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Abstract

An investigation was made of the respiratory properties

and the role of the mitochondria isolated from one

phosphoenolpyruvate carboxykinase (PCK)-CAM plant

Ananas comosus (pineapple) in malate metabolism

during CAM phase III. Pineapple mitochondria showed

very high malate dehydrogenase (MDH), and low malic

enzyme (ME) and glutamate–oxaloacetate transaminase

(GOT) activities. The mitochondria readily oxidized suc-

cinateandNADHwithhigh ratesandcoupling,while they

only oxidizedNADPH in the presence of Ca21. Pineapple

mitochondria oxidizedmalate with low rates undermost

assay conditions, despite increasing malate concentra-

tions, optimizing pH, providing cofactors such as co-

enzyme A, thiamine pyrophosphate, and NAD1, and

supplying individually external glutamate or GOT. How-

ever, providing glutamate and GOT simultaneously

strongly increased the rates of malate oxidation. The

OAA easily permeated the mitochondrial membranes to

import into or export out of pineapple mitochondria

during malate oxidation, but the mitochondria did not

consume external Asp or a-KG. These results suggest

that OAA played a significant role in the mitochondrial

malate metabolism of pineapple, in which malate was

mainly oxidized by active mMDH to produce OAA which

couldbeexportedoutside themitochondria via amalate-

OAA shuttle. Cytosolic GOT then consumed OAA by

transamination in the presence of glutamate, leading to

a large increase in respiration rates. The malate–OAA

shuttle might operate as a supporting system for de-

carboxylation in phase III of PCK-CAM pineapple. This

shuttle systemmay be important in pineapple to provide

a source of energy and substrate OAA for cytosolic PCK

activity during the daywhen cytosolicOAAandATPwas

limited for the overall decarboxylation process.

Key words: Ca21, malate–OAA shuttle, malate oxidation,

NADPH oxidation, PCK-CAM, pineapple mitochondria.

Introduction

Malate decarboxylation is a very important metabolism in
plant mitochondria, especially in Crassulacean acid metab-
olism (CAM) plants in which malate is accumulated in the
vacuoles at night and is released into the cytoplasm during
the day. Based on malate metabolism, CAM plants can be
divided into two groups, ME-CAM and PCK-CAM plants.
ME-CAM plants contain significant activities of ME
without PCK, and they use ME to decarboxylate malate,
generating pyruvate and CO2. By contrast, PCK-CAM
plants contain significant activities of PCK with lower
levels of ME, they require the operation of MDH to convert
malate to OAA, and then OAA is further converted to PEP
and CO2 by cytosol PCK (Dittrich et al., 1973; Winter and
Smith, 1996; Cuevas and Podestá, 2000).

Pineapple, one of the typical PCK-CAM plants, has
recently been studied by many researchers. Coté et al.
(1989) showed that, in intact plants of pineapple, there
appeared to be no stimulation of respiratory oxygen uptake
in phase III. Cuevas and Podestá (2000) purified a cytosolic
MDH (cMDH) from leaves of pineapple, which plays
a pivotal role in the interconversion between malate and
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OAA, catalysing the reductive reaction during the night,
while it oxidizes malate during daytime deacidification.
They found that the cMDH in crude pineapple leaf extracts
was very active, and OAA reduction by this cMDH
enormously exceeded. At any rate, assuming that both
malate and cytosolic NAD+ were sufficient to saturate
MDH, the enzyme’s Vmax will limit the maximum malate
oxidation activity. Their research not only raises the
question whether cMDH is engaged in malate oxidation
during the day but also whether mitochondrial MDH
(mMDH) could be involved in the daytime conversion of
malate to OAA, since the ratio of OAA reduction to malate
oxidation in this enzyme is comparably much lower than
that exhibited by pineapple cMDH (Hayes et al., 1991;
Cuevas and Podestá, 2000).
Leegood and Walker (2003) indicated that, in CAM

plants, an increase in cytosolic malate at the beginning of
the day is likely to increase flux through PCK by increasing
the concentration of OAA. And they found that, in leaves of
PCK-CAM pineapple, PCK activity increased during the
light period. However, Chen et al. (2002) observed that
OAA levels in pineapple leaves increased during the dark
period, then dropped dramatically to low levels during the
light period. The OAA concentration in the cytosol of
pineapple during the day varied in the range of 10–25 lM
(Chen et al., 2002). These values were much lower than C4

plants in which the concentration of cytosol OAA was
about 150 lM (Leegood and Walker, 2003). From these
results, it seems that the low concentration of OAA in the
cytosol of pineapple during the day might be limiting for
PCK activity during the decarboxylation phase.
Mitochondrial malate oxidation during the day has

mostly been investigated in ME-CAM plants in which
NAD+-ME plays an important role in the production of
pyruvate and CO2. This oxidation has not been exploited
with mitochondria of PCK-CAM plants, except with
a PCK-CAM plant that has a relatively low PCK activity
(Crassuala lycopodioides), and that possesses NAD-ME
and partially oxidized malate in the mitochondria, pro-
ducing the pyruvate (Peckmann and Rustin, 1992). Until
now, and associated with the distinctive pathways of malate
(or OAA) decarboxylation in the cytosol of ME-CAM and
PCK-CAM plants, the different properties of malate me-
tabolism in mitochondria of PCK-CAM plants and the role
of the mitochondrion in this metabolism are not well
known.
These questions prompted an investigation into mito-

chondrial enzyme activities and respiratory property with
different substrates. Specifically, the focus was on studying
where and how pineapple mitochondria oxidize externally
added malate during CAM phase III. The purpose was to
find out the metabolism of mitochondrial malate oxidation,
the roles of the mitochondria, and the relationship between
mitochondria and cytosol in total malate metabolism during
the light period of the CAM cycle in pineapple.

Materials and methods

Plant material

Plants, Ananas comosus (L.) Merr. cv. smooth cayenne, N 67–10,
were propagated vegetatively and grown in plastic pots in a green-
house under natural light and temperature. Ten days before the
experiments, the 6–8-month-old plants were transferred to a growth
chamber (KG-50 HLA, Koito Industrial Co., LTD., Japan) with a of
12/12 h light/dark photoperiod. The temperature in the growth
chamber was maintained at 35 8C during the light period and 25 8C
during the dark period with photosynthetically active radiation of
420–450 lmol m�2 s�1 at the top of the plant. Fully expanded mature
leaves of pineapple were used for mitochondrial isolation. The leaves
were harvested 6–7 h after the beginning of the light period. The
harvested leaves were transported to the laboratory, rinsed thoroughly
with distilled water, and used for isolating mitochondria.

Isolation of mitochondria

Themitochondriawere isolated according to themethod ofDay (1980)
with slight modifications. Approximately 65 g leaves were used for
each experiment. The middle part of the leaves was sliced into 0.5 cm
thick strips and homogenized with 150 ml of ice-cold isolation buffer
[350mMmanitol, 250mM sucrose, 0.1% (w/v) bovine serum albumin
(BSA), 1% (w/v) PVP-40, 5 mM KH2PO4, 5 mM EDTA-KOH (pH
7.4), 1mMdithiothreitol (DTT), and 50mMHEPES-KOH(pH7.4)] in
aWaring blender (NationalMX-X1, Japan) for 90 swith rapid stirring.
After filtration through four layers of sterile Miracloth (Calbiochem-
Novabiochem, La Jolla, CA,USA), the homogenatewas centrifuged at
300 g (Tomy CX-250 refrigerated centrifuge, Japan) for 5 min. The
resulting supernatant was centrifuged at 10 000 g for 15 min. The
pellets were resuspended in approximately 10ml of wash buffer 1 [400
mMsucrose, 5mMKH2PO4, 5mMEDTA-KOH (pH7.4), and 50mM
HEPES-KOH (pH 7.4)] and then centrifuged at 500 g for 5 min. The
supernatant was resuspended in 10 ml of wash buffer 2 [600 mM
sucrose, 5 mM KH2PO4, 5 mM EDTA-KOH (pH 7.4), and 50 mM
HEPES-KOH (pH 7.4)] and centrifuged at 6000 g for 20min to collect
mitochondria. The pellets were resuspended in 2.5 ml of wash buffer 1
and then further purified in 16 ml of wash buffer 3 [400 mM sucrose,
0.1% (w/v)BSA, 5mMKH2PO4, 5mMEDTA-KOH (pH7.4), 50mM
HEPES-KOH (pH 7.4), and 27%Percoll] by centrifugation at 52 600 g
(P28S rotor, CP75b ultracentrifuge, Hitachi Koki Co., Ltd, Japan) for
30min at 4 8C.Themitochondriawere found in a band in the lower half
of the centrifuge tube, andwere removed from the gradient by a pipette.
The mitochondria were resuspended in 40 ml of wash buffer 1 and
collected by centrifuging at 12 000 g for 10 min. Finally, the pellets
were resuspended in 1 ml of the buffer contained 400 mM sucrose,
0.1% BSA, and 40 mM HEPES-KOH (pH 7.4).

Oxygen uptake and protein determination

Oxygen consumption was measured using an oxygen electrode
(Rank Brothers England) at 25 8C in 2 ml of reaction medium
(300 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 10 mM KCl,
100 mM HEPES-KOH) and the pH was adjusted from 6.8 to 7.8 with
3 mM KOH. The mitochondria were preincubated with 0.16 mM
ATP for 2 min to ensure full activation of succinate dehydrogenase
before each assay with succinate oxidation. NADH and NADPH
oxidations were investigated at pH 6.8 with and without Ca2+. RCR
and ADP/O ratios were calculated according to Estabrook (1967).
The O2 concentration in air-saturated medium was taken as 258 lM.
The protein content was measured by the method of Bradford (1976)
using BSA as the standard.

Enzyme assays

The Percoll-purified mitochondria were filtered at room temperature
on a column of Sephadex G-25 equilibrated with the suspending
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buffer [400 mM sucrose, 0.1% BSA, and 40 mM HEPES-KOH
(pH 7.4)], and then the mitochondria were collected for the enzyme
assays.
Cytochrome c oxidase (COX, EC 1.9.3.1), and phosphoenolpyr-

uvate carboxylase (PEPC, EC 4.1.1.31), and initial ribulose 1,5-
bisphosphate carboxylase/oxygenase (Rubisco, EC 4.1.1.39) were
measured in both the Percoll-purified mitochondria and leaf extracts
according to Møller and Palmer (1982), Shaheen et al. (2002), and
Du et al. (1996), respectively.
Malate dehydrogenase (MDH, L-malate:NAD+ oxidoreductase, EC

1.1.1.37) was assayed spectrophotometrically at 340 nm in the OAA-
reducing direction in a medium of 100 mM HEPES-KOH (pH 7.4),
10 mM KH2PO4, 0.3 M mannitol, 5 mM MgCl2, 10 mM KCl, 0.1%
(w/v) BSA, 0.2 mM KCN, 0.1% (v/v) Triton X-100, and 200 lM
NADH. The reactionwas started by adding 600lMOAA.Themalate-
oxidizing reaction was assayed in 2 ml medium of 100 mM HEPES-
KOH (pH 7.4), 10 mM KH2PO4, 0.3 M mannitol, 5 mM MgCl2,
10 mM KCl, 0.1% (w/v) defatted BSA, 0.1% (v/v) Triton X-100,
30 mMmalate, 2 mMNAD+, and 50 mM glutamate. The reaction was
started by adding 10 units of glutamate-oxaloacetate transaminase
(GOT, EC 2.6.1.1).
NAD-MEwas assayed in 2mlmediumof 50mMHEPES-KOH (pH

7.4) containing 2mMMnCl2, 4mMDTT, 0.1% (v/v) TritonX-100, 10
mMCoA, 1lMantimycinA, 500lMpropylgallate, and 2mMNAD+.
NADP-ME was assayed in 2 ml medium of 50 mM HEPES-KOH
(pH 8), 10 mM MgCl2, 5 mM dithiothreitol, 1 lM antimycin A,
500 lM propylgallate, 0.1% (v/v) Triton X-100, 2.5 mM EDTA, and
0.5 mM NADP+. The reaction for NAD-ME and NADP-ME was
started by adding 10 mM malate (pH 6.8). Measurements were made
spectrophotometrically at 30 8C by following the absorbance increase
at 340 nm due to NAD+ or NADP+ reduction.
GOT was assayed according to Bergmeyer and Bernt (1983), and

OAA appearance outside mitochondria was assayed basically as
described by Pastore et al. (2003).

