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under hyperosmotic stress

Mario Soccio!, Maura N. Laus!, Daniela TRONO? & Donato PASTORE'*

! Dipartimento di Scienze Agrarie, degli Alimenti e dell’Ambiente, Universita degli Studi di Foggia, Via Napoli 25, 71122
Foggia, Italy; e-mail: d.pastore@unifg.it
2CRA - Centro di Ricerca per la Cerealicoltura, S.S. 16 Km 675, 71122 Foggia, Italy

Abstract: The assays commonly used to determine ATP content in biological samples generally measure total cellular
ATP content, but not the different subcellular pools. In this study a new simple method for measuring ATP content in a
cytosol-enriched fraction (CEF) was developed, based on a rapid cytosolic ATP extraction (by an isotonic grinding medium
that preserves organelle integrity) and its detection monitoring the NADPH fluorescence generated via hexokinase/glucose-
6-phosphate dehydrogenase coupled reactions. Four protocols, differing for timing of NADPH generation and for either the
presence or absence of some inhibitors of ATP and NADPH metabolism, were compared by determining CEF-ATP, as well
as total ATP, in durum wheat (7Triticum durum Desf.) etiolated seedlings. The best protocol was the one adopting both
simultaneous NADPH generation and use of inhibitors during tissue homogenization. This protocol also showed higher
performance than the classical trichloroacetic acid extraction. Using the new method, CEF-ATP content was assessed in
control, salt- and osmotic-stressed seedlings, resulting 2.68 + 0.04, 1.69 £ 0.12 (—40%) and 1.35 &+ 0.16 (—50%) pmol/g dry
weight, respectively. Finally, the effects of this stress-dependent decrease of cytosolic ATP were evaluated with respect to a
possible modulation of two mitochondrial energy-dissipating systems, the uncoupling protein (PUCP) and the K* channel
(PmitoKaTp), both inhibited by cytosolic ATP. Experiments carried out at different physiological ATP concentrations
suggest that the decreased cytosolic ATP content occurring under hyperosmotic stress may contribute to attenuate inhibition
of PmitoKarp, thus promoting its activity (up to about 90%), but not of PUCP, that appears to lose ATP sensitivity under
stress condition.

Key words: cytosolic ATP assay; durum wheat; osmotic stress; plant mitochondrial potassium channel; plant uncoupling
protein; salt stress.

Abbreviations: ADK, adenylate kinase; ANT, adenine nucleotide translocator; Ap5A, Pl,P5-di(adenosine-f)’)pentaphos—
phate; ATP D.S.; ATP detection system; ADP-Glc PPase, ADP-glucose pyrophosphorylase; BSA, bovine serum albumin;
CEF, cytosol-enriched fraction; COX, cytochrome c oxidase; DWM, durum wheat mitochondria; EDTA, ethylenediaminete-
traacetic acid; E.U., enzymatic units; FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; FFAs, free fatty acids;
G6PDH, glucose-6-phosphate dehydrogenase; HK, hexokinase; NADH-HPR, NADH-dependent hydroxypyruvate reductase;
NTP, nucleotide triphosphate; PEPC, phosphoenolpyruvate carboxylase; PIMAC, plant inner membrane anion channel;
PmitoKarp, plant mitochondria K+ channel; PUCP, plant uncoupling protein; PVP, polyvinylpyrrolidone; ROS, reactive
oxygen species; SHAM, salicylhydroxamic acid; TCA, trichloroacetic acid; Tris, tris(hydroxymethyl)-aminomethane; UCP,
uncoupling protein; AW, electrical membrane potential.

Introduction

ATP, the “energy currency” of the cell, plays a central
role in bioenergetics and represents an important phys-
iological modulator of various cellular activities. Most
of the ATP in a plant cell is formed in the mitochondria
and chloroplasts, and most of it stays within the bor-
ders of the plasma membrane (Roux & Steinebrunner
2007).

Several methods for extracting and assaying ATP
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have been described in literature. The extraction of
ATP from cells is not a trivial problem, especially in
plants with very tough cell walls. Moreover, in a cell
the ATP pool has a very high turnover rate. Therefore,
extractants should open up cell walls and simultane-
ously, and within fractions of a second, completely in-
hibit or ideally inactivate all ATP-degrading enzymes;
otherwise a variable fraction of the intracellular ATP
could be degraded during extraction or storage of the
extract. For this reason, the reagents commonly used
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for this purpose are chaotropic agents, in particular
trichloroacetic acid (TCA) and perchloric acid (Lundin
& Thore 1975; Velazquez & Feirtag 1997; Ishida et al.
2002; Yang et al. 2002), organic solvents (Brovko et al.
1994; Velazquez & Feirtag 1997) and surfactants (Kami-
date et al. 1996; Velazquez & Feirtag 1997; Ishida et al.
2002). Nevertheless, all extractants can adversely affect
the subsequent reaction of ATP detection, thus decreas-
ing the sensitivity of the assay (Khlyntseva et al. 2009
and references therein). For the same reason, the use
for ATP extraction of boiling deionized water, which
efficiently inhibits ATPase, has been already proposed
(Yang et al. 2002).

Unfortunately, the above-mentioned methods do
not discriminate cytosolic ATP from the total one. Nev-
ertheless, the assessment of cytosolic ATP is of a re-
markable interest as it plays a crucial role, in particu-
lar when cellular activities modulated by this ATP pool
have to be studied.

This is the case of bioenergetic studies on durum
wheat (Triticum durum Desf.) mitochondria that re-
gard the role of mitochondrial metabolism in cell adap-
tation to abiotic stress. In fact, the well-established re-
sistance of durum wheat to water stress may depend
not only on morphological (Rascio et al. 1988 and refs
therein) or photosynthetic adaptations (Flagella et al.
1994, 1995, 1996 and refs therein), but also on adapta-
tion of mitochondrial oxidative metabolism. On this lat-
ter point, durum wheat mitochondria (DWM) possess
two energy-dissipating systems, namely the plant un-
coupling protein (PUCP) (Pastore et al. 2000) and the
K* channel (PmitoKarp) (Pastore et al. 1999), both
inhibited by ATP from cytosolic side of the inner mito-
chondrial membrane and both involved in plant defence
mechanism against environmental/oxidative stresses
(Pastore et al. 2007).

The existence of an uncoupling protein (UCP) in
plant mitochondria was described for the first time in
potato (Vercesi et al. 1995) and subsequently demon-
strated in a variety of organs and tissues of higher
plant species including monocots and dicots, C3, C4
and CAM (Jezek et al. 2000). In the presence of free
fatty acids (FFAs), PUCP, like animal UCPs (Sku-
lachev 1998), catalyzes HT re-entry in the course of
substrate oxidation (for a review see, Sluse & Jar-
muszkiewicz 2002), so dissipating the electrical mem-
brane potential (A¥). PUCP is physiologically inhib-
ited by ATP and other purine nucleotides and by bovine
serum albumin (BSA), which removes FFAs (Vercesi
2001); interestingly, DWM-PUCP is activated by reac-
tive oxygen species (ROS) (Pastore et al. 2000). Bio-
chemical properties of PUCP, as well as distribution,
regulation of gene expression, gene family and evolu-
tionary aspects, have been reviewed by Vercesi et al.
(2006). Moreover, the role of the UCP gene families in
the plant response to stress has been reported recently
(Figueira & Arruda 2011).

