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Abstract In this paper we analyzed changes in the con-
centration of the three carboxylic acids (malic acid, citric
acid and isocitric acid) during the salinity-induced C;—
CAM shift in Mesembryanthemum crystallinum. We
documented that a nocturnal accumulation of citrate pre-
ceded that of malate, and that the CAM-dependent increase
in citric acid was about 100-times higher than that of malic
acid. The induction of CAM was accompanied by an in-
creased activity of cytosolic NADP-dependent isocitrate
dehydrogenase (NADP-ICDH, E.C 1.1.1.42) and by de-
creased activities of mitochondrial enzymes: fumarase (E.C
4.2.1.2) and NAD-dependent ICDH (E.C 1.1.1.41). More-
over, the activity of citrate synthase (E.C 2.3.3.1) was in-
creased during the nocturnal phase of CAM. Altogether,
obtained data suggest that some part of the product of a
primary carboxylation (oxaloacetic acid) may pass through
the mitochondria at night for reduction and, in form of
citrate and isocitrate, may leave the mitochondria to sup-
port a daytime decarboxylation.
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Abbreviations
2-0G 2-Oxoglutarate

CAM Crassulacean acid metabolism
CICs Citrate carriers
CoA Co-enzyme A

CS Citrate synthase

DICs Dicarboxylate carriers

DTNB 5,5'-Dithiobis-(2-nitrobenzoic acid)

DTT Dithiotreitol

GOGAT Glutamine oxoglutarate aminotransferase

ICDH Isocitrate dehydrogenase

HEPES  4-(2-Hydroxyethyl)-piperazine-1-ethansulfonic
acid

MA Malic acid

MDH Malate dehydrogenase

ME Malic enzyme

OAA Oxaloacetic acid

PEP Phosphoenolpyruvate

ROS Reactive oxygen species

TCA Tricarboxylic acid cycle

Introduction

A characteristic feature of crassulacean acid metabolism
(CAM) is the temporal separation of the primary and sec-
ondary carboxylation. The initial fixation of atmospheric
carbon dioxide takes place during the night and it is cat-
alyzed by phosphoenolpyruvate carboxylase (PEPC). This
leads to the formation of malic acid (MA) which is stored
in the vacuole. During the day, MA is released from vac-
uole and decarboxylated to deliver CO, for the Calvin
cycle (for reviews see Osmond 1978; Cushman and
Bohnert 1999). Decarboxylation of CO, from the primary
product is catalyzed by NADP-dependent malic enzyme
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(NADP-ME), NAD-dependent malic enzyme (NAD-ME)
or phosphoenolpyruvate carboxylase kinase (PEPCK). The
first two reactions are coupled with the production of re-
ducing power in the cytosol and mitochondria, respec-
tively. Fluxes of organic acids between cell compartments,
and their processing, affect the primary metabolic path-
ways of the mesophyll cell, such as glycolysis, gluconeo-
genesis, mitochondrial respiration, as well as redox
homeostasis.

The first product of the nocturnal CO, fixation is ox-
aloacetic acid (OAA), which is then reduced to MA.
However, the exact way of this reduction has not been fully
established. In the CAM inducible M. crystallinum, a re-
duction of OAA to MA during the night is thought to be
catalyzed primarily by a cytosolic NAD-dependent malate
dehydrogenase (Holtum and Winter 1982; Winter et al.
1982). Another possibility has been pointed out for the
obligate CAM plant Kalanchoe tubiflora. When this plants
were fed with 1 CO,, at the end of the night the ratio of MA
molecules with labeled carbon atom in position 4-C (the
result of the PEP carboxylase activity) to MA molecules
with *CO, in position 1-C (the result of the fumarase
activity) was 2:1 (Osmond et al. 1988; Kalt et al. 1990).
This indicated that a significant proportion of accumulated
MA passed through mitochondria during the night, thus
mitochondrial metabolism may participate in the reduction
of OAA. As the mitochondrial metabolism is an oxidative
machinery, hence, to retain some reduced intermediates, an
export of carboxylic acids may occur.