Reagents

Bio-Rad protein kit and Percoll were purchased from the Bio-Rad
Laboratory and Amersham Pharmacia Biotechnology (Uppsala,
Sweden), respectively. Enzymes were purchased from Roche Diag-
nostics GmbH, Mannheim, Germany and Sigma Chemical Company.
All other reagents were from Wako Pure Chemical Industries and
Katayama Chemicals, Japan.

Results

Purity of mitochondria

PEPC and Rubisco were localized unambiguously in the
cytosol and chloroplast, respectively, of pineapple meso-
phyll cells (Kondo et al., 1998), so that their activities can
be used as indicators of mitochondrial purity. In pineapple
mitochondria, the specific activity of Rubisco was zero and
PEPC was approximate 1.7% of that in pineapple cytosol
(Table 1). These results indicated that the mitochondrial
solutions did not contain chloroplast components and the
cytosol contamination of the mitochondria was low. The
MDH activity in mitochondria before lysis with Triton
X-100 was approximately 5% of that after lysis (data not
shown). The COX activity was 18 times higher in mito-
chondria than in leaf extracts on a protein basis (Table 1).
These results indicated that the intactness of the inner and
outer mitochondrial membrane was acceptable and the

preparation specifically reflected the mitochondrial proper-
ties.

Enzyme activities

Activities of NAD-ME, NADP-ME, MDH, and GOT were
detected in pineapple mitochondria. MDH activity was very
high; by contrast, NAD-ME activity was much lower.
Although ME was the predominantly NAD-ME, some
NADP-ME was also detected in pineapple mitochondria
(Table 2). The activities of NAD-ME and MDH in
pineapple mitochondria were different from the results in
mitochondria of potato tuber and pea leaf in which MDH
activity with NAD+ was about three times less, and NAD-
ME activity was about 5–6-fold higher than those in
pineapple mitochondria (Agius et al., 1998). In pineapple
mitochondria, MDH activity was about 69 lmol min�1

mg�1 protein and this value was much higher than that of
Kalanchoë blosssfeldiana (11.5 lmol), (Rustin and Lance,
1986). The NAD-ME activity in pineapple mitochondria
was about 0.11 lmol min�1 mg�1 protein. This rate was not
only lower than that in mitochondria of ME-CAM species
such as Aptenia codifolia (1.29 lmol), and Prenia sladeni-
ana (0.46 lmol) but also lower than that in mitochondria of
PCK-CAM species such as Crassula lycopodioides
(0.20 lmol) (Peckmann and Rustin, 1992). Under the same
assay conditions, these results were also different from
those in concurrent studies with mitochondria of
K. daigremontiana and K. pinnata (Hong et al., 2004;
HTK Hong, A Nose, S Agarie, unpublished results) which
possessed higher NAD-ME and lower MDH activities than
those of pineapple (Table 2).

Respiratory properties of pineapple mitochondria

Figure 1 shows typical electrode traces of succinate, NADH,
and NADPH oxidations in pineapple mitochondria. The
mitochondria readily oxidized succinate and NADH with
the respiratory control rates (RCR) andADP/O ratios typical
of these substrates in the mitochondria of CAM plants
(Arron et al., 1979; Rustin and Queiroz-Claret, 1985). The
ADP/O ratios in these oxidations by pineapplemitochondria
were less than 2, indicating that these oxidations were

Table 1. Rubisco and PEPC activities in leaf extract and
Percoll-purified pineapple mitochondria

Results shown are means6SE (n=4–5) of separate preparations. ND, not
detectable. Rubisco showed initial activity. RuBP was purchased from
Roche Diagnostics GmbH Mannheim.

Enzyme Leaf
(nmol min�1 mg�1

protein)

Mitochondria
(nmol min�1 mg�1

protein)

PEPC (EC 4.1.1.31) 240613 461
Rubisco (EC 4.1.1.39) 120610 ND
Cyt c oxidase
(EC 1.9.3.1)

4764 860638
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coupled with two proton-extrusion sites. Pineapple mito-
chondria oxidized succinate with the rate of 232 nmol O2

min�1 mg�1 protein (Fig. 1A) and this rate was much higher
than that of ME-CAM mitochondria as K. blosssfeldiana
(93 nmol) (Rustin and Queiroz-Claret, 1985), K. fedtschen-
koi (14.8 nmol) (Cook et al., 1995), and K. daigremontiana
(142 nmol) (Hong et al., 2004). In the same assay con-
ditions, pineapple mitochondria readily oxidized NADH
without Ca2+ but not NADPH (Fig. 1B, C). NADPH
oxidation was also not detected in the absence of Ca2+ when
NADPH concentrations were increased (data not shown);
however, NADPH was rapidly oxidized with gradually
increasing rates of supplementary Ca2+ up to 1 mMwith an
apparent Km was about 0.39 mM and Vmax was about
121 nmol O2min�1 mg�1 protein (Fig. 2). In the presence of
1 mM Ca2+, NADH oxidation was stimulated about 32.6%
whereas the NADPH oxidation was strongly stimulated
(Table 3). NADH oxidation was inhibited 70% by 1 mM

EGTA, while 1 mM EGTA completely inhibited NADPH
oxidation.

Malate oxidation was investigated under three different
pH conditions, at pH 6.8, 7.2, and 7.6 where only ME, both
ME and MDH, and only MDH were activated, respectively
(Agius et al., 1998; Day et al., 1988). The results showed
that pineapple mitochondria oxidized malate with low rates
under most of the assay conditions (Figs 3, 4, 5). These
results not only differed from previous results in mitochon-
dria of ME-CAM species such as K. blossfeldiana (Rustin
and Queiroz-Claret, 1985) and Sedum praealtum (Arron
et al., 1979), but also differed from concurrent results under
exactly the same assay conditions in K. daigremontiana
and K. pinnata (Hong et al., 2004; HTK Hong, A Nose, S
Agarie, unpublished results). All of these ME-CAM species
readily oxidized malate without any cofactors, with respi-
ration rates about 114, 90, 75, and 62 nmol min�1 mg�1

protein, respectively, but pineapple did not. Pineapple

Table 2. The comparison of enzyme activities in pineapple mitochondria with mitochondria of K. daigremontiana and K. pinnata

Data are measured under exactly the same experimental conditions. Results shown are means6SE (n=4–5) of separate preparations. NM, not measured.

Enzyme Pineapple
(lmol mg�1 protein min�1)

K. daigremontianaa

(lmol mg�1 protein min�1)
K. pinnataa

(lmol mg�1 protein min�1)

MDH (EC 1.1.1.37) in malate oxidation 0.9260.04 NM NM
MDH (EC 1.1.1.37) in OAA reduction 69617 1661.6 18.4961.97
NAD-ME (EC 1.1.1.39) 0.1160.02 0.6660.47 0.9560.09
NADP-ME (EC 1.1.1.40) 0.05060.003 0.06760.023 0.09660.013
GOT (EC 2.6.1.1) 0.2960.3 NM NM

a Data based upon that presented by Hong et al. (2004; HTK Hong, A Nose, S Agarie, unpublished results).
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mitochondria oxidized malate in the absence of cofactors
with very low rates, even at pH 7.2 where both ME and
MDH were activated and together contributed their roles in
malate oxidation (16 nmol O2 min�1 mg�1 protein) (Fig.
4A). For this reason, in the experiments on oxygen uptake
with malate as a substrate, NADH was always added as
a second substrate after measuring the malate oxidation to

confirm the quality of the mitochondria and to make sure of
their property to oxidize malate. The respiration rates with
malate as a single substrate were extremely low, however,
they increased greatly with the addition of NADH (Figs 3,
4, 5). These results confirmed that the quality of mitochon-
dria was acceptable and that the mitochondria oxidized
malate with the low rate under the assay conditions.

It is well known that malate oxidation via ME is
stimulated by adding cofactors such as coenzyme A
(CoA: an ME activator), thiamine pyrophosphate (TPP:
a pyruvate dehydrogenase activator), and NAD+, whereas
malate oxidation via MDH is stimulated by adding NAD+

or glutamate. Exogenous NAD+ stimulated malate oxida-
tion via both ME and MDH (Tobin et al., 1980; Rasmusson
and Møller, 1990). In pineapple mitochondria, at pH 6.8
where ME was strongly activated and malate was oxidized
mainly via ME, additions of CoA (Fig. 3A), or TPP (Fig.
3B), or NAD+ together with CoA and TPP (Fig. 3C) did not
significantly stimulate this malate oxidation. These results
not only differed from the mitochondria of PCK-CAM
species such as Crassula lycopodioides in which adding
CoA and TPP stimulated malate oxidation (Peckmann and
Rustin, 1992), but also differed from mitochondria of ME-
CAM species such as K. daigremontiana in which adding
TPP considerably increased the respiration rate of this
oxidation (Wiskich and Day, 1982). The increase in malate
concentrations did not stimulate malate oxidation further
(Fig. 3B). At pH 7.2, supplying NAD+ to malate oxidation
considerably increased the respiration rate in K. blosss-
feldiana mitochondria (Rustin and Queiroz-Claret, 1985)
whereas in pineapple mitochondria it did not (Fig. 4B). In
malate oxidation at pH 7.2, the addition of glutamate to
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Fig. 2. The effects of NADPH concentrations on state 3 NADPH
oxidation with 1 mM Ca2+ by pineapple mitochondria. Other conditions
were as shown in the Fig. 1D.

Table 3. Effect of Ca2+ on external NAD(P)H oxidation

NAD(P)H oxidation was determined in an oxygen electrode in assay
medium at pH 6.8 (see Materials and methods), using NAD(P)H at a final
concentration of 1 mM, 1 mM Ca2+ and 1 mM EGTA. ND, not
detectable.

Experiments NADH oxidation
(nmol min�1 mg�1 protein)

NADPH oxidation
(nmol min�1 mg�1 protein)

Control 141616 ND
1 mM Ca2+ 187613 9369
EGTA 42611 ND
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0.16 mM ADP, 0.1 mM CoA, 1.5 mM TPP, and 0.5 mM NAD+. Numbers along the traces refer to nmol O2 consumed min�1 mg�1 protein.
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remove OAA by transamination (Fig. 4C), or the addition
of CoA, TPP, and NAD+ (Fig. 4D) to optimum ME and
MDH activities still did not increase the respiration rates. At
pH 7.6 where MDH was mainly activated and malate
oxidation was mostly operated via MDH, malate was
oxidized with rather higher rates than those of the same

oxidation at pH 6.8 or 7.2, however, these rates were still
much lower than those in other substrate oxidations (Fig.
5A). Adding NAD+ to malate oxidation at pH 7.6 slightly
increased the respiration rates (Fig. 5B). Addition of
glutamate significantly stimulated malate oxidation with
mitochondria of K. daigremontiana (Wiskich and Day,
1982), but not with pineapple (Fig. 5C). However, when
a transamination system outside mitochondria was pro-
vided by adding both glutamate and GOT to the respiratory
medium, malate oxidation was stimulated, and thereafter,
the addition of NADH on these oxidations gave much
higher rates than those without glutamate and GOT (Fig.
5A–C). This stimulation was more clearly detected in Fig.
5D where both glutamate and GOT were supplied just after
adding malate.

