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Abstract: In the present work, we discuss the way inwhich
the parallel application of the patch-clamp technique
and the 2′,7′-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein
(BCECF) fluorescence detection for recording luminal
proton changes allows the functional characterization of
nonelectrogenic potassium/proton vacuolar antiporters of
the NHX (Na+/H+ exchanger) family. Moreover, we review
the functional role of the tonoplast-specific phosphoinosi-
tide PI(3,5)P2, able to simultaneously inhibit the activity of
NHXs andCLC-a transporters,whose coordinated action can
play an important role in the water balance of plant cells.
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Introduction

NHXs (Na+/H+ exchangers) are a family of monovalent
cation/proton antiporters involved in various physio-
logical processes, fundamental for plant survival, such as
pH and potassium homeostasis, plant growth, and salt
stress acclimation [1,2]. In animals, they are referred to as

NHEs. They belong to clade CPA1, one of the two groups
forming the CPA superfamily, cation/proton antiporters, [3].
Among the eight isoforms present in Arabidopsis thaliana,
AtNHX1-4 is located at the vacuole, AtNHX5/6 in intracel-
lular compartments, and AtNHX7/8 (AtNHX7 is also indi-
cated as SOS1) at the plasma membrane. Focusing on
vacuoles, Arabidopsis plants lacking both NHX1 and 2
are severely impaired in growth and extremely sensitive
to external potassium changes [1,4,5], indicating a low
functional activity of NHX3 and 4.

Different techniques for the study of
NHX transporters

NHXs are potassium/proton antiporters with a 1:1 stoi-
chiometry (or multiples); being nonelectrogenic, they
could not be investigated with the usual electrophysio-
logical techniques and their functional characterization
is challenging. For this purpose, different approaches
were developed. Tonoplast vesicles from plants or yeasts
were loaded with specific fluorophores, and NHX activity
in the formation or dissipation of proton gradients was
monitored measuring their quenching [5–7]. NHX pro-
teins were purified and reconstituted in proteoliposomes
and have been studied following an approach similar to
the aforementioned one [7,8]. Another method of inves-
tigation was that represented by heterologous expression
in mutant yeast cells [9–11]: the yeast AXT3K mutant,
which lacks the endogenous Na+ efflux proteins, ENA1-
4 and NHA1, and the endogenous vacuolar Na+/H+ anti-
porter NHX1, was complemented with AtNHX members
verifying whether its growth could be restored in a selec-
tive medium, for example, enriched with NaCl.

In all these techniques, it is not possible to fix the
ionic solutions involved, the luminal solution in the case
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of vesicles or proteoliposomes, and the cytosolic and the
vacuolar solutions in the case of yeast cells; there is no
control of the transmembrane voltage; and it is very dif-
ficult to evaluate the interplay among different vacuolar
proton transporters (impossible in proteoliposome) and
to perform dose-response experiments with agonists/
inhibitors (impossible to measure the reversibility of the
effects). Furthermore, in addition to the limited intrinsic
selectivity and sensitivity of the fluorophores, their photo-
bleaching over time represents a relevant limit to the dura-
tion of the experiment.

How to study ion channels and
transporters

Patch-clamp is the most important technique for studying
ion channels and electrogenic plant transporters [12]. It
can be successfully applied to vacuoles of various species,
from the model plant Arabidopsis thaliana [13] to seagrass
[14] and aquatic plants [15]. The use of protoplasts is more
demanding, probably because it is difficult to control how
clean the membrane is after the enzymatic treatment
necessary to remove the cell wall. However, also in this
case, protoplasts from many species have been used, such
as maize and carrot of agronomic interest [16,17], Arabi-
dopsis [18] and Posidonia oceanica the main seagrass in
the Mediterranean sea [19].

The patch-clamp technique is usually applied in the
whole-cell (or whole-vacuole) configuration. This allows
control of both the internal solution, cytosolic in the case
of protoplasts and luminal in the case of vacuoles and the
bath solution. Although not as firmly attached to the
recording chamber as in the case of animal cells [20], it
is possible to change the external solution of protoplasts
or vacuoles several times on the same preparation [21]. In
the patch-clamp technique the membrane voltage is fixed
and the application of appropriate potential protocols
[22] allows us to study the voltage dependence of chan-
nels and transporters in great detail. In the case of Ara-
bidopsis thaliana, the whole genome is sequenced and
knock-out plants lacking a certain channel or transporter
are currently available; wild-type or specific mutant pro-
teins can be overexpressed in the relative KO to perform
structure-function correlation studies [23].