Previous studies have shown that in addition to malate,
citrate may also play an important role in CAM (Liittge
1988; Franco et al. 1992; Borland et al. 1996; Miszalski
et al. 2007). Nevertheless, the role of citrate in CAM plants
has not been ultimately defined. It was hypothesized, that
the nocturnal accumulation of citrate in comparison to
malate may be energetically more favorable (Liittge 1988;
Winter and Smith 1996). The accumulation of citrate may
also play a significant role during the light phase. The
essence of daytime decarboxylation of organic acids is to
provide a big pool of CO,, which allows for the intensive
photosynthesis. Maxwell et al. (1994) suggested that the
simultaneous decarboxylation of citrate and malate may
increase the intracellular pool of CO, in conditions of
limited supply of atmospheric CO,. The release of CO,
from citrate is possible after its isomerization to isocitrate.
Then, isocitrate may be subjected to the oxidative decar-
boxylation catalyzed by isocitrate dehydrogenase (ICDH).
Citrate and isocitrate may also play a role in stress defense,
when increased production of NADPH is necessary for
functioning of the ascorbate—glutathione cycle (Haag-
Kerwer et al. 1996).

In the facultative CAM plant M. crystallinum, MA was
the main carboxylic acid accumulated during the nocturnal
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phase. However, an increased concentration of citrate was
also detected during the stress-induced C;—CAM shift
(Herppich et al. 1995). The aim of this study was to de-
termine whether the mitochondrial metabolism might be
involved in the nocturnal reduction of OAA. Second goal
was to verify if intermediates of TCA (citric acid and
isocitric acid) can serve as a source of CO, consumed
during the day.

Materials and methods
Plant material

Mesembryanthemum crystallinum L. plants were grown
from seeds in the soil culture under irrigation with tap
water. Plants were cultivated in the phytotron chamber at
temperatures of 25/17 °C day/night, 12 h photoperiod, ir-
radiance of 250 pmol m % s~ ' and RH ~50 %. After the
appearance of the third leaf pair, approximately 4 weeks
after sowing, plants were divided into the two sets: the first
set was irrigated with water (control), the second was ir-
rigated with 0.4 M NaCl. Diurnal time-course experiments
were performed with plants irrigated for 12 days with salt
solution or tap water.

Determinations of malate, citrate and isocitrate levels

For determination of carboxylic acids leaves were collected
at the beginning of the light phase and about 2 h before the
beginning of the dark period. The leaf cell sap was cen-
trifuged for 5 min at 12,000g and the supernatant was used
for further determinations. Prior to the measurements of
malate, citrate and isocitrate, samples of collected cell sap
were heated at 100 °C for 3 min to inactivate the enzymes.
Malate and citrate were measured according to Miszalski
et al. (2007). Isocitrate was measured according to Chen
et al. (2002).

Enzyme activities

For measurements of citrate synthase (CS, E.C 2.3.3.1) and
fumarase (E.C 4.2.1.2) activities leaf tissue (1 g) was ho-
mogenized on ice in 2.5 mL 0.1 M HEPES-KOH pH 8.0,
containing 2 mM DTT and 2 mM MnCl,. Homogenates
were centrifuged at 12,000g for 2 min at 4 °C and the su-
pernatant was immediately used for measurements of en-
zyme activity. CS activity was determined according to Srere
(1967). The reaction medium composed of 100 mM Tris—
HCI pH 8.0, containing 0.1 % (w/v) Triton X-100, 1 mM
acetyl-CoA and 10 mM DTNB. The reaction was started
with addition of 1 mM OAA and was monitored at 412 nm
for 3 min. Extinction coefficient of DTNB of
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14.15mM ' cm™"' was used for calculations. Fumarase
activity was determined according to Racker (1950) by
monitoring the formation of fumaric acid at 240 nm. The
reaction was performed in 50 mM Tricine pH 8.0, containing
0.02 % (w/v) Triton X-100 and 60 mM L-malate. Extinction
coefficient of fumarate of 2.44 mM ™' cm™" was used.

The activity of NADP- and NAD-dependent isocitrate
dehydrogenases (NADP-ICDH, E.C 1.1.1.42 and NAD-
ICDH, E.C 1.1.1.41) was determined according to Popova
et al. (2002). For extraction of NADP-ICDH, 1 g of plant
material was homogenized in 100 mM Tris—-HCI1 pH 8.0,
containing 1.5 mM isocitrate, 2 mM MnCl,. For extraction
of NAD-ICDH, 1 g of plant material was homogenized in
50 mM HEPES pH 7.6, containing 20 % glycerol, 0.1 %
Tween, 0.1 mM NaHCO; and 5 mM DTT. After cen-
trifugation at 10,000g for 15 min the supernatant was
collected and the reduction of NADP™ and NAD" was
monitored at 340 nm at 25 °C in 100 mM Tris—-HCl pH
8.0, containing 1.5 mM isocitrate, 2 mM MnCl,, 0.5 mM
NADP™ or in 50 mM HEPES pH 7.6, containing 1 mM
isocitrate, 1 mM MnSO4, 0.8 mM NAD™, respectively.
Extinction coefficient of NADH and NADPH of
6.22 mM ™' cm™' was used for calculations.