In this study, the appearance of OAA outside the
mitochondria was clearly detected by the assay as described
in Fig. 6. In this assay, external NADH oxidation was
prevented by EDTA and EGTA and the appearance of
OAA outside the mitochondria was monitored by using the
OAA detecting system consisting of 0.2 mM NADH plus
0.5 U MDH (Pastore et al., 2003). Under in vitro assay
conditions, NADH was observed to be rapidly oxidized by
pineapple mitochondria (Fig. 1B) and this oxidation was
inhibited about 70% by 1 mM EGTA (Table 3). Under the
experimental conditions described in Fig. 6, addition of
a larger amount of 10 mM EDTA and 10 mM EGTA
strongly inhibited the external NADH dehydrogenase, and
the addition of both MDH and malate caused the clearly
decreasing absorbance of the spectrophotometer (Fig. 6B),
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whereas a similar decrease was not observed in individual
mitochondria after adding MDH without malate (Fig. 6A).
NADH oxidation in the presence of EDTA and EGTA
before and after adding MDH and malate were about
73619 and 297648 nmol NADH min�1 mg�1 protein,
respectively, indicating that OAA was being exported
outside the pineapple mitochondria.

It had been indicated that OAA, the product of MDH
activity, was also a strong inhibitor of several Krebs cycle
dehydrogenases (Rustin et al., 1980). This tendency was
also detected in pineapple mitochondria (Fig. 7). The
addition of external OAA inhibited succinate oxidation.
The inhibition levels varied depending on OAA concen-
trations and they were rapidly overcome by adding ex-
ogenous NADH. The inhibition and recovery of succinate
oxidation while providing external OAA and NADH to
the respiration medium were nearly similar to that in cauli-
flower mitochondria (Rustin et al., 1980).

Furthermore, pineapple mitochondria also showed GOT
activity (Table 2) with a similar amount to that in soybean
cotyledon mitochondria (Day et al., 1988). GOT was well
known as a catalyst for the reversible reaction of glutamate
and OAA to aKG and Asp, however, the mitochondria did
not readily oxidize Asp (Fig. 8A) and a-KG (Fig. 8B) as the
simple substrates, even in the presence of CoA, TPP, and

NAD+ (Fig. 8C). Simultaneous addition of a-KG and
malate did not increase the rates of oxygen consumption
(Fig. 8D). From these observations, it seemed the mito-
chondrial OAAmust be transaminated or decarboxylated in
the cytosol via a malate–OAA shuttle in order to maximize
malate-dependent respiration (Fig. 9).

Discussion

It was found that pineapple mitochondria readily oxidized
NADH with the high rates and coupling (Fig. 1A) similarly
to mitochondria of ME-CAM species (Arron et al., 1979;
Rustin and Queiroz-Claret, 1985; Hong et al., 2004; HTK

Fig. 6. The appearance of OAA outside pineapple mitochondria. The
experiment was assayed according to Pastore et al. (2003). Mitochondria
were incubated at 25 8C in 2 ml of reaction medium with the addition of
0.2 mM NADH plus 10 mM EGTA and 10 mM EDTA to inhibit the
NADH DHEx. The reaction was started by adding 0.5 U MDH without
malate for the reference cuvette (A), and 0.5 U MDH with 10 mM malate
(pH 7.2) for the assay cuvette (B). The measurement was followed by the
decrease in absorbance at A340 nm using a spectrophotometer (JASCO
V-550 UV/VIS, Japan).
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Hong, A Nose, S Agarie, unpublished results), except that
mitochondria of these ME-CAM species readily oxidized
NADPH without Ca2+. Pineapple mitochondria only oxi-
dized NADPH with significant rates and coupling in the
presence of high Ca2+ concentrations (Fig. 1D). These
results suggest that, as in other plant mitochondria (Møller,
2002), NADH and NADPH oxidations in pineapple mito-
chondria were due to two separate external NADH and
NADPH dehydrogenases, respectively, and, in addition,
external NADPH dehydrogenase activity in pineapple
definitely required Ca2+ whereas that of NADH dehydro-
genases did not (Figs 1C, 2; Table 3).
The main finding of this study was that pineapple

mitochondria oxidized malate in a different way from
mitochondria of ME-CAM plants. Mitochondria of ME-
CAM plants such as Sedum praealtum (Arron et al., 1979),
K. blossfeldiana (Rustin and Queiroz-Claret, 1985),
K. fedtschenkoi (Cook et al., 1995), and K. daigremontiana
(Hong et al., 2004) usually oxidized succinate and malate
with rather similar rates. However, pineapple mitochondria
rapidly oxidized succinate while they poorly oxidized
malate. The mitochondria showed low rates of malate
oxidation under most of the assay conditions, unless
supplied with both external glutamate and GOT (Fig.
5D). The optimization of the enzyme activities by changing
pH, providing cofactors, and supplementing glutamate to

remove OAA also did not stimulate malate oxidation.
These results suggest that the respiration of pineapple
mitochondria during CAM phase III was low and depen-
dent on malate. Furthermore, individual addition of external
glutamate, Asp or a-KG with or without the cofactors, and
addition of both a-KG plus malate did not increase the rates
of oxygen consumption (Fig. 8), indicating that mito-
chondrial malate oxidation was operated neither via MDH
or ME as usual nor via the malate/aspartate shuttle.

Cuevas and Podestá (2000) found, in crude extracts of
pineapple leaves, that the reaction of OAA reduction by
cMDH was much faster than malate oxidation and that
purified cMDH seemed to carry out both reactions of
OAA reduction and malate oxidation. Concomitantly, it
was found that pineapple mitochondria showed very high
mMDH and low mME activities. In pineapple mitochon-
dria, the rate of OAA reduction was calculated at about
75-fold faster than malate oxidation (Table 2). It was also
found that the OAA could export out of (Fig. 6) and import
into (Fig. 7) the mitochondrial inner membrane. Thus, the
occurrence of high cMDH and mMDH, together with the
mitochondrial permeability to both malate and OAA, could
allow the operation of a malate–OAA shuttle in the inner
membrane of pineapple mitochondria.

Normally, the OAA uptake system in plant mitochondria
has a high affinity for OAA. The OAA carrier in plant

Fig. 9. Organization of the malate-oxidizing system in pineapple mitochondria. Alt.Ox, alternative oxidase; Cyt.Ox, cytochrome oxidase; GOT,
glutamate-oxaloacetate transaminase; OAA, oxaloacetic acid; KG, a-ketoglutarate; Asp, aspartate; 3-PGA, 3-phosphoglycerate; 1,3-DPGA, 1,3-
diphosphoglycerate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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mitochondria usually has low Km, for example, the Km

value for the uptake carrier of OAA into potato tubers
mitochondria was 0.18 mM (Hanning et al., 1999). Thus,
the low Km value of the OAA carrier allows it to compete
successfully with cytosolic or matrix malate dehydrogenase
(Douce and Neuburger, 1997). In pineapple mitochondria,
the addition of 0.2 mM external OAA completely inhibited
succinate oxidation (Fig. 7), indicating that the mitochon-
dria easily take up OAA, and with a small amount of OAA
was sufficient to cause a significant effect on the rates of
oxygen consumption. The mitochondria also exported
OAA (Fig. 6), and did not consume a-KG and Asp (Fig.
8). These results completely differed from K. daigremonti-
ana mitochondria which can oxidize a-KG and Asp with
significant rates (Day, 1980). Furthermore, in K. daigre-
montiana mitochondria, the respiratory chain can be passed
by supplying Asp and a-KG with malate, and the trans-
amination of Asp provided an internal source of OAA, but
not external OAA. The Asp and a-KG system may be
important in K. daigremontiana when respiratory chain
activity is restricted by energy charge (Day, 1980). By
contrast, it seemed that Asp and a-KG did not contribute to
malate metabolism in pineapple mitochondria. Therefore,
the increasing rates of oxygen consumption when the
mitochondria were supplied with both glutamate and
GOT externally was attributable to a stimulation of OAA
efflux from the mitochondria by the external GOT. The
GOT consumed OAA by transamination in the presence of
glutamate to form Asp and a-KG, thereby stimulating
malate uptake into the mitochondria. As a result, OAA
removal, malate oxidation stimulation, and the formed
NADH oxidizing increased the respiration rates.

The OAA uptake system was clearly detected in pine-
apple mitochondria and the activity of mitochondrial GOT
was also present at significant rates, however, adding
external glutamate to the pineapple mitochondria suspen-
sion did not cause an increase in oxygen consumption.
Therefore, it is not clear whether the matrix of pineapple
mitochondria could contribute further to the in vivo system
for removing OAA in order to synthesize Asp from glutam-
ate, similarly to that described for other plant mitochondria
by Siedow and Day (2000).

Based on these results, together with previous results
obtained with intact leaves (Cuevas and Podestá, 2000;
Chen et al., 2002; Leegood and Walker, 2003), it is
possible to suggest that a scheme summarizing the total
malate metabolism in both the cytosol and mitochondrion
could occur during the decarboxylation phase of CAM
rhythm for pineapple (Fig. 9). In this phase, malate was
mainly oxidized in the cytosol to produce OAA via cMDH.
The PCK converted OAA to PEP and CO2. Malate could
also import from the cytosol to the mitochondria by the
shuttle. In the mitochondrial matrix, malate could be
catalysed by very high mMDH to form the OAA. Also,
the ME was present at low levels in pineapple mitochon-

dria, hence a little malate could be oxidized by low
mitochondrial ME to produce pyruvate and CO2. The
OAA formed by mMDH activity could be exported outside
the mitochondria via the malate–OAA shuttle (Fig. 9).

The operation of the shuttle and the capacity of the OAA
reversible exchange in the inner membrane of pineapple
mitochondria made them likely as a link between the
mitochondrion and the cytosol in total malate metabolism
during the decarboxylation phase. While the details of the
carbon flow through the cMDH in pineapple CAM phase
III awaits further study, a possible suggestion for the shuttle
metabolism in pineapple mitochondria during the decar-
boxylation phase was that under the conditions where
cMDH activity was insufficient to supply OAA at the
required rates for the PCK activity, the mitochondrial
malate oxidation could produce OAA and export the
OAA to the cytosol via the shuttle. The exported OAA
could become the available substrate for PCK activity to
decarboxylate and PEP synthesis. By contrast, when OAA
in the cytosol exceeded the required amount for PCK
activity, the cytosolic OAA could be taken up into the
mitochondria.

Lea et al. (2001) suggest that PCK may play a key role in
both amino acids in C4 plants and carbohydrate metabolism
in CAM plants. This study’s results also suggested that,
under the experimental conditions where both glutamate
and GOT were present, the exported OAA from the
pineapple mitochondria could convert to form Asp and
a-KG. Thus, it seems that the export OAA system in
pineapple mitochondria could play a physiological role in
amino acid metabolism, but this function is for future study.

Hoefnagel et al. (1998) showed that plant mitochondria
have a greater capacity for ATP synthesis than photophos-
phorylation in the chloroplasts, due to an ATP/ADP trans-
locator. Chloroplasts exhibit a far lower capacity for ATP
export than mitochondria, thus mitochondria maintain most
of the cytosolic ATP pool. From the current study, it is
possible to suggest that the malate–OAA shuttle in pine-
apple mitochondria may also have contributed their role in
the cytosolic ATP pool. By this shuttle, mitochondrial
malate metabolism possibly provided the reducing equiva-
lents for mitochondrial ATP synthesis to support the
cytosolic PCK reaction in the decarboxylation phase.