Another widely used approach to investigate mem-
brane protein functions is the use of heterologous systems
for protein expression. For channels and transporters
localized in the plasma membrane, the system of choice

is represented by oocytes of Xenopus laevis [24]. The RNA
is directly injected into a single oocyte, which has a sphe-
rical shape of about 1 mm in diameter. Two electrodes are
required to perform the voltage-clamp: one measures the
potential difference of the oocyte membrane and the
other injects current so that the potential is equal to
that desired by the operator. The time to obtain the vol-
tage-clamp is less than 1 ms, which is excellent for
studying fast mechanisms such as pre-steady-state cur-
rents of the maize sucrose/proton symporter ZmSUT1
[25]. Generally, plant channels have much slower activa-
tion and deactivation times.

Oocytes are excellent for structure-function studies: to
investigate the inward or outward rectification mechanism,
Porée et al. [26] generated and expressed in oocytes 250
chimeras from KAT1 and SKOR, respectively, an inward
and outward-rectifier channel of the Shaker family of Arabi-
dopsis thaliana. Furthermore, oocytes may also be used to
study protein conformational changes: Derrer et al. [27]
applied the voltage-clamp fluorometry technique and solved
the first steps in the reaction cycle of ZmSUT1, as shown in
Figure 5 of ref. [27]. Recently, oocytes have been used to
detect electronic currents flowing in animal and plant cyto-
chromes [28–30]. The oocyte system has also been used to
study the effects of plant pathogen toxins on animal chan-
nels [31].

Plant channels can also be transiently expressed in
tobacco protoplasts. For example, the interaction between
two Shaker-type subunits of potassium channels was stu-
died, one from carrot (KDC1) and the other fromArabidopsis
(AKT1), and both were successfully expressed in tobacco
protoplasts [32].

The systems described above are not appropriate to
characterize intracellular channels and transporters due
to an evident localization problem. Interestingly, Costa
et al. [33] showed that the plant vacuole can be an excel-
lent heterologous system for the study of a lysosomal rat
transporter, namely, rCLC-7. The human endo-lysosomal
channels hTPC1 and hTPC2 were also expressed in vacuoles
isolated from the leaf mesophyll of Arabidopsis and char-
acterized in detail [34–38]. From these studies, interesting
modulationsmediated by the flavonoid naringenin emerged
with implications in severe human pathologies, such as
cancer and viral infection [39–43].

The plant vacuole can also be used as a system to
study the properties of the so-called channel forming
peptides (CFPs): SP25A, a toxin produced by the Gram-
negative bacterium Pseudomonas syringae, a phytopatho-
genic organism that affects several plants of agronomic
interest, is capable of forming pores with anion selectivity
on the tonoplast of vacuoles from sugar beet [44,45].

120  Antonella Gradogna et al.



Patch-clamp combined with
ion-sensitive fluorescent probes

Plant vacuoles have the so-called slow-activating chan-
nels of large unitary conductance from the two-pore
channel (TPC) family [46,47]. Arabidopsis has a single
gene coding for the AtTPC1 protein, a cation channel
activated by cytosolic calcium and modulated by many
factors, including reducing and oxidizing agents [48–50],
magnesium [51], and heavy metals [52,53]. Since, in vivo,
the concentration of both cytosolic and luminal calcium
is significantly lower than that of potassium, a difficult
question that arises is whether under these conditions it
is possible to quantify the passage of calcium through the
channel. To answer this question Gradogna et al. [54,55]
developed the so-called FLEP (fluorescence combined
with excised patch) technique, adding the fluorophore
fura-2 in the recording pipette as a sensor for calcium
changes. Using an excised patch, which was large enough
to detect a significant activity of the channel, they could
determine the fractional calcium current (approximately
10% of the total currents at elevated positive poten-
tials), a measurement impossible to carry out only
with electrophysiology.

Using the ratiometric proton sensitive probe BCECF
in place of fura-2 and applying the whole-cell configura-
tion, Carpaneto et al. [56], in parallel with current mea-
surements, could detect an increase in protons in the
vacuolar lumen after addition of cytosolic ATP or pyro-
phosphate and evaluate the impact on the vacuolar pH of
the AtCLCa proton/anion antiporter.