The level of soluble proteins was determined by the method
of Bradford (1976) using albumin bovine as standard.

Statistics

The significant differences between the means were
assessed by Student’s ¢ test.

Results

Treatment of M. crystallinum plants with 0.4 M NaCl led
to the typical CAM diurnal rhythm of acidity, characterized
by the increased concentration of MA during the night and
decreased during the day. Concentration of MA was in-
creased up to 27.5 mM in salt-treated plants at the end of
the night (Fig. 1a). Whereas, in control plants, a nocturnal
malate concentration was more or less constant during the
course of the experiment, reaching the maximal value of
2.6 mM. In salt-treated plants an increase in nocturnal
accumulation of citrate was detected from day 3 of the
experiment (Fig. 1b). The highest nocturnal accumulation
of citric acid (29.4 mM) occurs on day 14 of the salt
treatment and was approximately 200 times higher com-
pared to the control. After the onset of salt stress a noc-
turnal accumulation of isocitric acid was detected (Fig. 1c).
Accumulation of isocitric acid during the night in CAM
plants was about ten times lower in comparison to citric
acid. Whereas, the absence of salinity stress concentration
of isocitric acid remained low during the whole time-
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Fig. 1 The level of malate (a), citrate (b) and isocitrate (c) in the cell
sap from M. crystallinum leaves collected at the beginning of
photoperiod from: controls and treated with 0.4 M NaCl. Data
represent mean values == SD (n > 4). Asterisks above the bars
indicate the level of significance of differences from the controls
according to Student’s ¢ test: P < 0.05 (¥), P < 0.01 (¥%)

course of experiment. A significant difference between the
morning and evening concentrations of malate and iso-
citrate (A malate and A isocitrate) appeared at day 6 of
salinity treatment. Whereas, significant differences in A
citrate started from day 3 of salinity treatment (Table 1).

To get the insight into the capacity of TCA cycle to me-
tabolize OAA, we followed the activity of citrate synthase.
Similar activities of CS were detected in C3 and salinity-
treated plants (at midday) during the course of the ex-
periment (Fig. 2). However, when the activity of this enzyme
was analyzed in a diurnal course, an increased activity of CS
was documented at the end of light period and during the dark
period, in the salinity-treated plants (Fig. 3a).

Salt treatment led to a decrease in fumarase activity
during the entire diurnal cycle, as demonstrated in Fig. 3b.
This enzyme represents the later step of TCA cycle, in
comparison to CS. In control plants the activity of
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Table 1 Diurnal changes in
malate, citrate and isocitrate

Days of treatment

concentration in sap cell from 3 6 9 12
leaves from M. crystallinum
plants: controls and treated with Malate
0.4 M NaCl Control —2.14 £ 0.30 —0.44 £ 0.38 —0.57 £ 0.29 0.07 + 0.66
NaCl —2.075 £ 0.82 —0.6 £ 1.36 7.75 £ 1.28 14.07 £ 2.34
Citrate
Control 0.14 + 0.25 1.25 £ 0.54 —0.39 + 1.36 0.89 £ 0.35
NaCl 1.44 £ 0.61 2.74 + 1.08 895 £ 1.14 10.09 £ 0.75
Isocitrate
Control —0.01 £ 0.14 —0.09 £+ 0.04 —0.02 £ 0.33 0.03 + 0.03
Data represent mean NaCl —0.04 £ 0.14 0.02 £ 0.41 0.65 £ 0.33 0.56 £ 0.25
values = SD (n = 3)
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Fig. 2 The activity of CS in extracts of soluble proteins from leaves 20
from M. crystallinum plants: controls and treated with 0.4 M NaCl. = B
Data represent mean values &= SD (n = 3) T 60
[e]
[o%
fumarase was about 50 nmol fumarate min~' mg~' pro- & 90 1
tein, while in CAM plants the maximal activity of this %5 0 |
enzyme was decreased by about 1/3. gE
. . . [ 4
In control plants, a slight increase was noted in the ac- 7z "
.. . . @
tivity of NAD-dependent isocitrate dehydrogenase which E 204 * * * *
was slightly increasing during the experiment (Fig. 4a). Lé 0 —O—control
Whereas, in salt-treated plants the activity of NAD-ICDH £ —&-NaCl
decreased significantly, in comparison to control plants, 0
starting from day 6. The opposite changes were detected for [ ]

NADP-ICDH. The activity of NADP-ICDH was decreasing
during the time of experiment in control plants, whereas, in
salt-treated plants the activity of this enzyme was increasing
(Fig. 4b). Significant differences in NADP-ICDH activity
between the controls in salt-treated plants started from day
5. The highest activity of NADP-ICDH amounted to
545.1 nmol NADPH min~' mg™' protein in salt-treated
plants, while the highest activity of 197.5 nmol NADPH
min~' mg~! protein was measured in the controls.