In addition, cytosolic PEP in pineapple could be cata-
lysed by glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) to form 3-phosphoglycerate (3-PGA) in a re-
action that consumed one NADH similarly to other PCK-
CAM plants (Winter and Smith, 1996). The 3-PGA was
further contributed in sucrose synthesis via gluconeogen-
esis. The NADH formed by cytosolic malate oxidation
could also be used for the reductive step (GAPDH) in
gluconeogenesis or oxidize directly via external NADH
dehydrogenases in pineapple (Fig. 9). This point would be
an interesting topic of energy metabolism for future studies
of CAM.
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As a temporal conclusion in this study, the malate–OAA
shuttle in pineapple mitochondria might operate as a sup-
porting system for the mitochondrion and the cytosol in
controlling and regulating malate metabolism in order to
supply OAA for PCK activity during the decarboxylation
phase of the PCK-CAM plant. In other words, the MDH on
either side of the mitochondrial membrane are linked by
this shuttle in the daytime conversion of malate to OAA
during the decarboxylation phase. In addition, it seems that
pineapple mitochondria not only support ATP for cytosolic
PCK activity, but also contribute in supplying the substrate
OAA for PCK activity of the decarboxylation phase during
the day and for Asp synthesis in the cytosol.
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montiana. Bulletin of the Faculty of Agriculture, Saga University
89, 121–129.

Hoefnagel MHN, Atkin OK, Wiskich JT. 1998. Interdependence
between chloroplasts and mitochondria in the light and the dark.
Biochemica et Biophisica Acta 136, 235–255.

Kondo A, Nose A, Ueno O. 1998. Leaf inner structure and
immunogold localization of some key enzymes involved in carbon
metabolism in CAM plants. Journal of Experimental Botany 49,
1953–1961.

Lea PJ, Chen ZH, Leegood RC, Walker RP. 2001. Does
phophoenolpyruvate carboxykinase have a role in both amino
acid and carbohydrate metabolism? Amino Acids 20, 225–241.

Leegood RC, Walker RP. 2003. Regulation and roles of phospho-
enolpyruvate carboxykinase in plants. Archives of Biochemistry
and Biophysics 414, 204–210.

Møller IM. 2002. A new dawn for plant mitochondrial NAD(P)H
dehydrogenases. Trends in Plant Science 7, 235–237.

Møller IM, Palmer JM. 1982. Direct evidence for the presence of
a rotenone-resistant NADH dehydrogenase on the inner surface of
the inner membrane of plant mitochondria. Physiologia Plantarum
54, 267–274.

Pastore D, Pede SD, Passarella S. 2003. Isolated durum wheat and
potato cell mitochondria oxidize external added NADH mostly via
the malate/oxaloacetate shuttle with a rate that depends on the
carrier-mediated transport. Plant Physiology 133, 2029–2039.

Peckmann K, Rustin P. 1992. Malate metabolism in leaf mitochon-
dria from CAM plants endowed with phosphoenolpyruvate car-
boxykinase or/and malic enzyme. In: Lambers H, Van der Plas
LHW, eds. Molecular, biochemical and physiological aspects of
plant respiration. The Hague, The Netherlands: SPB Academic
Publishing, 235–241.

Rasmusson AG, Møller IA. 1990. NADP-utilizing enzymes in the
matrix of plant mitochondria. Plant Physiology 94, 1012–1018.

Rustin P, Lance C. 1986. Malate metabolism in leaf mitochondria
from the crassulacean acid metabolism plant Kalanchoë bloss-
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of Kalanchoë blossfeldiana leaf mitochondria during development
of crassulacean acid metabolism. Plant Physiology 164, 415–422.

Shaheen A, Nose A, Wasano K. 2002. In vivo properties of
phosphoenolpyruvate carboxylase in crassualcean acid metabolism
plants: is pineapple CAM not regulated by PEPC phosphrylation?
Environment Control in Biology 40, 343–354.

2210 Hong et al.



Siedow JN, Day DA. 2000. Respiration and photorespiration. In:
Buchanan BB, Gruissem W, Jones RL, eds. Biochemistry and
molecular biology of plants. Rockville, Maryland, USA: American
Society of Plant Physiologists, 676–725.

Tobin A, Djerdjour B, Journet E, Neuburger M, Douce R. 1980.
Effect of NAD+ on malate oxidation in intact plant. Plant
Physiology 66, 225–229.

Winter K, Smith JAC. 1996. Crassulacean acid metabolism: current
status and perspectives. In: Winter K, Smithh JAC, eds. Crassu-
lacean acid metabolism: biochemistry, ecophysiology and evolu-
tion. Berlin: Springer-Verlag, 389–426.

Wiskich JT, Day DA. 1982. Malate oxidation, rotenone-resistance,
and alternative path activity in plant mitochondria. Plant Physiol-
ogy 70, 959–964.

Respiratory properties and malate metabolism in pineapple mitochondria 2211



BIOLOGIA PLANTARUM 49 (2): 201-208, 2005 

201 

 

Oxidations of various substrates and effects of the inhibitors  
on purified mitochondria isolated from Kalanchoë pinnata 
 
 
H.T.K. HONG, A. NOSE* and S. AGARIE 
 
Faculty of Agriculture, Saga University, 1 Honjo-machi, Saga, 840-8502, Japan 
 
 
Abstract 
 
Kalanchoë pinnata mitochondria readily oxidized succinate, malate, NADH, and NADPH at high rates and coupling. 
The highest respiration rates usually were observed in the presence of succinate. The high rate of malate oxidation was 
observed at pH 6.8 with thiamine pyrophosphate where both malic enzyme (ME) and pyruvate dehydrogenase were 
activated. In CAM phase III of K. pinnata mitochondria, both ME and malate dehydrogenase (MDH) simultaneously 
contributed to metabolism of malate. However, ME played a main function: malate was oxidized via ME to produce 
pyruvate and CO2 rather than via MDH to produce oxalacetate (OAA). Cooperative oxidation of two or three substrates 
was accompanied with the dramatic increase in the total respiration rates. Our results showed that the alternative (Alt) 
pathway was more active in malate oxidation at pH 6.8 with CoA and NAD+ where ME operated and was stimulated, 
indicating that both ME and Alt pathway were related to malate decarboxylation during the light. In K. pinnata 
mitochondria, NADH and NADPH oxidations were more sensitive with KCN than that with succinate and malate 
oxidations, suggesting that these oxidations were engaged to cytochrome pathway rather than to Alt pathway and these 
capacities would be desirable to supply enough energy for cytosol pyruvate orthophosphate dikinase activity.  

Additional key words: alternative pathway, CAM, cytochrome pathway, malate dehydrogenase, malic enzyme, oxalacetate. 
 
 
Introduction 
 
Mitochondrial respiration of plants differs from that of 
animals by the presence of an alternative (Alt) pathway in 
the electron-transport chain (ETC). It branches from the 
cytochrome (Cyt) pathway at ubiquinone (Q) and donates 
electrons directly to oxygen to form water. The Alt 
pathway is inhibited by salicylhydroxamic acid (SHAM) 
and the Cyt pathway is inhibited by KCN. In spite of 
extensive investigation among higher plants, fungi, yeasts 
and protozoa, the physiological role of the Alt pathway in 
ETC is not fully understood. For CAM plants, it has been 
shown that there was an increase in cyanide-resistant leaf 
respiration in the phase III of K. blossfeldiana (Rustin 
and Queiroz-Claret 1985), and K. daigremontiana 
(Robinson et al. 1992). However, the Alt capacity in 
CAM mitochondria is probably not great enough to 

support in vivo rates of malate decarboxylation (Wiskich 
and Day 1982).  

Kalanchoë pinnata is a ME type CAM plant. In the 
phase III, under closure of the stomata, malate is released 
from the vacuole and oxidatively decarboxylated by 
NAD(P)-ME to generate pyruvate and CO2. Pyruvate is 
phosphorylated to phosphoenolpyruvate (PEP) by 
catalysis of pyruvate orthophosphate dikinase (PPDK), 
and then it is conserved in gluconeogenesis. Recently, the 
experiment results in our laboratory indicated that PPDK 
is distributed both in chloroplast and cytosol in  
K. pinnata mesophyll cell (Kondo et al. 1998). Under low 
oxygen, these plants lost phase III in CAM-type diurnal 
gas-exchange activity (Nose et al. 1999). There was an 
increased of the Alt pathway activity in CAM phase III  
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of K. pinnata leaf (Tsuchiya et al. 2001). These results 
suggest that not only ME but also Alt pathway plays an 
important role during the malate decarboxylation in the 
phase III of K. pinnata intact leaf and raise some further 
questions about K. pinnata mitochondria. How do the 
mitochondria contribute to total malate decarboxylation 
during the phase III? How to reduce the NADPH 
produced from malate decarbo-xylation via cytosol 
NADP-ME? How does the cytosolic PPDK activity 

involve to the mitochondrial ATP synthesis? Is there any 
relationship between the malate oxidation and the Alt 
pathway in mitochondria? Are these activities in 
mitochondria involved with those in intact leaf of  
K. pinnata or not? Based on these view points, we 
investigated respiratory properties with various substrates 
and effects of the inhibitors on the Alt pathway in  
K. pinnata mitochondria.  

 
 

Materials and methods  
 
Plant material and mitochondria respiration: 
Kalanchoë pinnata (Lam.) Pers. were vegetatively 
propagated and grown in plastic pots in a greenhouse 
with natural light and temperature. Ten days before the 
experiments, the 3-month-old plants were transferred to a 
growth chamber (KG-50 HLA, Koito Industrial Co., 
Tokyo, Japan) with 12-h photoperiod. The temperature in 
the growth chamber was maintained at 25 oC during the 
dark period and 35 oC during the light period with 
photosynthetically active radiation at the mid-plant height 
of 420 to 450 µmol m-2 s-1. The fifth to seventh leaves, 
numbered from the apex, were used for the experiments.  

Mitochondria of K. pinnata were isolated and purified 
on Percoll gradients as described previously (Hong et al. 
2004). Oxygen consumption was measured using an 
oxygen electrode (Rank Brothers, Cambridge, UK) at  
25 oC in 2 cm3 of reaction medium [(300 mM mannitol, 
10 mM KH2PO4, 5 mM MgCl2, 10 mM KCl, 100 mM 
HEPES-KOH (pH 7.4)] and pH was adjusted from 6.8 to 
7.8 by adding KOH. The O2 concentration in air-saturated 
medium was taken as 258 µM. Respiratory control ratio 
(RCR) and ADP/O ratio were calculated according to 
Estabrook (1967). The protein content was measured by 
the method of Bradford (1976) using bovine serum 
albumine (BSA) as the standard. Chlorophyll content was 
determined according to Arnon (1949). 
 
Preparation of leaf extraction and mitochondria for 
enzyme assays: The leaf sample (0.5 g fresh mass) was 
homogenized using a mortar and pestle with 0.2 g sea 
sand and 40 mg PVP in 4 cm3 of ice-cold extraction  
 

buffer. The extraction buffer for MDH, NAD-ME and 
NADP-ME contained 50 mM Tris-HCl of pH 7.8, 8 mM 
MgCl2, 1 mM EDTA-KOH (pH 7.0), 5 mM DTT, 0.2 % 
(m/v) BSA and 0.02 % (m/v) Triton X-100. The 
homogenate was filtered through one layer of Miracloth 
(Calbiochem-Novabiochem, La Jolla, USA). Part of the 
homogenate was taken for determination of chlorophyll 
content; the other homogenate was centrifuged at 
10 000 g for 10 min at 4 oC. The supernatant was desalted 
by passing through a Sephadex G-25 (PD-10 column, 
Pharmacia Biotech AB, Uppsala, Sweden) that had been 
equilibrated with the enzyme extraction medium. The 
desalting extract was used immediately for determination 
of enzyme activity.  
 