To measure the activity of NHX transporters, Gradogna
et al. [57] used the same approach, adding BCECF to the
pipette (luminal) solution and applying the patch-clamp
technique in whole-vacuole configuration. They modified
the bath (cytosolic) solution by substituting potassium with
an equimolar concentration of cesium, Figure 1a. No current
change was recorded, as shown in Figure 1b. However, the
proton concentration increased significantly returning to its
initial value when the potassium concentration was restored.
The increase in luminal proton concentration was absent in
nhx1 nhx2 KO plants, a strong indication that the movement
of protons induced by a steep potassium gradient in Figure 1c
ismediated by these two transporters (wewill refer to both as
NHX1/2). Gradogna et al. used a thermodynamic approach,
which describes the concentration of luminal protons as a
function of time and cytosolic potassium concentration with
the following equation:
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where kN is a constant dependent on the activity of NHX1/2
estimated to be 5.0 µM/s; [K+]lum = 100mM and [H+]cyt =
63.1 nM are, respectively, the luminal potassium and cyto-
solic proton concentrations.

Figure 1: A cytosol-directed potassium gradient induced vacuolar
acidification. (a) Schematic representation of cytosolic potassium
removal (100mMK+) and substitution with an equimolar amount of
cesium (no K+ + Cs+) versus time. The dotted lines indicate the
switching of the bath solution irrespective to the real change rate
due to the perfusion system. (b) Current, recorded by the patch-
clamp technique applied on a vacuole isolated from Arabidopsis
mesophyll cells, did not change. (c) Luminal concentration of
potassium, detected by the proton-sensitive fluorescent dye BCECF
loaded inside the vacuole through a patch pipette, increased sig-
nificantly after K+ removal. Modification of Figure 1, from Gradogna
et al. [57], New Phytologist, 229:3026–36, reprinted by permission
from John Wiley and Sons (license number 5236600128835).
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Taking into account that the cytosolic potassium con-
centration does not vary instantaneously (black curve in
Figure 2a) but its variation depends on the perfusion
system (blue and red curves in Figure 2a with the time
constant of the perfusion system equal to, respectively,
10 and 30 s), the solution of equation (1) is given by the
curves of Figure 2b. The blue curve of Figure 2b is in
optimal agreement with the experimental data of Figure 1c
and predicts that, as can be seen in Figure 2c, when the
cytosolic potassium is decreased, its rate of change is
faster than the increase of the luminal protons. Conver-
sely, when potassium is increased, its rate of change is
slower than the proton concentration variation. Mathema-
tical modeling, therefore, is able to explain the kinetics
of luminal proton variations due to the application or
removal of a steep potassium gradient (more details are
given in the supplemental material in ref. [57]).

Functional significance of
regulation by phosphoinositide
PI(3,5)P2
Phosphoinositides are rapidly synthesized, modified, and
hydrolyzed in response to numerous stimuli [58,59]. The
myo-inositol headgroup can be phosphorylated at hydro-
xyls 1, 3, and 5 by multiple phosphoinositide-kinases,
giving rise to an array of signaling compounds unevenly
distributed in cell membranes. The most abundant species
in plant cells is unphosphorylated phosphatidylinositol
(PI), which can be converted to phosphatidylinositol-4-
phosphate (PI4P) and phosphatidylinositol-4,5-bispho-
sphate (PI(4,5)P2) at the plasma membrane. By contrast,
PI3P and PI(3,5)P2 are mainly localized to late endo-
somes and the tonoplast [59].

The application in the cytosolic solution of the phos-
phoinositide PI(3,5)P2 at 200 nM induced a significant
and reversible inhibition of NHX1/2 activity, Figure 3
[57]. This experimental evidence is very intriguing con-
sidering that PI(3,5)P2 also inhibits CLC-a [56], which
colocalizes with NHX1/2 at the tonoplast. On the contrary,
PI(3,5)P2 did not affect the vacuolar ATPase and pyropho-
sphatase. Stomatal closure is a physiological process
where the concentration of PI(3,5)P2 is known to increase
[60]. In this case, the simultaneous inhibition of NHX1/2

Figure 2: Simulation of the vacuolar acidification mediated by NHXs
induced by a cytosol-directed potassium gradient. (a) Change in
cytosolic potassium. (b) Corresponding response in luminal proton
concentration variation. Traces in A were calculated considering
instantaneous perfusion (black line) or a perfusion system with a
time constant of 10 (blue line) or 30 s (red line). Traces in B were
calculated using equation (1). (c) Superimposition of cytosolic
potassium concentration (thick blue line) and luminal proton con-
centration to favor a direct comparison. Modification of Figure S9
from Gradogna et al. [57], New Phytologist, 229:3026–36, reprinted
by permission from John Wiley and Sons (license number
5236600128835).