The existence of PmitoKaTp, the ATP-sensitive
K* channel, was first shown in DWM (Pastore et
al. 1999) and subsequently in mitochondria from pea
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seedlings (Petrussa et al. 2001; Chiandussi et al. 2002;
Casolo et al. 2003; Petrussa et al. 2004), soybean cell
cultures (Casolo et al. 2005), embryogenic cultures
of Picea abies (L.) Karst., Abies cephalonica Loud
(Petrussa et al. 2008a), Abies alba Mill. (Petrussa et
al. 2009), and Arum spadix and tubers (Petrussa et al.
2008b). Moreover, a mitochondrial K* uniport has been
reported in many other plant species, including bread
wheat, barley, spelt, rye, spinach (Pastore et al. 1999),
potato (Pastore et al. 1999; Fratianni et al. 2001), and
triticale, topinambur and lentil (Laus et al. 2011). Re-
cently, the first patch clamp experiments on DWM have
identified an ATP-inhibited K channel also at the level
of single channel activity (De Marchi et al. 2010). At
the same time, a channel with similar single channel
and pharmacological properties was observed in bilayer
experiments using plant mitochondria inner membrane
vesicles (Matkovic et al. 2011). It should be also re-
ported that an ATP-insensitive K import pathway has
been described in potato, maize and tomato (Ruy et al.
2004) and that a large-conductance Ca?" -activated KT
channel (Koszela-Piotrowska et al. 2009) and a large-
conductance Ca?T-insensitive iberiotoxin-sensitive K+
channel have been described in potato tuber mitochon-
dria (Matkovic et al. 2011). Physiology of K™ channels
in the inner mitochondrial membrane has recently been
reviewed by Szabo et al. (2012).

In DWM, PmitoKarp is activated by superoxide
anion (Pastore et al. 1999, 2007) and by FFAs and
acyl-CoA derivatives (Laus et al. 2011). PmitoKaTp
catalyzes the electrophoretic uniport of K across the
inner membrane into the matrix and, working together
the Kt /H* antiporter (Diolez & Moreau 1985), allows
the operation of a K* cycle that may induce HT re-
entry in the matrix.

H* re-entry generated by the KT cycle due to
PmitoK arp-K/HT antiporter combined function and
the FFA-induced HT transport by the PUCP have been
demonstrated to dampen ROS formation in mitochon-
dria isolated in wvitro from both control (Pastore et al.
1999) and salt- and osmotic-stressed seedlings (Trono
et al. 2004). Under the same hyperosmotic stress con-
ditions, both energy-dissipating systems are activated
due to increased mitochondrial FFA content (Laus et
al. 2011) and ROS level (Trono et al. 2004). They may
thus in turn control large-scale mitochondrial ROS pro-
duction according to a feed-back mechanism (Trono et
al. 2004, 2011; Laus et al. 2011). On the other hand, the
activities of both PmitoKarp and PUCP may be coun-
teracted under stress by ATP inhibition. Therefore to
fully understand modulation of PmitoK atp and PUCP
under stress conditions, the possible decrease of ATP
content and release of inhibition should be assessed. In-
deed, in hyperosmotic-stressed seedlings a decrease in
the rate of mitochondrial ATP synthesis has been al-
ready reported (Flagella et al. 2006; Trono et al. 2011),
but it should be considered that ATP production and
consumption occur simultaneously in cell. This means
that a decrease in ATP synthesis rate does not necessar-
ily imply an ATP content decrease. In the light of this,
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a direct measurement of ATP content is worthwhile.

For this reason, in this study a new simple
method was developed, in which the ATP of a cytosol-
enriched fraction (CEF) was quickly extracted from
durum wheat seedlings and immediately assayed by
monitoring the NADPH fluorescence generated via
hexokinase (HK)/glucose-6-phosphate dehydrogenase
(G6PDH) coupled reactions. Moreover, mitochondria
were purified from the same plant material and sen-
sitivity of PUCP and PmitoKarp to ATP was checked.
This to validate the hypothesis that a decrease of cy-
tosolic ATP content may occur under salt and osmotic
stress conditions, thus contributing, together with other
physiological modulators, to PUCP and PmitoK arp ac-
tivation.

Material and methods

Chemicals

All reagents were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Substrates were used as tris(hydroxyme-
thyl)-aminomethane (Tris) salts at pH 7.20. Carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP),
oligomycin and valinomycin were dissolved in ethanol.

Plant material

Control seedlings

Certified durum wheat (Triticum durum Desf.) seeds (300 g),
cv Ofanto, were dark-grown in deionized water at 25°C and
80-85% relative humidity for 48 h as described in Trono et
al. (2011), and early seedlings (shoot length of about 0.3 cm)
were used to obtain CEF-ATP and isolate mitochondria.

Salt- and osmotic-stressed seedlings

Salt- and osmotic-stressed seedlings were germinated as de-
scribed in Trono et al. (2011), by replacing water with
0.21 M NaCl solution (conductivity 20 dS/m; ¥m = —1.04
MPa), that induces severe stress on the basis of durum
wheat salt tolerance (Francois & Maas 1994), or with 0.42 M
mannitol solution, that has the same osmolarity as the NaCl
solution, respectively.

Stress lasted 96 h so as to reach the same shoot length
as the control, after which the seedlings were harvested.
Both stress conditions delayed germination and the percent-
age of seed germination decreased from 95% in water to 81%
under stress conditions (see also Flagella et al. 2006).

Assay of marker enzyme activities and intactness

To assay marker enzyme activities, seedlings homogeniza-
tion was performed using the grinding buffer adopted for
the protocol I (see below). The following enzymes were as-
sayed spectrophotometrically at 25°C in an isotonic reaction
medium containing 0.5 M sucrose, buffered at pH 7.75 with
Tris-HCI 30 mM: phosphoenolpyruvate carboxylase (PEPC;
Trono et al. 2013), NADH-dependent hydroxypyruvate re-
ductase (NADH-HPR; Schwitzguebel & Siegenthal 1984),
ADP-glucose pyrophosphorylase (ADP-Glc PPase; Sowoki-
nos 1975; Batz et al. 1992), cytochrome c¢ oxidase (COX;
Trono et al. 2013), as marker enzymes of cytosol, peroxi-
somes, plastids and mitochondria, respectively. PEPC ac-
tivity was measured by monitoring the absorbance decrease
at 340 nm due to NADH (e340 = 6.22 per mM per cm) oxida-
tion in the course of the PEPC/malate dehydrogenase cou-
pled assay. NADH-HPR activity was measured by follow-
ing the NADH oxidation in the course of hydroxypyruvate
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reduction to glycerate. ADP-Glc PPase activity was deter-
mined by measuring the NADPH generation in the course
of the ADP-Glc PPase/phosphoglucomutase/ GEGPDH assay.
COX activity was assayed by following the absorbance de-
crease at 550 nm due to cytochrome c (e550 = 27.6 per mM
per cm) oxidation.

The activities of each marker enzyme were measured
before (V1) and after (V) the addition of 0.1% (v/v) Triton
X-100. The intactness of cell and organelles was calculated
by the formula: 100 x [1 — (V1/V2)].

CEF-ATP and total ATP content in durum wheat seedlings
Determination of CEF-ATP content

About 300-500 mg of fresh etiolated early seedlings (about
40-70 mg dry weight) were removed from seeds and imme-
diately gently homogenized in ice-water bath by means of
a Potter-Elvehjem homogenizer and a teflon pestle (Sigma
Chemical Co., St. Louis, MO, USA) using an extraction
medium at a (w/v) ratio equal to 1 g/5 mL. The extrac-
tion medium was an isotonic grinding buffer capable of
preserving the integrity of subcellular organelles, consist-
ing of 0.5 M sucrose, 4 mM cysteine, 30 mM Tris-HCI (pH
7.75), 0.1% (w/v) defatted BSA, 5 mM MgCls, 0.6% (w/v)
polyvinylpyrrolidone (PVP)-360.

Four extraction/assay protocols were adopted that dif-
fered for the presence/absence in the grinding medium of
some inhibitors of the main pathways related to ATP and
NAD(P)H metabolism and/or of the ATP detection sys-
tem (ATP D.S.) (see also Table 2). The inhibitors included
30 uM P! PS-di(adenosine-5’)pentaphosphate (Ap5A),
1 pg/mL oligomycin, 10 uM atractyloside, 100 uM iodo-
acetic acid, 1 mM KCN, 1 mM salicylhydroxamic acid
(SHAM), able to inhibit adenylate kinase (ADK), ATPase,
adenine nucleotide translocator (ANT) (Fratianni et al.
2001; Trono et al. 2011), glyceraldehyde-3-phosphate dehy-
drogenase (Lehner et al. 2009), COX and alternative oxi-
dase (Pastore et al. 2001; Soccio et al. 2010), respectively.
The ATP D.S. consisted of 5 mM glucose, 200 uM NADP™,
0.15 enzymatic units (E.U.) per mL HK, 0.15 E.U. per mL
G6PDH; it allowed the fluorimetric ATP detection by moni-
toring NADPH fluorescence (Aex = 340 nm, Aem = 456 nm)
generated via HK/G6PDH coupled reactions.