Preparation of mitochondria for enzyme assays: The 
mitochondria were filtered at room temperature on a 
column of Sephadex G-25 previously equilibrated with 
the suspending buffer contained 400 mM sucrose, 0.1 % 
BSA and 40 mM HEPES-KOH (pH 7.4), thereafter, 
MDH, NAD-ME and NADP-ME were assayed in 
mitochondria after lysis with 0.1 % (m/v) Triton X-100. 
 
Enzyme assays: MDH (L-malate: NAD+ oxidoreductase, 
EC 1.1.1.37) and NAD+-dependent ME (EC 1.1.1.39) 
were assayed according to Pastore et al. (2001). NADP+-
dependent ME (EC 1.1.1.40) was assayed according to 
Kondo et al. (2000). Rubisco was assayed according to 
Du et al. (1996). PEPC was assayed according to 
Shaheen et al. (2002).  

 
Results 
 
Enzyme activities: PEPC and Rubisco were localized 
unambiguously in the cytosol and chloroplast, 
respectively, of K. pinnata mesophyll cells (Kondo et al. 
1998), so that their activities can be used as the indicators 
of mitochondrial purity. Rubisco activity was null and 
PEPC activity in mitochondria was approximate by 4.4 % 
of that in cytosol (Table 1). These results indicated that 
the mitochondria suspensions did not contain chloroplast 

components and the cytosol contamination of the 
mitochondria was rather low.  

Activities of NAD-ME, NADP-ME and MDH were 
detected in leaf extract and in K. pinnata mitochondria. 
NAD-ME activity was higher than NADP-ME activity in 
leaf extracts of K. pinnata (Table 2). Although NAD-ME 
was predominantly located in the mitochondria, a small 
amount of NADP-ME was also detected in K. pinnata  
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Table 1. Rubisco and PEPC activities in leaf extract and 
mitochondria (Mp) of K. pinnata. Means ± SD (n = 4 - 5 of 
separate preparations). Rubisco showed initial activity. Enzyme 
activities are expressed as: * - [mmol g-1(chlorophyll) min-1], 
and ** - [mmol g-1(protein) min-1]; nd - not detectable. 
 

Enzyme Leaf* Leaf** Mp** 

PEPC 12.97 ± 1.04 0.48 ± 0.04 0.021 ± 0.011 
Rubisco   5.99 ± 2.15 0.17 ± 0.03 nd 

 
 
Table 2. Enzyme activities in leaf extract and in mitochondria 
(Mp) of K. pinnata. Means ± SD (n = 4 - 5). Enzyme activities 
are expressed as [mmol g-1(protein) min-1]. 
 

Enzyme Leaf Mp 

NADP-ME 0.05 ± 0.01   0.096 ± 0.013 
NAD-ME 0.11 ± 0.06   0.950 ± 0.090 
MDH 0.60 ± 0.10 18.490 ± 1.970 

 
mitochondria. MDH activity in mitochondria was higher 
than that in leaf of K. pinnata. 
 
Respiration of K. pinnata mitochondria with the single 
substrates: The highest respiration rates were recorded 
with succinate. They exceeded those for NADH, NADPH 
and malate (pH 6.8) in the presence of 1 mM TPP, 1.6, 
1.9, and 1.8 times, respectively. The ADP/O ratios in 
succinate oxidation were less than 2, indicating that their 
oxidations were coupled to two proton-extrusion sites.  
K. pinnata mitochondria were able to oxidase external 
NADH and NADPH by similar way; however, the rate of 
NADH oxidation was higher than that of NADPH 
oxidation (Table 3). Malate oxidation was investigated 
under three different pH; at pH 7.6, where only MDH 
was active, at pH 7.2 where both ME and MDH were  
 

active and at pH 6.8 where only ME was active (Day  
et al. 1988, Agius et al. 1998). NAD+ was included in all 
cases to stimulate the optimum ME and MDH activities. 
K. pinnata mitochondria oxidized malate with varied 
levels depending on pH assay conditions. The rate of 
malate oxidation was very low at pH 7.6, whereas it 
increased at pH 7.2 (Table 3). K. pinnata mitochondria 
were able to oxidize malate without any cofactors at  
pH 6.8; however, its rate was slower than that in the 
presence of TPP (a pyruvate dehydrogenase activator) or 
CoA (a ME activator). Addition of TPP or CoA and 
NAD+ stimulated malate oxidation via ME. The highest 
rate of malate oxidation was observed at pH 6.8 in the 
presence of TPP. In general, before adding ADP,  
K. pinnata mitochondria slowly oxidized malate. Upon 
ADP addition, high rates of oxygen consumption were 
measured. In all cases, the ADP/O ratio of malate 
oxidation was greater than 2 (Table 3), indicating that all 
three proton-extrusion sites were utilized. 
 

Fig. 1. Effect of KCN (A), SHAM (B), KCN in the presence of 
SHAM (C), and SHAM in the presence of KCN (D) on the 
succinate oxidation by K. pinnata mitochondria. Assay 
conditions were: 10 mM succinate, 10 mM ATP, 0.16 mM ADP 
(first adding) and 0.32 mM ADP (last adding). Numbers along 
the trace refer to µmol(O2) g-1(protein) min-1. 
 

Table 3. Individual substrate oxidation in K. pinnata mitochondria. Assay conditions were 10 mM succinate, 1 mM NADH, 1 mM 
NADPH, 10 mM malate, 1 mM TPP, 0.1 mM CoA, 0.5 mM NAD+, and 0.16 mM ADP. State 3 refers to the respiration rate of O2 
uptake in the presence of ADP; state 4 refers to the rate upon depletion of ADP. Respiratory control ratio (RCR) was calculated as the 
ratio of state 3 to state 4 rates. Means ± SD (n = 4 - 5) of separate preparations (nd - not detectable). 
 

Substrates Respiration rate [µmol(O2) g-1(protein) min-1]  RCR ADP/O 
 state 3 state 4   

Succinate 256 ± 30 119 ± 26 2.2 ± 0.4 1.5 ± 0.4 
NADH 155 ± 41   71 ± 14 2.1 ± 0.5 1.4 ± 0.3 
NADPH 131 ± 23   60 ± 32 2.5 ± 1.0 1.4 ± 0.4 
Malate (pH 7.6, NAD+)   24 ±   7 nd nd nd 
Malate (pH 7.2, glutamate, NAD+)   41 ±   8   32 ±   6 1.3 ± 0.3 2.2 ± 0.1 
Malate (ph 6.8)   62 ± 16   31 ± 11 2.0 ± 0.5 2.4 ± 0.3 
Malate (pH 6.8, CoA, NAD+) 105 ± 11   74 ±   9 1.4 ± 0.4 2.4 ± 0.2 
Malate (pH 6.8, TPP) 139 ± 25   90 ± 23 1.5 ± 0.2 2.3 ± 0.2 
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Respiration of K. pinnata mitochondria with the 
multiple substrates: Generally, simultaneous oxidation 
of these substrates normally increased the respiration 
rates that were lower than the sum of the individual rates 
but higher than the individual rates, and it was more 
marked when succinate was the first substrate. The 
simultaneous oxidations of malate as a first substrate with 
other substrates were investigated at pH 6.8 in the 
presence of TPP (Table 4, Fig. 4) or in the presence of 
CoA and NAD+ (Table 5). Addition of NADPH or 
NADH as the second substrates mainly stimulated the 
respiration rate that was significantly higher than 
individual rate, and then addition of NADH as a third 
substrate did not further increase the simultaneous rate 
(Table 4, Fig. 4). In our experiments, all of the 
simultaneous oxidation of substrates gave ADP/O ratios 
of lower than 2, indicating that two proton-extrusion sites 
were utilized.  
 

 
Fig. 2. Effect of rotenone (A), KCN (B) and SHAM (C) on 
malate oxidation at pH 6.8 in the presence of 0.5 mM CoA and 
1 mM NAD+ by K. pinnata mitochondria. Unless otherwise 
indicated, concentrations were used: 10 mM malate, 0.16 mM 
ADP (first adding) and 0.32 mM ADP (last adding). Numbers 
along the trace refer to µmol(O2) g-1(protein) min-1.  
 

Table 4. Simultaneous substrate oxidation in K. pinnata mitochondria. Means ± SE (n = 4 - 5). Assay conditions were 1 mM NADH, 
1 mM NADPH, 0.16 mM ADP, 10 mM malate at pH 6.8 in the presence of 1 mM TPP and 10 mM succinate in the presence of  
10 mM ATP. 
 

Substrates Respiration rate [µmol(O2) g-1(protein) min-1]  RCR ADP/O 
 state 3 state 4   

Succinate + NADH 364 ± 22 202 ± 12 1.8 ± 0.3 1.5 ± 0.2 
Succinate + NADPH 329 ± 10 218 ± 16 1.6 ± 0.2 1.2 ± 0.2 
NADH + NADPH 231 ± 12 112 ± 23 2.1 ± 0.8 1.5 ± 0.2 
Malate + NADH 249 ± 49 181 ± 32 1.4 ± 0.6 1.3 ± 0.3 
Malate + NADPH 204 ± 22 128 ± 23 1.7 ± 0.7 1.5 ± 0.2 
Malate + NADH + NADPH 216 ± 17 139 ± 31 1.6 ± 0.4 1.3 ± 0.2 

 
 

Fig. 3. Effect of KCN (A), KCN and SHAM (B) and SHAM and 
KCN (C) on the malate oxidation at pH 6.8 in the presence of 
1 mM TPP. Assay conditions were: 10 mM malate, 0.16 mM 
ADP (first adding), and 0.32 mM ADP (last adding). Numbers 
along the trace refer to µmol(O2) g-1(protein) min-1. 
 
Effect of KCN, SHAM and rotenone on oxidation of 
various substrates: The oxidation was inhibited by both 
KCN and SHAM as well as combination of them. 

Succinate oxidation was uninhibited at the concentrations 
lower than 50 µM KCN or 1 mM SHAM, it was signifi-
cantly inhibited at 0.5 - 2 mM SHAM or 50 - 200 µM 
KCN and fully inhibited at 300 µM KCN or 2 mM 
SHAM (Fig. 1A,B). Combination of 1 mM SHAM and 
100 µM KCN or 75 µM KCN and 1 mM SHAM 
completely blocked the electron transport chain  
(Fig. 1C,D). The effect of KCN and SHAM on succinate 
oxidation indicated that K. pinnata mitochondria 
possessed both of Alt and Cyt pathways in the electron 
transport chain. 

The other KCN titration experiments with malate 
oxidation at pH 6.8 in the presence of CoA and NAD+ 
showed that concentrations of KCN from 25 - 50 µM 
significantly inhibited the malale oxidation. This 
oxidation was not more significantly inhibited by 
increasing KCN up to 100 µM; however, it was near fully 
inhibited by increasing KCN up to 200 µM (Fig. 2B). In 
the presence of 100 µM KCN, the rate of malate 
oxidation was about 25 % of the uninhibited rate  
(Fig. 2B). Adding 100 µM KCN and 1 mM SHAM fully  
inhibited this oxidation (Fig. 2C). At pH 6.8, malate 
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oxidation with TPP was more sensitive to KCN than that 
in malate oxidation with CoA and NAD+ (Fig. 3). Adding 
50 µM KCN inhibited 36 % of the state 3 rate in malate 
oxidation with CoA and NAD+, whereas this 
concentration of KCN near fully inhibited malate 
oxidation with TPP (Fig. 3A). In the presence of TPP, 
adding 25 µM KCN or 1 mM SHAM inhibited about  
62 or 20 % of the state 3 rate, respectively.  
A combination of 25 µM KCN and 1 mM SHAM or 
opposite completely inhibited the residual rate  
(Fig. 3B,C). NADPH and NADH oxidations were very 
sensitive to KCN. These oxidations were completely 
inhibited by 100 µM KCN (Table 5), whereas succinate 
and malate oxidations were not. 