Discussion
In this paper we documented that the induction of CAM in

M. crystallinum, manifested by the appearance of A malate,

@ Springer

Fig. 3 Daily time-courses of the activity of CS (a) and fumarase
(b) in extracts of soluble proteins from leaves from M. crystallinum
plants: controls and treated with 0.4 M NaCl. Data represent mean
values = SD (n > 4). Asterisks above the bars indicate the level of
significance of differences from the controls according to Student’s
t test: P < 0.05 (*), P < 0.01 (**)

is associated by the appearance of A citrate and A iso-
citrate. Moreover, a nocturnal accumulation of citrate
preceded that of MA. CAM-dependent accumulation of
citric acid is in agreement with the earlier results obtained
with M. crystallinum (Herppich et al. 1995); Clusia (Franco
et al. 1992; Miszalski et al. 2007; Kornas et al. 2009) and
Aptenia cordifolia (Peckmann and Herppich 1998). Also,
earlier accumulation of citrate than malate during the
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Fig. 4 The activity of NAD-ICDH (a) and NADP-ICDH (b) in
extracts of soluble proteins from leaves from M. crystallinum plants:
controls and treated with 0.4 M NaCl. Data represent mean
values £ SD (n = 3). Asterisks above the bars indicate the level of
significance of differences from the controls according to Student’s
t test: P < 0.05 (*), P < 0.01 (**)

induction of CAM was evidenced before by Herppich et al.
(1995). An increased isocitrate level was detected so far in
leaves of obligate CAM species Kalanchde daigremon-
tiana and Tillandsia pohliana, and C3/CAM intermediate
Sedum telephium (Kenyon et al. 1985; Chen et al. 2002;
Freschi et al. 2010). However, to our knowledge this is the
first report on the nocturnal accumulation of isocitrate in
response of salt stress in M. crystallinum.

It is supposed that at the early stage of CAM induction
in M. crystallinum the accumulation of malate is limited by
a low activity of cytosolic NAD-MDH, an enzyme neces-
sary for the nocturnal OAA reduction. As shown by Hol-
tum and Winter (1982), this enzyme reaches its full activity
after about 12 days of salinity treatment. This is also
manifested by a strong up-regulation of Mdh2 transcripts
(Cushman et al. 2008). It stays, however, unresolved what
is the main source of reducing power for this reaction
during the nocturnal phase. In regard to the energetics of
CAM, it has been suggested that a nocturnal formation of
citrate and isocitrate is more advantageous in comparison
to MA (Liittge 1988; Winter and Smith 1996, Chen et al.
2002).

Since both citric and isocitric acids are intermediates of
TCA cycle, we hypothesized that a functional redirection

of this cycle may take place along with the induction of
CAM. Both citrate and isocitrate originate from the syn-
thesis of 6-carbon skeletons mediated by citrate synthase.
Therefore, the activity of this enzyme was monitored
during the induction of CAM. Indeed, an increased activity
of this enzyme was found in the second half of photope-
riod, and more pronounced at night. This pattern is in
agreement with the data of Neuhaus and Schulte (1996),
who documented an increased activity of CS in M. crys-
tallinum CAM plants at the beginning of the dark period.

Up-regulation of CS may explain increased levels of
both above-mentioned carboxylic acids, as long as a de-
creased capacity of further steps of TCA cycle does occur.
This hypothesis is supported by lowering of fumarase ac-
tivity after the salinity-induced C3—CAM shift. Such an
effect is in agreement with the earlier data obtained with M.
crystallinum (Miszalski et al. 2001; Niewiadomska and
Borland 2008). It is likely that TCA cycle is disturbed by
oxidative stress, as an enhanced generation of ROS in
mitochondria of M. crystallinum was found as an early
response to high salinity (Miszalski et al. 1998). One of the
first targets of oxidative stress in mitochondria, is aconi-
tase, due to its highly sensitive [4Fe—4S]*" centers
(Gardner 2002). An increased export of citrate and iso-
citrate from mitochondria is supported by the salinity-de-
pendent induction of the two dicarboxylate carriers (DICs)
revealed by Cushman et al. (2008). DICs exchange dicar-
boxylates, such as malate, succinate, and malonate, for
inorganic phosphate, sulfate or thiosulphate (Palmieri et al.
2008). Additionally, transport of carboxylic acids through
the inner mitochondrial membrane may also be mediated
by a citrate carries, CICs (Picault et al. 2004). CICs, also
known as tricarboxylate carriers, exchange a dibasic form
of tricarboxylic acids (citrate, isocitrate, and cis-aconitate)
for another tricarboxylic acids, dicarboxylic acids (i.e.,
malate or succinate) or PEP (Gnoni et al. 2009). As con-
cluded by Wiskich and Dry (1985), export of citrate is
more probable than of isocitrate, due to the aconitase
equilibrium. A non-cyclic mode of TCA cycle, associated
with the export of citrate to the cytosol and vacuole, has
been predicted before for C; plants on basis of the isotopic
labeling experiments made on rape leaves (Gauthier et al.
2010; Sweetlove et al. 2010; Cheung et al. 2014). Such a
rescue of citrate from TCA cycle might be a strategy to
conserve the net carbon gain.