Measurements were carried out at 25°C with a Perkin-
Elmer LS-55 spectrofluorimeter (Perkin Elmer, Wellesley,
MA, USA). To convert the fluorescence values into ATP
concentrations, a titration was carried out with sequential
additions of 2 uM ATP at the end of each experimental
trace.

The ATP concentration in the extract was calculated
as reported in (a):

ATP(uM) = [(F» — F1)/AFarp] x 100 (a)

When the extraction was carried out in the absence of
the ATP D.S. according to the protocols I and III, F; and F3
were the fluorescence values measured immediately before
and after NADP* addition, respectively (see Figs 1A and
1C). When the protocols I and IV were adopted, F> was the
fluorescence value obtained after extract addition; as for Fy,
in order to subtract the contribute of endogenous NAD(P)H,
a parallel extraction was carried out in the absence of the
ATP D.S., so to obtain the true Fi value (corrected F)
(see Figs 1B and 1D). AFarp was the unitary increment of
fluorescence due to addition of 1 uM ATP and 100 was the
dilution factor (20 pL of extract were diluted in 2 mL of
reaction mixture).
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Table 1. Activity of COX, ADP-Glc PPase, NADH-HPR and PEPC, and intactness of organelles and cells in the crude extract from

control durum wheat seedlings.®

Activity (nmol/min per mg of protein)

Compartment Marker enzyme

— Triton X-100
Mitochondria COX 1.06 £ 0.07°
Plastids ADP-Glc PPase 6.66 + 0.31
Peroxisomes NADH-HPR 5.32 + 0.42
Cells PEPC 107.8 + 5.9

Intactness (%)
+ Triton X-100

32.21 £ 2.21 97
36.62 £ 1.21 82
13.35 + 0.93 60
134.6 £ 7.4 20

¢ Enzymatic activities and intactness were calculated as reported in Material and methods.

b Mean value + S.E. (n = 4 independent experiments).

ATP content was expressed as pmol/g dry weight as
reported in (b)

ATP (pmol/g dry weight) = [ATP] x V/(W x 1000) (b)

where [ATP] is the concentration (LM) obtained as reported
in (a), Vis the volume of extract in milliliters, [ATP] x V/
parameter represents the nmol of ATP, 1000 is the conver-
sion factor from nmol to pmol and W is the dry weight of
seedlings in grams.

Finally, the result obtained using the equation (b) was
corrected for the contribution of cells not broken during
seedling homogenization (see also Table 1 and Result and
discussion).

Determination of total ATP content
Total ATP was extracted under both denaturing and non-
denaturing conditions.

In the first case, seedling homogenization was carried
out by using an extraction medium consisting of 10% (w/v)
TCA and 17 mM ethylenediaminetetraacetic acid (EDTA)
(Lundin & Thore 1975). TCA was removed by extraction
with diethylether (3:4, v/v). After ether extraction, ni-
trogen gas was bubbled through the water phase for 5-
10 min to remove the solubilised ether. Finally, ATP was
assayed by monitoring the NADPH fluorescence formed via
HK/G6PDH coupled reactions as reported above (protocol

I).

To assay total ATP under non-denaturing conditions,
seedling homogenization was carried out by using an ipo-
tonic grinding medium consisting of 30 mM Tris-HCI (pH
7.75), 0.1% (w/v) defatted BSA, 0.1% (v/v) Triton X-100
and 5 mM MgCls,. This medium allows the complete lysis of
all subcellular organelles and the overall recovery of ATP.
Also in this case, the grinding medium contained the in-
hibitors of the main pathways related to ATP and NAD(P)H
metabolism. Finally, ATP was assayed by monitoring the
NADPH fluorescence formed via HK/G6PDH coupled reac-
tions as reported above (protocol IV).

DWM isolation and measurements of PmitoKatp and
PUCRP activity by means of AV and swelling experiments

About 50-60 g of etiolated early seedlings were removed
from seeds and mitochondria were isolated as reported in
Pastore et al. (1999). The grinding and washing media were:
(i) 0.5 M sucrose, 4 mM cysteine, 1 mM EDTA, 0.1% (w/v)
defatted BSA, 0.6% (w/v) PVP-360 and 30 mM Tris-HCl
(pH 7.50); and (ii) 0.5 M sucrose, 0.1% (w/v) defatted BSA
and 10 mM Tris-HC1 (pH 7.40), respectively. Washed mi-
tochondria were purified by isopycnic centrifugation on a
Percoll gradient (Moore & Proudlove 1987). The final mito-
chondrial suspension was diluted with an appropriate vol-
ume of sucrose-free washing medium, in order to obtain a

0.3 M sucrose concentration. Mitochondrial protein content
was determined by the method of Lowry modified according
to Harris (1987) using BSA as a standard.

AV measurements
AW changes were monitored at 25°C as reported in Pastore
et al. (2002), by measuring safranin O fluorescence changes
(Aex = 520 nm, Aem = 570 nm). Measurements were carried
out in a reaction medium (2 mL) containing 0.3 M mannitol,
5 mM MgClz, 20 mM Tris-HCI (pH 7.20), 2.5 pM safranin
O and 0.1 mg/mL DWM protein [(safranin O)/(DWM pro-
tein) ratio value of 25]. To avoid ATP entry via ANT and/or
its hydrolysis by ATPase, 10 uM atractyloside and 2 pg
oligomycin were also present in the reaction mixture. The
presence of atractyloside also excludes the uncoupling of mi-
tochondria via ANT mediated by FFAs (Trono et al. 2006).
Calibration of AV as a function of safranin O fluores-
cence decrease in DWM was carried out by using safranin
O response as a function of KT diffusion potential in rat
liver mitochondria as reported by Zottini et al. (1993). Rat
liver mitochondria were isolated according to Pastore et al.
(1994); the K* diffusion potential in rat liver mitochondria
was induced by the addition of 0.05 pg/mL valinomycin
(Akerman & Wikstrom 1976).

Swelling experiments
Swelling experiments were performed as described in Pas-
tore et al. (1999) in 2 mL of 0.18 M KCI or 0.36 M su-
crose isotonic solutions buffered with 20 mM Tris-HCI (pH
7.20). Absorbance changes at 546 nm of a DWM suspension
(0.05 mg/mL) were monitored at 25°C as a function of time
by means of a Perkin Elmer A18 UV /VIS spectrometer.
Also in this case, the effect of ATP was evaluated in
the presence of 2 pg oligomycin and 10 pM atractyloside.
Control was made in order to check that the oligomycin and
atractyloside had no effect on sucrose swelling.

Statistical analysis

Statistical analysis was performed by using the StatSoft
STATISTICA (data analysis software system), version 7.
Data distribution was evaluated by using the Shapiro-Wilk
test. Homogeneity of variances was verified by the Bartlett’s
test. Data of Fig. 2 was submitted to a “one-factor” anal-
ysis of variance (ANOVA) model, using a completely ran-
domized block design and the mean separation was tested
by the Duncan’s test at 0.01 P level of significance.

Results and discussion

FEvaluation of cell and organelle intactness in the crude
extract from durum wheat etiolated seedlings

The first goal of this study was to set up a new simple
method for rapid extraction and measurement of ATP
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Table 2. Different protocols adopted to assay CEF-ATP in the extracts from durum wheat seedlings.®

Protocol

Protocol I
of ATP and NAD(P)H metabolism added).
Protocol II
of ATP and NAD(P)H metabolism added).
Protocol III
Protocol IV

Description

Extraction — ATP consumption by ATP D.S. in the course of NADPH fluorescence measurement (no inhibitors
Extraction and simultaneous ATP consumption by ATP D.S — NADPH fluorescence measurement (no inhibitors

As protocol I, but in the presence of inhibitors of ATP and NAD(P)H metabolism in the extraction medium.
As protocol II, but in the presence of inhibitors of ATP and NAD(P)H metabolism in the extraction medium.