 

Fig. 4. Effect of KCN and SHAM in the presence of rotenone on 
the malate oxidation at pH 6.8 in the presence of 1 mM TPP with 
other substrates. Malate and  NADH (A), malate and NADPH 
(B), and malate, NADH, and NADPH (C). Assay conditions 
were: 2.0 µM rotenone, 10 mM malate, 1 mM NADH, 1 mM 
NADPH, 0.16 mM ADP (first and second adding), and 0.32 mM 
ADP (last adding). Numbers along the trace refer to 
µmol(O2) g-1(protein) min-1. 

 
Concomitantly with the increase in the respiration 

rate, an increase in the cyanide resistant respiration of the 
multiple substrate oxidations was also observed. Addition 
of 100 µM KCN fully inhibited NADH and NADPH 
oxidations, whereas this concentration inhibited about  
25 % of the state 3 rates in their simultaneous oxidation 
(Table 5). Cyanide resistant activity increased when 
succinate or malate at pH 6.8 with CoA and NAD+ were 
oxidized concurrently with the second substrate (NADH) 
and became further increased in addition of third 
substrate (NADPH) (Table 5). This result was similar to 
that in soybean mitochondria (Day et al. 1988), indicating 
that Alt pathway was not fully engaged with only one 
substrate. 

Malate oxidation at pH 6.8 with CoA and NAD+ was 
inhibited by 20µM rotenone (by 12 % of the state  
 

3 rates), indicating that K. pinnata possess a rotenone-
sensitive complex I in the mitochondrial inner membrane 
(Fig. 2A). In the presence of rotenone, complex I was 
inhibited so that two proton-extrusion sites were utilized 
during malate oxidation, leading to the ADP/O ratio less 
than 2 instead of higher than 2 as in malate oxidation 
without rotenone. The effects of rotenone on the 
simultaneous oxidation of malate at pH 6.8 with TPP and 
other substrates were also investigated (Fig. 4).  
 
Table 5. Effect of KCN on individual and simultaneous 
substrate oxidation by K. pinnata mitochondria. Assay 
conditions were 10 mM succinate in the presence of 10 mM 
ATP, 10 mM malate at pH 6.8 in the presence of 0.1 mM CoA, 
and 0.5 mM NAD+, 1 mM NADH, 1 mM NADPH, 0.32 mM 
ADP, and 100 µM KCN. Typical results of four independent 
experiments. 
 

Substrates Rate of O2 consumption 
[µmol(O2) g-1(protein) min-1] 

 control +KCN [%] 

NADH 155     0   0 
NADPH 131     0   0 
Succinate 246   69 28 
Malate 102   27 26 
Succinate + NADH 383 161 42 
Succinate + NADPH 328 140 43 
NADH + NADPH 219   55 25 
Malate + NADH 190   88 46 
Malate + NADPH 158   60 38 
Malate + NADH + NADPH 206 104 50 

 
Interestingly, the ADP/O ratios in these simultaneous 

oxidations were always less than two, whereas these rates 
were higher than two in the individual malate oxidation at 
pH 6.8 with TPP (Tables 3, 4). The explanation for this 
phenomenon is not clear, it seemed that in these multiple 
oxidations without rotenone, the complex I was 
simultaneously and competitively activated with other 
substrate dehydrogenases in which latter substrate 
dehydrogenases were superior, therefore complex I was 
less active; leading to the proton-extrusion complex I side 
was uncoupled. As a result, the effect of rotenone on the 
complex I side was not detected and the ADP/O ratios 
were observed less than two, and then adding rotenone 
did not make more important change in these ratios. 
Concomitantly, the increasing of CRR was also observed 
in these cases. The rates of these simultaneous oxidations 
in the presence of 50 µM KCN were higher than those of 
the individual malate oxidations at pH 6.8 with TPP 
(Figs. 3A,4). 
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Fig. 5. Organization of malate-oxidizing systems in cytosol and mitochondria of K. pinnata. Alt.Ox.: alternative oxidase, Cyt.Ox.: 
cytochrome oxidase. 

 
 

Discussion 
 
Pyruvate orthophosphate dikinase (PPDK) accumulates 
in both the chloroplasts and cytosol in K. pinnata 
mesophyll cells; however, the role of cytosolic PPDK in 
the carbon metabolism is still unclear (Kondo et al. 
1998). In K. pinnata, pyruvate produced from 
cytoplasmic malate decarboxylation, is transported into 
the chloroplasts to be phosphorylated to PEP by PPDK 
and the energy source of this process comes from 
photosynthesis (Kondo et al. 1998). If the role of 
cytosolic PPDK was the same with chloroplast PPDK,  
a question arises to where the energy source of this 
process will come? At mitochondrial levels, our results 
showed that K. pinnata mitochondria were able to easily 
oxidize external NADH and NADPH at significant rates 
(Table 3), suggesting that in CAM phase III, NADPH 
produced during malate oxidation via cytosolic  
NADP-ME would be oxidized by external NADPH 
dehydrogenase which was located outside the 
mitochondrial inner membrane. In our study, NADH and 
NADPH oxidations were more sensitive to KCN than that 
with succinate and malate oxidations (Table 5). This fits 
well to observation of Wiskich and Day (1982) with 
mitochondria of K. daigremontiana and cauliflower in 
which external NADH oxidation is largely cyanide-
sensitive. These oxidations could produce proton gradient 
in concomitance with enough production of the ATP.  
In vivo, therefore, cytosol NAD(P)H oxidations would 
supply energy, ensuring that ATP/ADP ratio was 
maintained at high value in the cytosol, supplying enough 
energy courses which was possible to be reused for 

pyruvate phosphorylation in the cytosol to PEP by 
cytosolic PPDK. 

Kalanchoë pinnata mitochondria possessed a large 
activity of NAD-ME and MDH (Table 2), supplying 
enough enzyme activities for mitochondrial malate 
metabolism. However under in vivo conditions, we did 
not know how these enzymes contribute to malate 
metabolism in K. pinnata mitochondria and which 
enzyme plays an important role in the process? Thus, we 
tried to investigate malate oxidation under various 
conditions, where ME or MDH or both of them operated 
and were stimulated. The data showed that K. pinnata 
mitochondria readily oxidized malate in all of 
investigated assay conditions (Table 3), suggesting that 
both ME and MDH enzymes were involved in the 
mitochondrial malate oxidation. Previous studies 
suggested that cytoplasmic pH may regulate malate 
decarboxylation by CAM mitochondria (Day 1980). At 
the beginning of the light phase of CAM plant, 
cytoplasmic pH was slightly alkaline (about 7.5). It 
dropped during the light phase (about 6.6 - 7.0), rather 
increased at midday (about 7.2) and recovered again in 
the late-day-to-early-dark phase (Hafke et al. 2001). A 
lower pH may lead to higher intramitochondrial substrate 
level in K. daigremoniana (Day 1980). From our study, 
in all investigated malate oxidations, the low respiration 
rates was observed at pH 7.6, where only MDH was 
activated, while the much higher rates was observed at 
pH 6.8, where ME was activated. These rates were 
strongly increased in the addition of TPP to malate 
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oxidation at pH 6.8, where both ME and pyruvate 
dehydrogenase were activated (Table 3). It was possible 
that similarly as other ME type CAM plants, in the phase 
III of K. pinnata, malate was released from vacuole to 
cytosol, decreasing cytosplasmic pH and this might fit to 
the high capacity of malate decarboxydation at low pH in 
these mitochondria. In the presence of TPP, pyruvate 
dehydrogenase was operating. Under the activation of 
this enzyme, the pyruvate produced from malate 
oxidation via ME was further metabolized to TCA cycle. 
This process produced NADH and oxidation of this 
NADH would increase the respiration rate. Based on all 
these data it was possible to postulate that ME played a 
main function in mitochondrial malate metabolism of  
K. pinnata in which malate was mainly oxidized via ME 
to produce pyruvate and CO2 rather than via MDH to 
produce OAA. 

In malate and succinate oxidations, KCN did not 
completely block total respiration rates and the  
CN-resistant oxygen consumption was affected by 
SHAM (Figs. 1, 2), indicating that K. pinnata 
mitochondria posses both Cyt pathway and Alt pathway 
in the ETC. However, the effective range of KCN with  
K. pinnata mitochondria was lower than 0.5 mM whereas 
this range were 1 mM with K. blossfeldiana mitochondria 
(Rustin and Queiroz-Claret 1985) suggesting that 
substrate oxidations by K. pinnata mitochondria was 
more sensitive to KCN than that with K. blossfeldiana 
mitochondria. It has been shown that the oxidation of 
malate via ME essentially proceeds through Alt pathway, 
whereas the oxidation of malate via MDH appears to be 
strongly linked to the Cyt pathway (Rustin et al. 1980). 
Our results indicated that in CAM phase III of K. pinnata 
mitochondria, malate oxidation at pH 6.8 in the presence 
of CoA and NAD+ showed much higher Alt pathway 
capacity than that without CoA and NAD+ (Table 5,  
Fig. 2B,C). This result suggest that there was a 
relationship between ME activity and Alt pathway during 
mitochondrial malate oxidation and in the phase III of  
K. pinnata mitochondria, Alt pathway appears to be more 
active where ME operated and was stimulated. This result 
fits to the previous observation of Tsuchiya et al. (2001) 
in which an increase in the Alt pathway capacity was 
observed during the phase III of K. pinnata leaf 
respiration.  It agrees also with the suggestion of Nose 
and Takashi (2001) who suggested that the cyanide 
resistant respiration plays an important role during the 
light phase of ME-CAM. 

In K. pinnata mitochondria, the multiple substrate 
oxidations lead to an increase in the respiration rate. This 
rate was higher than the individual rates but lower than 
the sum of individual rates. This result was similar to 
what has been described in cauliflower mitochondria 
(Day et al. 1976), Iris bulb mitochondria (Hemrika-
Wagner et al. 1986), Arum italicum spadices (Tenreiro  
et al., 1992) and potato mitochondria (Arrabaca et al. 
1992), in which presence of two or three substrates 

normally produced O2 uptake rates far in excess of those 
obtained with the two or three substrates separately. The 
characteristic by the additive of the individual rates in the 
simultaneous oxidation of two or three substrates 
indicated that the oxygen uptake of K. pinnata 
mitochondria was not saturated with one substrate. 

It has been observed also that the cooperative 
oxidation of two or three substrates enhanced Alt 
pathway capacity, suggesting that one of the Alt pathway 
functions in the mitochondria is to provide for 
noncompeting oxidation of two (or more) substrates by 
employing two (or several) dehydrogenases of the 
respiratory chain (Shugaev and Vyskrebentseva 1999). In 
our results, K. pinnata mitochondria also showed the 
same trend that was the simultaneous oxidation of the 
substrates generally enhancing the Alt pathway (Table 5, 
Fig. 4). A combination of succinate with NADH or 
NADPH not only dramatically enhanced respiration rate 
but also increased the Alt pathway capacity (Tables 4, 5). 
This trend was even clearer when three substrates, 
malate, NADPH and NADH were oxidized (Fig. 4C). In 
these cases, the respiration rate was not dramatically 
enhanced; however the capacity of Alt pathway was 
increased. These results indicated that Alt pathway was 
not fully engaged with just one substrate, suggesting that 
K. pinnata mitochondria employed two (or three) 
dehydrogenases in the respiratory chain and these 
dehydrogenases simultaneously functioned in the 
cooperative oxidation of two (or three) substrates.  