Later on, during the day citrate was supposed to be
metabolized by a cytosolic aconitase and isocitrate dehy-
drogenase, as proposed in a model developed by Cheung
et al. (2014). To get an insight into a possible daytime
decarboxylation of 6C carboxylic acids we tested the ac-
tivities of the NAD-dependent and NADP-dependent forms
of isocitrate dehydrogenase. The NAD-depend enzyme is
located exclusively in the mitochondrial matrix. While,
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Fig. 5 A schematic

presentation of metabolic flux
involving a nocturnal
production of citrate and a
daytime citrate decarboxylation
in the cytosol. Left part dark
period, right part light period.
CHL chloroplast, CYT cytosol,
MIT mitochondrion, VAC
vacuole, Citr citrate, Isocitr
isocitrate, MA malate, OAA
oxaloacetate, 2-OG
2-oxoglutarate, PEP
phosphoenolpyruvate, Pyr
pyruvate, TCA tricarboxylic
acid. Numbers represent
enzymes involved in the flux:
1 PEPC, 2 NAD-MDH, 3 CS,
4 NADP-ICDH, 5 NADP-ME,
6 NAD-ME
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NADP-ICDH is represented in higher plants by different
isoenzymes located in the cytosol, chloroplast, and mito-
chondria, however, a majority of its activity (90-100 %)
corresponds to the cytosolic form (Chen and Gadal 1990;
Galvez et al. 1994; Gallardo et al. 1995). A substantial
decrease has been documented in activity of the mito-
chondrial form (NAD-ICDH), in parallel to an increased
activity of the cytosolic form (NADP-ICDH). Decreased
NAD-ICDH activity may indicate a lower intensity of TCA
cycle, in agreement with changes in fumarase activity
discussed above. Whereas, an activation of the cytosolic
NADP-ICDH in M. crystallinum due to salinity treatment
is in agreement with the results obtained by Popova et al.
(2002). Oxidative decarboxylation of isocitrate mediated
by ICDH may be associated with the anti-oxidative de-
fense. As suggested for the animal and plants tissues, its
activation under stress might be associated with enhanced
need for NADPH for restoration of reduced forms of glu-
tathione and ascorbic acids during the H,O, scavenging
cycle (Leterrier et al. 2007).

The reaction catalyzed by cytosolic ICDH, aside of CO,
and reducing power, delivers 2-oxoglutarate (2-OG). This
compound may be used by a glutamine oxoglutarate
aminotransferase (GOGAT) for the production of glutamic
acid. A cooperation of cytosolic ICDH and GOGAT thus
links the metabolism of C and N. Hence, an activation of
ICDH may also suggest an increased production of amino
acids. However, in M. crystallinum a decreased expression
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and activity of GOGAT was documented after the salinity
treatment (Popova et al. 2002). Assimilation of N is also
dependent of the reducing power from photosystem I due
to the ferredoxin-dependent activity of nitrite reductase. In
this respect, a strongly reduced pool of electron acceptors
from PSI was found in M. crystallinum after the salinity
treatment (Niewiadomska et al. 2011). Collectively, these
data suggest a decreased capacity for N assimilation after
the salinity-induced C3—CAM shift. In this situation 2-OG
released during isocitrate decarboxylation may be me-
tabolized via TCA cycle.

In conclusion, we postulate here that a salinity-depen-
dent increase in the nocturnal accumulation of citrate and
isocitrate, followed by their daytime release and decar-
boxylation in the cytosol, supply CO, during the photo-
synthesis behind closed stomata. A diel flux of citrate and
isocitrate during development of CAM in M. crystallinum
plants is presented on the scheme (Fig. 5).
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