¢ Measurements were carried out as reported in Material and methods by using extraction media isotonic with intracellular organelles
in order to minimize their rupture and allow the assay of the cytosolic ATP.

content in the cytosolic fraction. For this purpose, du-
rum wheat etiolated seedlings were homogenized very
gently using an isotonic grinding buffer able to minimize
the rupture of subcellular organelles with consequent
ATP release and contamination of the cytosolic frac-
tion. Nevertheless, the rupture of vacuole, endoplasmic
reticulum and Golgi membranes cannot be avoided; on
the contrary, intactness of nuclei, plastids, peroxisomes
and mitochondria is expected to be highly preserved.
To check this last point, the intactness of mitochondria,
plastids and peroxisomes was evaluated in the crude ex-
tract by studying the latency of marker enzymes spe-
cific for each compartment. Attention was focused on
these organelles in the light of the presence of special-
ized adenine nucleotide carrier proteins (Haferkamp et
al. 2011); on the contrary, nuclei do not possess ATP
transporters (Haferkamp et al. 2011), suggesting thus
a free ATP passive flow and an organelle ATP concen-
tration in equilibrium with the cytosolic one.

In Table 1 specific activities of COX, ADP-Glc
PPase and NADH-HPR, marker enzymes of mitochon-
dria, plastids and peroxisomes, respectively, evaluated
before and after membrane lysis with Triton X-100, are
reported, as well as the deriving organelle intactness.
Moreover, the residual integrity of cells after homoge-
nization procedure, evaluated using PEPC latency as
a marker of cytosolic compartment, is also reported.
COX activity was found to strongly increase after Tri-
ton X-100 addition, thus indicating a very high intact-
ness of mitochondria, which are double membrane sur-
rounded organelles. Contrarily, peroxisomes, that are
single membrane surrounded organelles, resulted more
susceptible to rupture, whereas plastids showed inter-
mediate intactness having larger dimensions than mi-
tochondria, although protected by a double membrane.
As for PEPC latency assay, the results shown in Table 1
indicate the presence in the crude extract of an unex-
pectedly high percentage of intact cells, thus pointing
out the gentleness of homogenization procedure. This
percentage has been considered to correct the calcula-
tion of cytosolic ATP content (see below).

In the whole, these results confirmed that, al-
though a contamination of cytosolic fraction necessar-
ily occurs due to the burst of some organelles, our ex-
traction conditions are able to strongly limit ruptures,
in particular of mitochondria. In the light of this, this
extract may be defined as a cytosol-enriched fraction
(CEF), essentially free of mitochondrial contamination.

This is of main interest since in our experimental sys-
tems (etiolated seedlings) mitochondria represent the
main cellular site of ATP production; while all other or-
ganelles may be considered only as “ATP consumers”
and their rupture may presumably release little ATP
amount.

Determination of CEF-ATP content

To set up the best experimental conditions to extract
and assay the ATP content in the CEF, four differ-
ent protocols were tested (see also Table 2). As for
the protocol I, CEF-ATP was preliminarily extracted
in a medium which preserves subcellular organelle in-
tegrity and subsequently consumed in course of fluo-
rescence measurements via ATP D.S. consisting of HK,
G6PDH, glucose and NADP™ (see Material and meth-
ods). On the contrary, in the protocol II, the ATP
D.S. was already present in the extraction medium, so
CEF-ATP extraction and consumption via ATP D.S.
occurred simultaneously. In order to avoid ATP degra-
dation or production, as well as ATP transport across
inner mitochondrial membrane in the course of extrac-
tion, in the protocols IIT and IV, cytosolic ATP was ex-
tracted and assayed as in the protocols I and II, respec-
tively, but in the presence of powerful inhibitors of ATP
and NAD(P)H metabolism. In particular, the extrac-
tion medium contained: Ap5A to prevent adenylates
interconversion via ADK; atractyloside and oligomycin,
inhibitors of ANT and ATPase, respectively, in order
to avoid ATP/ADP exchange across the mitochondrial
membranes, as well as ATP consumption via hydrolysis
by ATPase; KCN and SHAM to inhibit NADPH oxi-
dation by respiratory chain; iodoacetic acid, inhibitor
of glyceraldehyde 3-phosphate dehydrogenase, to block
glycolysis.

In Figure 1, experimental fluorimetric traces rela-
tive to ATP determination according to the four pro-
tocols described in Table 2 are reported; in this case
extracts were obtained from control seedlings.

In Figure 1A CEF-ATP was assayed according to
the protocol I. The addition of 20 uL of extract to 2 mL
of the reaction mixture caused a slight increase of flu-
orescence at 456 nm probably due to the presence of
endogenous NAD(P)H. After the addition of glucose,
HK and G6PDH, the fluorescence remained almost con-
stant, whereas the addition of 200 pM NADP™ caused
a rapid increase of fluorescence from F; to Fs value due
to its conversion to NADPH, which is 1:1 stoichiomet-



426 M. Soccio et al.
Protocol | Protocol Il
800, A 800, B
2
T 700 £ 700
3 2 uM g
< ATP °
£ 600 2 600{ 20
T) 0.3E.U © Extract
e HK o] n
@ 500{201 | o3EU. & 900 A
% Extract G6PDH i_;rxlgl g
5mM 200 puM
§ 4001 |slucos NADP' l § 4001 - - o
—
F AR A A P S .. F o
S 300{ 'V, l J/M : o 3003 ....Corrected F,
o b P XX F, 3 L r
Ll_ 1
200 200
0 200 400 600 800 0 100 200 300 400
Time (s) Time (s)
Protocol Ill Protocol IV
120 C 120 D
e 2uM o
[
110 2 uM 110 ATP
2 ATP £
c c
z 100 l 3 100
03.EU 2uM
2 G6PDH Zum 2 A /»WM
S 9 03E.U. <o 920w
= HK %\IOA(\JDM ll\ll l = Extract
© 103
8 80 20|5mM S T - F, B 801 M ) CF,
u c |
3 Extract Clucose ]
@ 09 | . F, 5 704 |.... Corrected F,
g S ol
C 60 T 60
50 50
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600
Time (s) Time (s)
N J

Fig. 1. Measurement of ATP in a CEF from control seedlings. In (A), (B), (C), and (D) CEF-ATP was extracted and assayed as reported
in Material and methods by evaluating the fluorescence emission (Aem = 456 nm, Aex = 340 nm) of the NADPH produced by the ATP
D.S., according to the protocol I, II, ITI, and IV from Table 2, respectively. At the time indicated by the arrows, extract, glucose, HK,
G6PDH, NADP* and ATP were added at the reported concentration. In (A) and (C), F; and F» represent the fluorescence values
measured before and after NADP* addition, respectively. In (B) and (D), F; and F» are the values measured before and after the
extract addition, respectively;corrected Fp is the fluorescence value of the extract corrected for endogenous NAD(P)H (see Material

and methods).

ric to ATP. Finally, to convert the fluorescence values
into ATP concentrations, a titration was carried out
with sequential ATP additions at known concentration
(2 uM) at the end of the experimental trace.

In Figure 1B CEF-ATP extraction was performed
according to the protocol II, in a medium already con-
taining the ATP D.S. In this case, the enzymes HK and
G6PDH immediately used ATP to convert NADP* in
NADPH. Therefore, when the extract was added to the
reaction medium, a rapid increase of fluorescence from
Fy to F3 value, higher than in Figure 1A, was observed.
To subtract the contribution due to the presence of en-
dogenous NAD(P)H, a parallel assay was carried out
without the ATP D.S. to determine the true F; value
(see corrected Fy in Figure 1B).

In Figures 1C and 1D, CEF-ATP was extracted
and assayed as in Figures 1A and 1B, respectively,
but in the presence of powerful inhibitors of ATP and
NAD(P)H metabolism, according to protocols III and

IV, respectively. The presence of inhibitors caused a
general fluorescence quenching of NADPH, whose val-
ues resulted 4-6 times lower than those measured in the
absence of inhibitors.