Taking into account the results obtained with whole 
leaves (Kondo et al. 1998, Nose and Takashi 2001, 
Tsuchiya et al. 2001) together with those obtained with 
isolated mitochondria in our study, it is possible to 
suggest that the relationship of malate decarboxylation in 
cytosol and mitochondrial matrix of K. pinnata followed 
a system shown in Fig. 5. The malate, stored in the 
vacuole of K. pinnata during the night, was released to 
the cytoplasm, where it became a substrate for both 
cytosolic and mitochondrial ME during the day. The 
decarboxylation of malate in K. pinnata during the day 
was catalyzed by cytoplasmic NADP-ME, and 
mitochondrial MDH and NAD-ME. In cytosol,  
NADP-ME independently operated with the TCA cycle 
to produce CO2 and pyruvate. Pyruvate was transported 
into the chloroplasts to be further phosphorylated to PEP 
by chloroplasts PPDK or was directly phosphorylated to 
PEP by cytosol PPDK (Fig. 5). Malate from cytosol 
could also enter into the mitochondrial matrix and to be 
mainly decarboxylated by NAD-ME to produce CO2 and 
pyruvate. It is possible to suggest that there were two 
pyruvate metabolizing systems operating in tandem in  
K. pinnata mitochondria, depending on the pyruvate 
dehydrogenase activity. In the absence of TPP, the 
produced pyruvate was transported outside mitochondria 
and further phosphorylated to PEP by cytosolic or 
chloroplast PPDKs. In the presence of TPP, the pyruvate 
was further metabolized in the TCA cycle. In CAM phase 
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III of K. pinnata, cytoplasmic malate decarboxylation 
mainly via cytosolic NADP-ME would release NADPH 
and this NADPH was reduced by external NADPH 
dehydrogenases which were located on the outer 
membrane of mitochondria. This process might supply 
sufficient energy for cytosolic PPDK activity. 

Concomitantly, mitochondrial malate decarboxylation 
mainly via mitochondrial NAD-ME would release 
NADH. This process and further NADH metabolism 
would connect to Alt pathway, leading to an increase in 
the phase III Alt producing capacity.  
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Abstract : Effects of potassium cyanide (KCN) and salicylhydroxamic acid (SHAM), and oxygen concentrations on 
mitochondrial respiration were investigated in purified mitochondria of one typical phosphoenolpyruvate carboxykinase 
(PCK) crassulacean acid metabolism (CAM) plant Ananas comosus (pineapple) and one typical malic enzyme 
(ME)-CAM plant Kalanchoë daigremontiana. Mitochondria of A. comosus faster oxidized succinate and NADH than 
that of K. daigremontiana. Succinate and NADH oxidations in mitochondria of both species were partially inhibited by 
the individual KCN and SHAM, indicating that these oxidations were connected to cytochrome and alternative pathways 
in their electron transport chain (ETC). NADH oxidations were more sensitive with KCN than succinate oxidations, 
suggesting that the ETC from NADH oxidation were less connected to alternative pathway than succinate oxidation in 
mitochondria of both species. Concurrent oxidation of two substrates as succinate and NADH showed much higher 
respiration rates and alternative respiration than those of the individual oxidations in both species. NADH oxidation in A. 
comosus mitochondria was much engaged on cytochrome pathway so it could produce much more ATP in A. comosus 
than K. daigremontiana. This capacity might be one of the fitting metabolisms of A. comosus to help mitochondria 
contribution their role in supporting sufficient required ATP for cytosolic PCK activity in daytime. In addition, the 
reduction of oxygen concentrations caused a decrease not only in the respiratory property but also in the alternative 
respiration of succinate oxidation in mitochondria of both species, and these decreased levels were higher in K. 
daigremontiana than in A. comosus.  
 
Key words : Ananas comosus, Alternative pathway, Cytochrome pathway, Kalanchoë daigremontiana, Mitochondria, 
Oxygen.   
 

Mitochondrial electron transport in higher plant can 
proceed by the phosphorylating cytochrome (Cyt) pathway 
or by the largely nonphosphorylating alternative (Alt) 
pathway (Robinson et al., 1992). The Cyt pathway is the 
major route for accomplishing ATP-synthesis through 
oxidative phosphorylation, while the ATP formation through 
Alt pathway is much limited (Siedow and Umbach, 1995). 
Cyt pathway is inhibited by KCN, while Alt pathway is 
inhibited by SHAM (Siedow and Day, 2000). In plant 
mitochondria, it has been reported that Alt pathway were 
relatively high with tricarboxylic acid cycle (TCA) derived 
substrates (succinate, malate, pyruvate) and lower or even 
absent with exogenous NADH as a substrate 
(Hemrika-Wagner et al., 1986). In mitochondria of Petunia 
hybrida cells, potato tuber callus or Iris bulbs, a combination 
of NADH and succinate increased the cyanide resistant 
respiration which is about the sum of the rates with the 
substrates added separately (Hemrika-Wagner et al., 1986). 
In addition, Shugaev and Vyskrebentseva (2001) have been 
observed that cooperative oxidation of succinate and NADH 
by mitochondria of castor bean hypocotyls was accompanied 
with the dramatic increase in the rate of oxygen consumption, 

with completely additive oxidation rates for the individual 
substrates. Similar result was also observed in mitochondria 
of K. pinnata (Hong et al., 2005), but these results have 
never been reported in mitochondria of PCK-CAM species.  

Generally, the activities of Alt and Cyt pathways 
involved directly in two terminal Alt oxidase (AOX) and 
Cyt oxidase (COX) in which AOX has a relatively low 
affinity for oxygen (O2) compared to COX (Paul and 
Derek, 2003). The AOX is a ubiquinone oxidase and it 
does not pump protons, and therefore the energy derived 
from the oxidation of ubiquinone (UQ) is not conserved 
as ATP. The AOX is absent from animal mitochondria, 
but is found in the mitochondrial respiratory chain of 
plant as well as some fungi, yeasts and protozoa. The 
metabolic rationale behind the presence of AOX can 
vary with organism. In more typical plants, there is 
evidence that AOX is a response to oxidative stress (Paul 
and Derek, 2003). Recently, it has been reported that the 
physiological role of AOX as a “survival” protein that 
allows plants to cope with the stressful environment 
(Juszczuk and Rychtr, 2003).
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Among several environmental conditions controlling 
AOX abundance in vivo, O2 availability is usually 
neglected and competition for O2 as electron acceptor is 
seldom considered as a factor controlling the flow of 
electrons between the Cyt and Alt pathways (Szal et al., 
2003). The effect of O2 concentrations on plant respiration 
and Alt respiration has been reported by some researchers 
(Ricard et al., 1994; Szal et al., 2003).  

In spite of extensive investigations, the physiological 
role of Alt respiration is not understood in depth, 
especially in mitochondria of CAM plants. One of the 
approaches to this problem is to evaluate the contributions 
of the Cyt and Alt respiratory chain to the total respiration 
basing on the effect of inhibitors on the mitochondrial 
respiration (Medentsev et al., 2002). It has been identified 
by oxygen isotope discrimination method (Robinson et al., 
1992). This technique allows measuring the partitioning of 
electron transport to the Cyt and the Alt respiratory 
pathways of the plant mitochondria under normal 
physiological conditions. However, the narrowness 
between the end points limits the sensitivity of the method 
and the time-consuming measurements will prevent its use 
for kinetic studies of electron partitioning in various 
conditions (Sluse and Jarmuszkiewicz, 1998). It is only 
since mid-1990s that there has been widespread 
appreciation that the AOX can compete with the Cyt 
pathway for electrons and that this has serious 
implications for the use of inhibitor to exactly quality Alt 
engagement (McDonald et al., 2002). Though using the 
inhibitors to assess the Alt pathway input into the 
respiration of isolated mitochondria sometimes 
considerably underestimates the real Alt pathway input in 
the absence of inhibitors, this method still was extensively 
applied to probe the contribution of Alt pathway on the 

ETC in mitochondria of many plants such as castor bean 
(Shugaev and Vyskrebentseva, 2001), durum wheat 
(Pastore et al., 2001), and Yarrowia lipolytica (Medentsev 
et al., 2002). Thus, still now inhibitor titration is useful to 
analysis on characteristics of ETC in plant mitochondria 
itself. 

 For one typical ME-CAM and PCK-CAM species 
as K. daigremontiana and A. comosus, the previous 
studies in our laboratory indicated that their intact leaves 
showed Alt respiration in CAM phase III, however K. 
daigremontiana was found to have a clear requirement of 
O2 whereas the O2 requirements in A. comosus were low 
(Nose et al., 1999, Nose and Takashi, 2001). And, under 
low O2 concentration, K. daigremontiana lose phase III 
in CAM-type diurnal gas-exchange, however, A. 
comosus still exhibited a pattern of diurnal gas-exchange 
with low O2 condition. In this study, we continued to use 
two these typical CAM species to isolate and purify 
mitochondria, then we used the inhibitors of KCN and 
SHAM to probe the expression of Alt and Cyt 
respirations in their mitochondrial respiration. Our study 
was not to evaluate exactly quantitative contribution of 
Alt or Cyt engagement in mitochondrial respiration, but 
mainly focused on assessing the control of ETC 
partitioning and compared the basic different 
characteristics of the Cyt and Alt respirations on the 
single and combined oxidations of succinate and NADH. 
We aimed to elucidate functions of respiration under 
these experimental conditions by using the inhibitors. 
Simultaneously, we tried to find out their roles in total 
respiration during CAM phase III under normal 
conditions and low O2 concentrations in mitochondria 
isolated from one of each typical ME-CAM and 
PCK-CAM species. 

Materials and Methods 
Plants were vegetatively propagated and grown 

in plastic pots in a greenhouse with heater under natural 
light conditions. Ten days before the experiments, the 
plants were transferred to a growth chamber (KG-50 HLA, 
Koito Industrial Co., LTD., Japan) with a photoperiod of 
12 h light and 12 h dark. The temperature in the growth 
chamber was maintained at 35oC during the light period 
and 25oC during the dark period with photosynthetically 
active radiation of 420 to 450 µmol m-2 s-1 at the mid-plant 
height, and a relative humidity of 70%. The leaves were 
harvested at 6 to 7 h after the beginning of the light period. 
The harvested leaves were transported to the laboratory, 
rinsed thoroughly with distilled water and used for 
isolating of mitochondria. The mitochondria were isolated 
according to the method of Hong et al. (2004b) with slight 
modifications. 

Oxygen consumption was measured using an oxygen 
electrode (Rank Brothers England) at 25oC in 2 mL of 
reaction medium [(300 mM mannitol, 10 mM KH2PO4, 5 
mM MgCl2, 10 mM KCl, 100 mM HEPES-KOH (pH 
7.2)]. The mitochondria were preincubated with 0.16 mM 
ATP for 2 min to ensure full activation of succinate 
dehydrogenase before each assay with succinate oxidation. 
NADH oxidations were investigated at pH 6.8 in the 
presence of 1mM Ca2+. RCR and ADP/O ratios value 

were calculated according to Estabrook (1967). The O2 
concentration in air-saturated medium was taken as 258 
µM. The protein content was measured by the method of 
Bradford (1976) using BSA as the standard.  

Titration of KCN or SHAM was performed with 
succinate and NADH oxidations. Effect of the inhibitors 
was investigated within the range: 10-400 µM for KCN 
and 0.5-4 mM for SHAM in methoxyethanol. 
Measurements were conducted in an oxygen electrode 
with 2 mL of reaction medium. Oxygen concentration at 
zero was adjusted by using Na2S2O4.  

Effects of O2 on the succinate oxidation in 
mitochondria of K. daigremontiana and A. comosus were 
probed at three levels of 21, 14 and 8 kPa O2. Partial 
pressure of oxygen at 21, 14 and 8 kPa O2 were set in a 
mixture-gas system of O2 and nitrogen (N2) using total 
volume of 3 liters for each assay. The partial pressure of 
O2 was calculated basing on the formula as below:  

YkPa= X / (3 - X)  
Z = 3 – X  

where: YkPa, O2 partial pressure for assay; 3, total volume 
(L/min); X, O2 volume (L/min); and Z, N2 volume 
(L/min). 

