by extracellular malate (23–25). In this work we found
that vacuolarmalate (which correspond in our configuration to
extracellular malate) is able to release the ATP block (Figs. 3
and 4), consequently inducing activation of the AtALMT9 cur-
rents. Thus, the malate activation of AtALMT12/QUAC1
would result from a release of ATP block by the presence of
extracellular malate.
It is interesting to address the question whether the ATP

block of AtALMT9 currents can be relevant in a physiological
context. Even if presently our data do not directly answer this
questionwe can try to insert them in a physiological framework.
The inhibition by ATP starts to be significant at tonoplast
membrane potentials between �60 and �80 mV, which is
probably within the physiological range (Fig. 2B) (26). Recently,
we have shown thatAtALMT9 is important in guard cells func-
tion for stomatal opening (6). Indeed, during stomatal opening
AtALMT9 drives the influx of anions into the vacuole. The
influx of anion via AtALMT9 is driven by hyperpolarized vac-
uolar membrane potentials that are maintained through
H�-ATPases (27–29). During stomatal opening the high
hydrolytic activity of the proton pump consumesATP, decreas-
ing its concentration in the cytosol. Subsequently, ATP is con-
verted into AMP (30, 31), which is nearly inactive in blocking
AtALMT9-meditated anion currents. Thus, a drop of cytosolic
ATP levels could induce a release of the AtALMT9 blockage
and consequently facilitate anion accumulation in the vacuole.
In addition, the accumulation of malate in the vacuolar lumen,
which is known to occur in parallel to chloride accumulation, is
also able to remove the ATP blockade (Figs. 3 and 4). This
blockade release would consequently facilitate anion uptake
into the vacuole. Therefore, both cytosolic and vacuolar malate
can regulate AtALMT9 activity with a direct activation (6) and
a release of ATP block, respectively. It is interesting to note that
AtALMT9 is the second vacuolar anion transporter after
AtCLCa (32) whose activity is inhibited by cytosolic ATP. This
further suggests that the regulation of vacuolar anion trans-

porters and channels activity by cytosolic nucleotides has a
physiological relevance. Moreover, the modulation of vacuolar
anion transporters by cytosolic nucleotides suggests a direct
connection between accumulation of anions in the vacuole and
the energetic status of the cell.
Considering the data published so far, it is very likely that

plasma membrane-localized ALMTs exhibit a similar modula-
tion. In this case the modulation of the channel activity by ATP
may play an even more important role, because during hyper-
polarization events the inhibition of the channel is nearly
complete.
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