In Figure 2A the different extractions and assays
procedures were compared with respect to efficiency of
CEF-ATP recovery. Data of ATP content were properly
corrected, by considering a CEF-ATP recovery equal
to 80%, as indicated by the percentage of unruptured
cells (see Table 1) in the crude extract, evaluated by
the PEPC latency assay.

The protocols II, III and IV provided an ATP re-
covery resulting 2.7-3.3 fold statistically significantly
higher than that obtained by the protocol I; this con-
firms that, in the absence of a rapid conversion via
ATP D.S. and/or inhibitors of ATP and NAD(P)H
metabolism, ATP in the extract is quickly hydrolyzed.
On the other hand, no significant differences were ob-
tained when the ATP extraction was performed accord-



ATP assay and modulation of PmitoKarp and PUCP

A

39 A A
2 A
=)
s
>27
-]
o
=
<414 B
[=]
£
3

0_

1 I m v
Protocols
4 — A B
| T — 100
° :
® 37 T B _
3 L —75 35
2 S
T - =
o 2 °
N ~ 50
o

5 - B~
21
3 — 25

TCAextraction Modified protocol IV Protocol IV
(total ATP) (total ATP) (CEF-ATP)

Fig. 2. Performance of various extraction and assay procedures
with respect to the efficiency of CEF-ATP recovery (A) and com-
parison of CEF-ATP with respect to the total pool (B). In (A),
CEF-ATP was extracted and assayed from control seedlings as
reported in Material and methods by evaluating the fluorescence
emission (Aem = 456 nm, Aex = 340 nm) of the NADPH pro-
duced by the ATP D.S., according to the protocols I, II, ITI, and
IV, from Table 2 and Fig. 1, respectively. In (B), total cellular
ATP was assayed from control seedlings as reported in Material
and methods by using the classical TCA extraction procedure
and the protocol IV modified by the employment of an ipotonic
medium. CEF-ATP value reported in (B) is the same that in (A).
Data are expressed as mean value + S.E. (n = 4 independent
experiments). Different letters indicate significant differences at
0.01 P level, according to the Duncan’s test.

ing to the protocols II, ITI and IV. However, since pro-
tocol IV assures higher repeatability of measures, it was
chosen to evaluate routinely CEF-ATP content in du-
rum wheat seedlings.

In Figure 2B CEF-ATP fraction was compared
with respect to the total pool (cellular ATP). Cellu-
lar ATP was assayed by modifying the protocol IV us-
ing an ipotonic extraction medium containing 0.1% Tri-
ton X-100, which lyses the subcellular organelles and
cells, allowing thus the recovery of total ATP. As in
the protocol IV, also in this case the ATP D.S. and in-
hibitors of ATP and NAD(P)H metabolism were added
to the extraction medium. Under these experimental
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conditions, CEF-ATP resulted about 75% of the total
one.

Moreover, in Figure 2B the modified protocol IV
and the classical denaturing TCA extraction were com-
pared with respect to efficiency of total ATP recovery.
Although the TCA extraction represents the reference
method for ATP assay in biological materials (see Intro-
duction), it measured only 80% of the ATP recovered
using the protocol IV. This is probably due to a partial
acid hydrolysis of ATP (Guinn & Eidenbock 1972) and
to more manipulations necessary to extract ATP before
assaying it. Both the protocol IV and the modified pro-
tocol IV provided results statistically different from the
classical TCA extraction.

These results confirm that our extraction and assay
protocol can be used to evaluate cellular ATP content
better than classical TCA extraction.

On the basis of the protocol IV, CEF-ATP con-
tent was evaluated also in salt- and osmotic-stressed
durum wheat seedlings. It should be outlined that un-
der stress the status of the cell may differ from the
control condition and may contribute differently to the
ATP recovery during sample homogenization. There-
fore preliminarily, in order to evaluate organelle con-
tamination under these stress conditions, the intactness
of both cell and organelle membranes was evaluated, as
already described for control seedlings. In particular,
the percentages of plasma membrane intactness were
4.9+ 0.3 (S.E.,n=4) and 4.8 + 0.4 under salt and os-
motic stress, respectively. Therefore, under these stress
conditions, our extraction procedure allows to obtain
a higher percentage (about 95%) of ruptured cells in
the crude extract with respect to the control. There-
fore in this case, a different correction of data of ATP
content is to be used, considering a CEF-ATP recov-
ery equal to about 95%. As for mitochondria, a high
intactness (89.3 + 2.1 and 88.0 + 1.8) was observed
in extracts from salt- and osmotic-stressed seedlings,
respectively. As already observed in the extract from
control seedlings (Table 1), plastids and peroxisomes
showed lower intactness than mitochondria both in salt
(69.5 £ 2.2 and 50.9 + 2.9, respectively) and osmotic
(68.6 + 1.9 and 48.4 + 3.8, respectively) stress. In the
whole, these results show that, as a result of stress im-
position, the intactness of organelles and cells is about
10-25% lower than that observed under control condi-
tions, thus showing greater membrane frailty. This find-
ing is in line with our previous results on mitochondrial
intactness under stress conditions (Trono et al. 2004;
Soccio et al. 2010).

A decrease in ATP content was observed under
both stress conditions. In particular, CEF-ATP was
2.68 £ 0.04 pmol/g dry weight (S.E., n = 4) under
control condition (Fig. 2A, protocol IV), 1.69 + 0.12
and 1.35 £ 0.16 pmol/g dry weight under salt and os-
motic stress, about 40% and 50% statistically signifi-
cantly lower than control condition, respectively. It is
difficult to translate data of decrease of ATP content in
terms of decrease of ATP concentration, but a rough
conversion may be carried out on the basis of some
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Fig. 3. Effect of ATP on linoleate-induced uncoupling (A and A’) and on K+ uptake (B and B’) in DWM from control and salt-stressed
seedlings. AV measurements were carried out as reported in Material and methods by using 0.2 mg DWM protein from control (A)
and salt-stressed (A’) seedlings in the presence of 0.9 mM (traces a and ¢) and 0.3 mM (traces b and d) ATP. At the time indicated by
the arrows, succinate (Succ), linoleate (LA) and FCCP were added at the reported concentrations. K uptake was evaluated by using
0.1 mg DWM protein from control (B) and salt-stressed (B’) seedlings by means of swelling experiments in isotonic KCI solutions, as
reported in Material and methods, in the absence or presence of 0.3 mM ATP, 0.9 mM ATP, 0.5 pg valinomicyn (Val). The numbers
on the traces refer to the rate of Kt uptake expressed as AAs46nm/min per mg of protein. The absence of swelling in isotonic sucrose

solution is also shown.

literature data. On the basis of NMR analysis, Gout
et al. (1992) reported that the nucleotide triphosphate
(NTP) concentration in plant cell is about 0.9-1.2 mM.
Moreover, as shown from perchloric acid extract, ATP
represents about 70% of NTP (Roby et al. 1987). In
the light of these findings, we may hypothesize that, in
control condition, cytosolic ATP concentration should
be about 0.6-0.8 mM, whereas under our salt and os-
motic stress conditions it should decrease up to about
0.35-0.50 mM and 0.30-0.40 mM, respectively.
Whether this drop is only dependent on the de-
crease of ATP synthesis already reported under the
same stress conditions (Flagella et al. 2006; Trono et
al. 2011) or it is also due to an increase of ATP de-

mand that occurs under stress to feed defence mecha-
nisms (Davies 1980), remains to be established. In any
case, these results are in fairly good agreement to those
obtained by Trono et al. (2011) using the same ATP
assay method, but here the data on ATP content have
the added dimension that, by using the same plant ma-
terial, a parallel study has been carried out regarding
the ATP sensitivity of PUCP and PmitoKatp. This to
validate the hypothesis that the decrease in cytosolic
ATP content, observed under salt and osmotic stress,
may really modulate their activity.

At this purpose, a set of experiments was carried
out to evaluate the effect of proper ATP concentrations
on PUCP-dependent AW changes and on PmitoK aorp-
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dependent swelling in KCl medium, both in control and
salt-stressed DWM (Fig. 3).