Figure 3: The phosphoinositide PI(3,5)P2 inhibited NHX activity. The
presence of 200 nM PI(3,5)P2 in cytosolic solution caused a strong
and reversible inhibition of the vacuolar acidification mediated by
NHX activity in a cytosol-directed potassium gradient. Modification
of Figure 6a from Gradogna et al. [57], New Phytologist,
229:3026–36, reprinted by permission from John Wiley and Sons
(license number 5236600128835).
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and CLC-a can be interpreted as restriction of salt accu-
mulation inside the vacuole. Vacuoles from guard cells
must release salt in order to favor the concurrent release of
water and stomatal closure. It therefore appears that the
regulatory effects of PI(3,5)P2 identify a salt accumulation
unit comprising the combined action of CLC-a and NHX1/2,
Figure 4, [57]. Since the activity of both transporters impacts
on the vacuolar proton concentration, their simultaneous
inhibition should result in a significant increase in vacuolar
protons, which is exactly what is measured during stomata
closure of wild-type plants [60] and in an exacerbated
manner in the nhx1 nhx2 mutant [61]. As pointed out by
Gradogna et al. [57] the coordinated work of CLC-a and
NHX1/2 could avoid futile cycles of osmolyte fluxes and
mediate the efficient release of cations and anions in phy-
siological processes where this is necessary for optimal
water movement.

Interestingly, phosphatidylinositol (PI) has been recently
shown to bind and inhibit the plasma membrane H+-ATPase
AHA2 [62]. Phosphorylation of AHA2 at residue T947 leads to
14-3-3 protein binding and activation of theH+-ATPase, while
phosphorylation at the neighboring S931 by kinase PKS5/
CIPK11 prevents 14-3-3 binding and inhibits the pump [63].
PI binding to AHA2was favored by S931 phosphorylation and
diminished by phosphorylated T497, suggesting that PI-
mediated inhibition is additive to that of PKS5/CIPK11 [62].
In response to salinity stress, PI was rapidly converted to PI
(4)P, which then bound and activated the plasmamembrane
Na+/H+ antiporter SOS1/NHX7, while the reduced levels of PI
contributed to the coordinated activation of the H+-ATPase to
fuel Na+/H+ exchange [62].

Arabidopsis mutants deficient in PI and PI(4)P bio-
synthesis had altered cellular Na+ contents, which could
result from faulty regulation of SOS1/NHX7 activity [62].
However, NHX1/2 activity contributes to salinity toler-
ance through the compartmentation of Na+ and K+ ions
[1,4,5], and it would be interesting to explore further the
possibility of coordinated regulation of plasmamembrane-
and tonoplast-localized NHX proteins by phosphoinosi-
tides. Vacuolar NHX1/2 responded strongly to PI(3,5)P2
and weakly to PI(3,4,5)P2, whereas PI(3,4)P2 and PI(4,5)
P2 had no effect on NHX1/2 activity [57]. On the other hand,
PI acted on AHA2, but PI3P, PI4P, PI5P, and PI(4,5)P2
failed to interact. PI4P activated SOS1/NHX7 but PI3P did
not [62]. These assays are informative but incomplete.
Although different phosphoinositide species show some
degree of uneven distribution among cell membranes
and compartments, it would be important to investigate
the signaling roles of the diverse phosphoinositide species
on H+, Na+, and K+

fluxes and transport proteins in a
systematic manner to delineate an integrative model [64].

Conclusions

The extension of the patch-clamp technique with the use
of fluorescent probes sensitive to ions of physiological
interest allows us to measure functional details impossible
to detect with the usual experimental techniques, such as
the functional characterization of the NHX vacuolar trans-
porters and the quantitative estimation of the inhibition
mediated by the tonoplast-specific phosphoinositide PI
(3,5)P2. The application of this approach to other vacuolar
transporters can be useful to evaluate their interplay in
controlling cytosolic and vacuolar pH.

Abbreviations

PI(3,5)P2 phosphatidylinositol-(3,5)-bisphosphate
VM vacuolar membrane
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