As reported in Figure 3A, the addition of succinate
to the reaction medium containing DWM from con-
trol seedlings (0.2 mg), in the presence of olygomicin
(2 pg) and atractyloside (10 pM) (see Material and
methods), caused a rapid AW increase, as monitored by
safranin O fluorescence decrease, up to a value of about
185 mV; the following addition of linoleate, which ac-
tivates PUCP (Pastore et al. 2000), resulted in a com-
plete A¥ collapse. When either 0.9 mM (trace a) or
0.3 mM (trace b) ATP was added after linoleate, a sim-
ilar AW recovery of about 80 mV was observed, thus
showing that the lower ATP concentration was all the
same able to accomplish a full inhibition. This result is
consistent with that described by Pastore et al. (2000)
who reported that inhibition of PUCP in DWM may
occur in an ATP micromolar range. Finally, the addi-
tion of the non-physiological uncoupler FCCP (1 uM)
caused a AV collapse.

In another experiment carried out by using DWM
from salt-stressed seedlings, succinate addition gener-
ated a lower AV value at a slower rate compared to
the control (Fig. 3A’). This result is in accordance with
Trono et al. (2006) and it is probably due to the pres-
ence of endogenous FFAs which increase under this
stress condition (Laus et al. 2011). Interestingly, after
ATP addition, safranin O fluorescence was found to re-
main constant during the time (Fig. 3A’), thus suggest-
ing that, under this experimental condition, PUCP may
be insensitive to ATP in DWM from stressed seedlings
(see also Trono et al. 2006). At this regard, lower UCP
sensitivity to nucleotides as a result of stress has been
already observed in mitochondria from cold-stressed
rat skeletal muscle (Simonyan et al. 2001) and dehy-
drated slices of Jerusalem artichoke tubers (Paventi et
al. 2006). In the light of this, it appears unlikely that
any change of ATP concentration occurring under stress
conditions may modulate PUCP, whereas one can as-
sume that the loss of sensitivity to ATP is the key factor
for PUCP activation. Moreover, the increase in FFAs
due to activation of a mitochondrial phospholipase A,
(Trono et al. 2013) may strongly contribute to PUCP
activation (Trono et al. 2004); in line with this hypothe-
sis, PUCP-dependent uncoupling in tomatoes at differ-
ent stages of ripening was found to change as a result of
the availability of endogenous FFAs (Costa et al. 1999).

The effect of ATP on PmitoKaTp was assessed on
the basis of inhibition of K uptake evaluated by means
of swelling experiments in isotonic KClI solutions, as al-
ready stated by Pastore et al. (1999). As reported in
Figure 3B, when DWM from control seedlings were sus-
pended in 0.36 M sucrose solution, the absorbance was
found to remain constant during the time, thus demon-
strating the intactness of mitochondrial membranes. On
the other hand, DWM exhibited a fast and clearly evi-
dent swelling in isotonic KCI solution containing a phys-
iological (0.9 mM) ATP concentration, depending on
K™ and CI~ uptake mediated by PmitoKarp (Pastore
et al. 1999) and plant inner membrane anion channel
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(PIMAC) (Laus et al. 2008), respectively. To avoid ATP
hydrolysis as well as its entry into mitochondria, 2 pg
oligomycin and 10 uM atractyloside were also added to
the reaction medium. When ATP concentration in KC1
medium was lowered from 0.9 mM to 0.3 mM or was
absent, a significant increase in the rate of K uptake
was observed. It should be outlined that in all cases the
swelling rate in KCl was strongly increased when the
K™ ionophore valinomycin was present in the reaction
medium, thus indicating that, under all tested experi-
mental conditions, the swelling rate in KCl solution is a
measure of the rate of KT uptake by PmitoK potp, while
the swelling rate in KCI plus valinomycin reflects the
rate of Cl™ uptake.

In different mitochondrial preparations,
PmitoKarp activation with respect to 0.9 mM ATP
condition resulted: 25.1 + 4.1%, 354 + 5.6%,
50.5 £+ 6.7% (S.E., n = 4), in the presence of 0.7, 0.5
and 0.3 mM ATP and 172.6 &+ 11.4% in the absence of
ATP, respectively.

The swelling rate in KCI observed under salt stress
condition was found to be faster compared to the con-
trol. In particular, in the presence of 0.9 mM ATP, an
activation of about 170% was observed with respect to
the control condition (compare Figs 3B and 3B’). This
is in accordance with previous results obtained under
the same stress condition (Trono et al. 2004, 2011; Pas-
tore et al. 2007) and it is probably due to the presence of
endogenous FFAs, which increase under this stress con-
dition (Laus et al. 2011). Interestingly, also in this case,
PmitoK sTp was activated when in the reaction mixture
ATP was lowered to 0.3 mM or was absent (Fig. 3B’).
In different experiments, activation was 25.3 + 4.3%,
37.2 £ 3.2%, 44.7 + 7.4% (S.E., n = 4), in the pres-
ence of 0.7, 0.5 and 0.3 mM ATP and 184.7 4 13.2% in
absence of ATP, respectively.

These results are in agreement with the starting
hypothesis that changes of ATP content measured un-
der stress may induce a change of PmitoKaTp activity
in DWM and with theoretical calculation. In fact, in
experiments measuring AW changes due to K+ uptake,
ATP inhibited the channel in a non-competitive man-
ner with a K; of about 290 uM (Pastore et al. 1999);
moreover, a Kg 5 equal to 0.5 mM ATP was measured in
patch clamp experiments (De Marchi et al. 2010). Since
Ky for KT is 2.2 mM (Pastore et al. 1999), and con-
sidering that mitochondria live in an ionic cytoplasm
containing about 100 mM K* and 0.6-0.8 mM ATP
(see above), the degree of channel activity, according
to the Michaelis-Menten equation, should be about 26-
44% of Vax in control condition, whereas the measured
drop of ATP under our stress conditions may increase
channel activity up to about 90%.

It should be noted that, in this respect, the be-
haviour of PmitoKaTp is rather different from that of
its mammalian counterpart, where ATP is about 10—-20-
fold more effective inhibitor: the mammalian channel is
strongly inhibited by very low ATP concentration (Kq 5
= 22-40 uM; Garlid 1996; Garlid & Paucek 2003); since
physiological ATP concentration falls in a millimolar
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Fig. 4. Hypothetical mechanism of PmitoKarp and PUCP modulation under hyperosmotic stress conditions due to ATP decrease in
DWM from stressed seedlings. For details, see text. The topology of ROS interaction with PmitoKarp and PUCP is not considered.

range, in mammals the channel should be always in-
hibited also when some decrease of ATP concentration
occurs.

It should be underlined that ATP is only one of the
possible modulators of PUCP and PmitoKatp in vivo.
A possible mechanism of PUCP and PmitoK orp modu-
lation under control and hyperosmotic stress conditions

regarding both ATP and ROS is shown in Figure 4.
Under control condition, when cytosolic ATP concen-
tration is high and the respiratory chain produces ROS
at a basal level, ATP inhibition prevails over ROS ac-
tivation and both PUCP and PmitoKarp result inhib-
ited. On the contrary, under hyperosmotic stress condi-
tions, the drop in cytosolic ATP concentration activates
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PmitoKarp, while PUCP appears to lose ATP brake.
Concomitantly, under this condition, the increase of mi-
tochondrial ROS generation (Trono et al. 2004; Pastore
et al. 2007) activates PmitoKarp and PUCP, that dis-
sipate AW, thus damping further harmful ROS produc-
tion.

In the whole, the results of this study are consistent
with the hypothesis that in durum wheat the decrease
in cytosolic ATP concentration under salt and osmotic
stress may modulate PmitoK arp, but not PUCP, thus
extending the picture emerged in the recent years about
how these mitochondria may act against hyperosmotic
stress.

Acknowledgements

This work was supported by grants from the Italian Min-
istry of Education, University and Research (MIUR) project
‘AGROGEN’.

References

Akerman K.O. & Wikstrom M.K.F. 1976. Safranine as a probe
of the mitochondrial membrane potential. FEBS Lett. 68:
191-197.

Batz O., Scheibe R. & Neuhaus H.E. 1992. Transport processes
and corresponding changes in metabolite levels in relation to
starch synthesis in barley (Hordeum wvulgare L.) etioplasts.
Plant Physiol. 100: 184-190.

Brovko L.Y., Romanova N.A. & Ugarova N.N. 1994. Biolumi-
nescent assay of bacterial intracellular AMP, ADP, and ATP
with the use of a coimmobilized three-enzyme reagent (adeny-
late kinase, pyruvate kinase, and firefly luciferase). Anal.
Biochem. 220: 410-414.

Casolo V., Braidot E., Chiandussi E., Vianello A. & Macri F.
2003. KXTP channel opening prevents succinate-dependent
H>O3 generation by plant mitochondria. Physiol. Plant. 118:
313-318.

Casolo V., Petrussa E., Krajndkova J., Macri F. & Vianello A.
2005. Involvement of the mitochondrial KXTP channel in
H20O32- or NO-induced programmed death of soybean suspen-
sion cell cultures. J. Exp. Bot. 56: 997-1006.

Chiandussi E., Petrussa E., Macri F. & Vianello A. 2002. Mod-
ulation of a plant mitochondrial KXTP channel and its in-
volvement in cytochrome c release. J. Bioenerg. Biomembr.
34: 177-184.

Costa A.D.T., Nantes I.L., Jezek P., Leite A., Arruda P. & Vercesi
A.E. 1999. Plant uncoupling mitochondrial protein activity
in mitochondria isolated from tomatoes at different stages of
ripening. J. Bioenerg. Biomembr. 31: 527-533.

Davies D.D. 1980. Anaerobic metabolism and production of or-
ganic acids, pp 581-611. In: Stumpf P.K. & Conn E.E. (eds),
The Biochemistry of Plants: A Comprehensive Treatise, Aca-
demic Press, London.

De Marchi U., Checchetto V., Zanetti M., Teardo E., Soccio
M., Formentin E., Giacometti G.M., Pastore D., Zoratti
M. & Szabo I. 2010. ATP-sensitive cation-channel in wheat
(Triticum durum Desf.): identification and characterization
of a plant mitochondrial channel by patch-clamp. Cell. Phys-
iol. Biochem. 26: 975-982.

Diolez P. & Moreau F. 1985. Correlation between ATP synthesis,
membrane potential and oxidation rate in potato mitochon-
dria. Biochim. Biophys. Acta 806: 56—63.

Figueira T.R.S. & Arruda P. 2011. Differential expression of un-
coupling mitochondrial protein and alternative oxidase in the
plant response to stress. J. Bioenerg. Biomembr. 43: 67-70.

Flagella Z., Campanile R.G., Ronga G., Stoppelli M.C., Pastore
D., De Caro A. & Di Fonzo N. 1996. The maintenance of

431

photosynthetic electron transport in relation to osmotic ad-
justment in durum wheat cultivars differing in drought resis-
tance. Plant Sci. 118: 127-133.

Flagella Z., Pastore D., Campanile R.G. & Di Fonzo N. 1994.
Photochemical quenching of chlorophyll fluorescence and
drought tolerance in different durum wheat (Triticum du-
rum) cultivars. J. Agric. Sci. 122: 183-192.

Flagella Z., Pastore D., Campanile R.G. & Di Fonzo N. 1995. The
quantum yield of photosynthetic electron transport evaluated
by chlorophyll fluorescence as an indicator of drought toler-
ance in durum wheat. J. Agric. Sci. 125: 325-329.

Flagella Z., Trono D., Pompa M., Di Fonzo N. & Pastore D. 2006.
Seawater stress applied at germination affects mitochondrial
function in durum wheat (Triticum durum) early seedlings.
Funct. Plant Biol. 33: 357-366.

Francois L.E. & Maas E.V. 1994. Crop response and manage-
ment of salt-affected soils, pp. 149-181. In: Pessarakli M.
(ed.), Handbook of Plant and Crop Stress, Marcel Dekker,
New York, USA.

Fratianni A., Pastore D., Pallotta M.L., Chiatante D. & Pas-
sarella S. 2001. Increase of membrane permeability of mi-
tochondria isolated from water stress adapted potato cells.
Biosci. Rep. 21: 81-91.

Garlid K.D. 1996. Cation transport in mitochondria — the potas-
sium cycle. Biochim. Biophys. Acta 1275: 123-126.

Garlid K.D. & Paucek P. 2003. Mitochondrial potassium trans-
port: the K+ cycle. Biochim. Biophys. Acta 1606: 23-41.
Gout E., Bligny R. & Douce R. 1992. Regulation of intracellular
pH values in higher plant cells. Carbon-13 and phosphorus-
31 nuclear magnetic resonance studies. J. Biol. Chem. 267:

13903-13909.

Guinn G. & Eidenbock M.P. 1972. Extraction, purification, and
estimation of ATP from leaves, floral buds, and immature
fruits of cotton. Anal. Biochem. 50: 89-97.

Haferkamp I., Fernie A.R. & Neuhaus H.E. 2011. Adenine nu-
cleotide transport in plants: much more than a mitochondrial
issue. Trends Plant Sci. 16: 507-515.

Harris D.A. 1987. Spectrophotometric assays, p. 59. In: Bashford
C.L. & Harris D.A. (eds), Spectophotometry and Spectroflu-
orimetry: A Practical Approach, IRL Press, Oxford.

Ishida A., Yoshikawa T., Nakazawa T. & Kamidate T. 2002. En-
hanced firefly bioluminescence assay of ATP in the presence of
ATP extractants by using diethylaminoethyl-dextran. Anal.
Biochem. 305: 236-241.

Jezek P., Zackova M., Kosafova J., Rodrigues E.T.S., Madeira
V.M.C. & Vicente J.A.F. 2000. Occurrence of plant-uncoup-
ling mitochondrial protein (PUMP) in diverse organs and tis-
sues of several plants. J. Bioenerg. Biomembr. 32: 549-561.

Kamidate T., Kinkou T. & Watanabe H. 1996. DEAE-dextran
enhanced firefly bioluminescent assay of ATP. Chem. Lett.
25: 237-238.

Khlyntseva S.V., Bazel’ Y.R., Vishnikin A.B. & Andruch V. 2009.
Methods for the determination of adenosine triphosphate and
other adenine nucleotides. J. Anal. Chem. 64: 657-673.

Koszela-Piotrowska I., Matkovic K., Szewczyk A. & Jarmuszkie-
wicz W. 2009. A large-conductance calcium-activated potas-
sium channel in potato (Solanum tuberosum) tuber mito-
chondria. Biochem. J. 424: 307-316.

Laus M.N., Soccio M., Trono D., Cattivelli L. & Pastore D. 2008.
Plant inner membrane anion channel (PIMAC) function in
plant mitochondria. Plant Cell. Physiol. 49: 1039-1055.

Laus M.N., Soccio M., Trono D., Liberatore M.T. & Pastore D.
2011. Activation of the plant mitochondrial potassium chan-
nel by free fatty acids and acyl-CoA esters: a possible defence
mechanism in the response to hyperosmotic stress. J. Exp.
Bot. 62: 141-154.

Lehner C., Kerschbaum H.H. & Liitz-Meindl U. 2009. Nitric oxide
suppresses growth and development in the unicellular green
alga Micrasterias denticulata. J. Plant Physiol. 166: 117-127.

Lundin A. & Thore A. 1975. Comparison of methods for extrac-
tion of bacterial adenine nucleotides determined by firefly as-
say. J. Appl. Microbiol. 30: 713-721.



432

Matkovic K., Koszela-Piotrowska 1., Jarmuszkiewicz W. &
Szewczyk A. 2011. Ion conductance pathways in potato tu-
ber (Solanum tuberosum) inner mitochondrial membrane.
Biochim. Biophys. Acta 1807: 275-285.

Moore A.L. & Proudlove M.O. 1987. Purification of plant mi-
tochondria on silica sol gradients. Methods Enzymol. 148:
415-420.

Pastore D., Fratianni A., Di Pede S. & Passarella S. 2000. Ef-
fects of fatty acids, nucleotides and reactive oxygen species
on durum wheat mitochondria. FEBS Lett. 470: 88-92.

Pastore D., Greco M., Petragallo V.A. & Passarella S. 1994. In-
crease in HT /e ratio of the cytochrome c oxidase reaction
in mitochondria irradiated with helium-neon laser. Biochem.
Mol. Biol. Int. 34: 817-826.

Pastore D., Laus M.N., Di Fonzo N. & Passarella S. 2002. Reac-
tive oxygen species inhibit the succinate oxidation-supported
generation of membrane potential in wheat mitochondria.
FEBS Lett. 516: 15-19.

Pastore D., Stoppelli M.C., Di Fonzo N. & Passarella S. 1999.
The existence of the KT channel in plant mitochondria. J.
Biol. Chem. 274: 26683—-26690.

Pastore D., Trono D., Laus M.N., Di Fonzo N. & Flagella Z. 2007.
Possible plant mitochondria involvement in cell adaptation to
drought stress. A case study: durum wheat mitochondria. J.
Exp. Bot. 58: 195-210.

Pastore D., Trono D., Laus M.N., Di Fonzo N. & Passarella S.
2001. Alternative oxidase in durum wheat mitochondria. Ac-
tivation by pyruvate, hydroxypyruvate and glyoxylate and
physiological role. Plant Cell Physiol. 42: 1373-1382.

Paventi G., Pastore D., Bobba A., Pizzuto R., Di Pede S. &
Passarella S. 2006. Plant uncoupling protein in mitochondria
from aged-dehydrated slices of Jerusalem artichoke tubers be-
comes sensitive to superoxide and to hydrogen peroxide with-
out increase in protein level. Biochimie 88: 179-188.

Petrussa E., Bertolini A., Casolo V., Krajtidkova J., Macri F.&
Vianello A. 2009. Mitochondrial bioenergetics linked to the
manifestation of programmed cell death during somatic em-
bryogenesis of Abies alba. Planta 231: 93—-107.

Petrussa E., Bertolini A., Krajndkova J., Casolo V., Macri F.
& Vianello A. 2008a. Isolation of mitochondria from em-
bryogenic cultures of Picea abies (L.) Karst. and Abies

cephalonica Loud.: characterization of a KXTP channel. Plant
Cell Rep. 27: 137-146.

Petrussa E., Casolo V., Braidot E., Chiandussi E., Macri F. &
Vianello A. 2001. Cyclosporin A induces the opening of a
potassium-selective channel in higher plant mitochondria. J.
Bioenerg. Biomembr. 33: 107-117.

Petrussa E., Casolo V., Peresson C., Braidot E., Vianello A.
& Macri F. 2004. The KXTP channel is involved in a low-
amplitude permeability transition in plant mitochondria. Mi-
tochondrion 3: 297-307.

Petrussa E., Casolo V., Peresson C., Krajnakova J., Macri F.
& Vianello A. 2008b. Activity of a K} channel in Arum
spadiz mitochondria during thermogenesis. J. Plant Physiol.
165: 1360-1369.

Rascio A., Cedola M.C., Sorrentino G., Pastore D. & Wittmer G.
1988. Pressure-volume curves and drought resistance in two
wheat genotypes. Physiol. Plant. 73: 122-127.

Roby C., Martin J.B., Bligny R. & Douce R. 1987. Biochemi-
cal changes during sucrose deprivation in higher plant cells.
Phosphorus-31 nuclear magnetic resonance studies. J. Biol.
Chem. 262: 5000-5007.

Roux S.J. & Steinebrunner 1. 2007. Extracellular ATP: an un-
expected role as a signaler in plants. Trends Plant Sci. 12:
522-527.

Ruy F., Vercesi A.E., Andrade P.B.M., Bianconi M.L., Chaimo-
vich H. & Kowaltowski A.J. 2004. A highly active ATP-
insensitive KT import pathway in plant mitochondria. J.
Bioenerg. Biomembr. 36: 195-202.

M. Soccio et al.

Schwitzguebel J.P. & Siegenthaler P.A. 1984. Purification of per-
oxisomes and mitochondria from spinach leaf by percoll gra-
dient centrifugation. Plant Physiol. 75: 670-674.

Simonyan R.A., Jimenez M., Ceddia R.B., Giacobino J.P.,
Muzzin P. & Skulachev V.P. 2001. Cold-induced changes in
the energy coupling and the UCP3 level in rodent skeletal
muscles. Biochim. Biophys. Acta 1505: 271-279.

Skulachev V.P. 1998. Uncoupling: new approaches to an old prob-
lem of bioenergetics. Biochim. Biophys. Acta 1363: 100-124.

Sluse F.E. & Jarmuszkiewicz W. 2002. Uncoupling proteins out-
side the animal and plant kingdoms: functional and evolu-
tionary aspects. FEBS Lett. 510: 117-120.

Soccio M., Laus M.N., Spera G.P., Trono D., Pompa M., Flag-
ella Z. & Pastore D. 2010. Mitochondrial proline oxidation
is affected by hyperosmotic stress in durum wheat seedlings.
Ann. Appl. Biol. 157: 1-11.

Sowokinos J.R. 1975. Pyrophosphorylases in Solanum tuberosum:
I. Changes in ADP-glucose and UDP-glucose pyrophosphory-
lase activities associated with starch biosynthesis during tu-
berization, maturation, and storage of potatoes. Plant Phys-
iol. 57: 63-68.

Szabo 1., Leanza L., Gulbins E. & Zoratti M. 2012. Physiology of
potassium channels in the inner membrane of mitochondria.
Pflugers Arch. — Eur. J. Physiol. 463: 231-246.

Trono D., Flagella Z., Laus M.N., Di Fonzo N. & Pastore D.
2004. The uncoupling protein and the potassium channel are
activated by hyperosmotic stress in mitochondria from durum
wheat seedlings. Plant Cell Environ. 27: 437-448.

Trono D., Soccio M., Laus M.N. & Pastore D. 2011. Potas-
sium channel-oxidative phosphorylation relationship in du-
rum wheat mitochondria from control and hyperosmotic-
stressed seedlings. Plant Cell Environ. 34: 2093-2108.

Trono D., Soccio M., Laus M.N. & Pastore D. 2013.The existence
of phospholipase Ag activity in plant mitochondria and its
activation by hyperosmotic stress in durum wheat (Triticum
durum Desf.). Plant Sci. 199-200: 91-102.

Trono D., Soccio M., Mastrangelo A.M., De Simone V., Di Fonzo
N. & Pastore D. 2006. The transcript levels of two plant
mitochondrial uncoupling protein (pUCP)-related genes are
not affected by hyperosmotic stress in durum wheat seedlings
showing an increased level of pUCP activity. Biosci. Rep. 26:
251-261.

Velazquez M. & Feirtag J.M. 1997. Quenching and enhancement
effects of ATP extractants, cleansers, and sanitizers on the
detection of the ATP bioluminescence signal. J. Food Prot.
60: 799-803.

Vercesi A.E. 2001. The discovery of an uncoupling mitochondrial
protein in plants. Biosci. Rep. 21: 195-200.

Vercesi A.E., Borecky J., De Godoy Maia I., Arruda P., Cuccovia
I.M. & Chaimovich H. 2006. Plant uncoupling mitochondrial
proteins. Annu. Rev. Plant Biol. 57: 383—404.

Vercesi A.E., Martins I.S., Silva M.A.P., Leite H.M.F., Cuccovia
I.M. & Chalmovich H. 1995. PUMPing plants. Nature 375:
24.

Yang N.C., Ho W.M., Chen Y.H. & Hu M.L. 2002. A convenient
one-step extraction of cellular ATP using boiling water for
the luciferin-luciferase assay of ATP. Anal. Biochem. 306:
323-327.

Zottini M., Mandolino G. & Zannoni D. 1993. Oxidation of ex-
ternal NAD(P)H by mitochondria from taproots and tissue
cultures of sugar beet (Beta vulgaris). Plant Physiol. 102:
579-585.

Received October 8, 2013
Accepted February 19, 2013




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [5952.756 8418.897]
>> setpagedevice