After setting the mixture-gas of O2 and N2 at the 
calculated volumes to reach the assay concentration at 21, 



14, or 8 kPa O2, the mixture-gas was provided into the 
oxygen electrode reaction medium. Inside the reaction 
medium, the mixture-gas was continuously bubbling, and 
this bubbling process gradually achieved to the saturated 
levels. At that time, the mitochondria, substrates, ADP and 
the inhibitors were added to measure the effects of O2 
concentrations on the respiratory property and Alt 

respiration pathway in mitochondria of both species. 
During the assay at each O2 condition, each mixture-gas 
was blown on the surface of the reaction medium. The O2 
saturated concentration in medium at 21, 14 and 8 kPa O2 
were taken as 258, 172 and 98 µM, respectively 
(Estabrook, 1967). 

Results 
1.  Effects of individual KCN or SHAM 

Table 1 and Fig. 1 show effects of individual KCN or 
SHAM on succinate and NADH oxidations in 
mitochondria of A. comosus and K. daigremontiana. 
Mitochondria of both species oxidized succinate and 
NADH with high rates and coupling in which 
mitochondria of A. comosus oxidized succinate with much 
higher rate than that of K. daigremontiana. Succinate 
oxidations in both species were slightly inhibited by KCN 
at concentrations less than 50 µM (Fig. 1A). Addition of 
KCN concentrations in a range of 50-150 µM mainly 
inhibited succinate oxidations in mitochondria of both 

species and these inhibited rates were significant lower in 
mitochondria of K. daigremontiana than those of A. 
comosus (p < 0.05, t-test). At KCN concentrations higher 
than 200 µM, their inhibited effects on mitochondrial 
succinate oxidations were strongly differed between two 
species. Addition of 200 µM KCN on succinate oxidation 
of K. daigremontiana completely blocked the O2 uptake 
whereas this addition inhibited about 82% the O2 uptake 
of A. comosus (Fig. 1A). In A. comosus mitochondria, 
succinate oxidation was completely inhibited by addition 
of 400 µM KCN (Fig. 1A). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Effects of KCN or SHAM  on succinate and NADH oxidations in mitochondria of A. comosus 
and K. daigremontiana. Assay conditions were: 10 mM succinate with 0.16 mM ATP, 1 mM NADH with 
1 mM Ca2+, and 0.32 mM ADP. Control values were calculated as measured values in the absence of 
the inhibitors and they were considered as 100% in these assays. 

 
Our data indicated that NADH oxidation in mitochondria 
of A. comosus was especially sensitive with KCN than 
that of K. daigremontiana (Fig. 1B). Ten µM KCN 

inhibited about 15% of mitochondrial NADH oxidation in 
A. comosus whereas this concentration did not affect on 
that of K. daigremontiana.
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Mitochondrial NADH oxidation in A. comosus was 
mainly inhibited by KCN concentrations in a range of 
10-40 µM whereas this range seemed not significantly 
affected on the oxidation by K. daigremontiana. Fifty µM 
KCN was sufficient to completely block NADH oxidation 
in A. comosus whereas 50 µM KCN only inhibited about 
30% of the oxidation in K. daigremontiana. NADH 
oxidation of K. daigremontiana mitochondria was 
completely inhibited by 150 µM KCN (Fig. 1B). It has 
been observed that in plant mitochondria, NADH 
oxidation is poorly connected to Alt pathway than 
succinate oxidation (Day et al., 1988). The similar trend 
was also observed in our study (Figs. 1A and 1B). NADH 
oxidations in mitochondria of both species were more 
sensitive with KCN than those of succinate oxidations. 
Generally, NADH oxidations were usually affected by 
KCN concentrations in a range of 10-150 µM (Fig. 1B) 
while succinate oxidations were affected by KCN at much 
higher concentrations in a range of 50-400 µM (Fig. 1A).  

 The effects of SHAM on succinate oxidations in 
mitochondria of K. daigremontiana were rather similarly 
as those of A. comosus (Fig. 1C). The succinate oxidations 
in both species were significantly inhibited by 0.5-2 mM 
SHAM. Addition of 3 mM SHAM completely blocked 
mitochondrial succinate oxidation in K. daigremontiana 
while it inhibited about 85% of the respiration rate in A. 
comosus, and addition of 4 mM SHAM fully inhibited 
succinate oxidation in A. comosus mitochondria (Fig. 1C). 
As shown in Fig. 1D, the effects of SHAM on 
mitochondrial NADH oxidation in A. comosus were 
clearly differed with those of K. daigremontiana. NADH 
oxidation of A. comosus was not inhibited by SHAM at 
concentrations less than 0.5 mM while these 
concentrations of SHAM inhibited about 25% of NADH 
oxidation in K. daigremontiana, implicating that in this 
assay condition, the ETC from NADH oxidation of A. 
comosus were mainly operated by COX via Cyt pathway. 
NADH oxidations were inhibited about 10% and 60% by 
0.75 mM SHAM or 30% and 68% by 1 mM SHAM in 
mitochondria of A. comosus and K. daigremontiana, 
respectively. Addition of 1.5 mM SHAM completely 
inhibited NADH oxidation of K. daigremontiana whereas 
1.5 mM SHAM inhibited about 78% NADH oxidation of 
A. comosus. Addition of higher SHAM concentrations at 3 
mM fully inhibited NADH oxidation in A. comosus 
mitochondria.  

The results in titration assays clearly indicated that the 
ETC in mitochondria of two these species engaged on both 
Cyt and Alt pathways and their engagement levels was 
varied depending on the substrates and species. In general, 
there were not clearly differences in sensitivity to the KCN 
and SHAM on succinate oxidations in mitochondria of 
both species. These inhibitors caused a significant effect 
on succinate oxidation in both species in a range of 
0.5-0.15 mM for KCN and 0.5 -2 mM for SHAM, 
respectively.  The inhibited rates by KCN and SHAM 
were slightly lower and higher, respectively in K. 
daigremontiana than those of A. comosus (Figs. 1A and 
1C). In contrast, the effects of KCN and SHAM on NADH 
oxidations were completely differed between mitochondria 

of both species (Figs. 1B and 1D). NADH oxidation in A. 
comosus mitochondria usually showed rather higher 
respiration rates but much lower Alt respiration rates than 
those of K. daigremontiana mitochondria (Table 1 and Fig. 
1B). From the effects of KCN (Fig. 1B) and SHAM (Fig. 
1D) on NADH oxidation, it could be consider that activity 
of external NADH dehydrogenase (NDE) was less 
connected with AOX but more connected with COX  in A. 
comosus mitochondria.  

 
Table 1. Effect of KCN and SHAM on succinate and 
NADH oxidations in mitochondria of A. comosus and K. 
daigremontiana. Conditions were as shown in the Fig. 1. 
Data were measured under exactly the same 
experimental conditions. Results shown are means ± SE 
(n = 3 - 4) of separate preparations. 
 

A. comosus                  K. daigremontiana  

Treatments Succinate 

oxidation*

NADH 

oxidation* 

Succinate 

oxidation* 

NADH 

oxidation* 

 

no inhibitor 

+0.5 mM SHAM 

+ 0.1 mM KCN 

 

217 ± 24 

145 ± 16 

78 ± 9 

 

147 ± 16 

147 ± 16 

0 

 

152 ± 18 

84 ± 9 

60 ± 7 

 

131 ± 15 

100 ± 8 

46 ± 7 

 

 
* Values were shown as nmol O2 min-1 mg-1 protein. 
 
2.  Effects in combinations of KCN and SHAM 

Effects in a combination of 0.1 mM KCN and 1mM 
SHAM on the succinate and NADH oxidations also were 
investigated in both species (Fig. 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Effects of both KCN and SHAM  on succinate 
oxidations in mitochondria of A. comosus (A) and K. 
daigremontiana (B). The presented traces were one of 
typical electrode traces obtaining from three independent 
experiments. Numbers along the traces refer to nmol O2 
consumed min-1 mg-1 protein. Mp, purified mitochondria. 
RCR, respiratory control rate. Values were presented 
from a typical result of three independent experiments.  

In the presence of 0.1 mM KCN and 1mM SHAM, 
succinate oxidations in A. comosus mitochondria showed 
about 22% of the oxygen uptake rates, and further adding 
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2 mM SHAM fully inhibited this oxidation (Fig. 2A). For 
NADH oxidations in K. daigremontiana mitochondria, 
addition of 0.1 mM KCN and 1 mM SHAM completely 
blocked the residual respiration (Fig. 3). 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 3. Effects of both KCN and SHAM on succinate 
oxidations in K. daigremontiana mitochondria. The 
presented trace was one of typical electrode traces 
obtaining from three independent experiments. Numbers 
along the traces refer to nmol O2 consumed min-1 mg-1 
protein.  
 

3.  Effects of KCN and SHAM on the concurrent 
oxidation of succinate and NADH 

The respiratory properties and effects of inhibitors on 
the concurrent oxidation of succinate and NADH in 
mitochondria of both species were shown in Fig. 4.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Effects of KCN and SHAM  on oxidations of 
both succinate and NADH in mitochondria  of A. 
comosus and K. daigremontiana. Assay conditions were: 
0.16 mM ATP, 10 mM succinate and 1 mM NADH. The 
presented traces were one of typical electrode traces 
obtaining from three independent experiments. Numbers 
along the traces refer to nmol O2 consumed min-1 mg-1 
protein.  

 
Generally, the respiration rates in concurrent oxidation 

of succinate and NADH were strongly increased and these 

respiration rates were much higher than those of 
individual NADH or succinate oxidations in both species 
(Fig. 2, Fig. 3 and Fig. 4). 

These concurrent oxidations of succinate and NADH 
usually gave the ADP/O ratios of less than 2 indicating 
that only two translocation sites were operated in these 
oxidations, and two proton-extrusion sites were utilized 
(Siedow and Day, 2000). 

In the concurrent oxidations of succinate and NADH, 
concomitantly with the increase in the respiration rate, an 
increase in the Alt respiration was also observed (Fig. 4). 
Addition of 0.1 mM KCN usually inhibited about 64% 
and 61% of total respiration rate on individual succinate 
oxidation (Table 1 and Fig. 2) whereas this addition 
inhibited about 54% and 47% of total respiration rate on 
concurrent oxidations of succinate and NADH in 
mitochondria of A. comosus and K. daigremontiana, 
respectively (Figs. 4A and 4B). In the presence of 0.1 
mM KCN and 1 mM SHAM, succinate oxidation in K. 
daigremontiana mitochondria was fully inhibited 
whereas their concurrent oxidation of succinate and 
NADH gave about 22% residual respiration rate (Figs. 
2B and 4B). In A. comosus mitochondria, addition of 0.1 
mM KCN and 1mM SHAM inhibited about 80% total 
respiration rate of succinate oxidations whereas this 
addition inhibited about 74% total respiration rate of 
concurrent succinate and NADH oxidation (Figs. 2A and 
4A).  

 
4.  Effects of oxygen conditions on mitochondrial 
succinate oxidation 
 

Effects of O2 conditions were probed at three levels 
of 21, 14 and 8 kPa O2 with succinate oxidation in 
mitochondria of K. daigremontiana and A. comosus (Fig. 
5) and the results were summarized in Table 2. 
Mitochondria of both species oxidized succinate in all 
cases with significant respiration rates and respiratory 
control rates (RCR). These oxidations gave the ADP/O 
ratio less than two indicating that two proton-extrusion 
sites were utilized in all investigated succinate oxidation 
in mitochondria of both species. Our results showed that 
low O2 concentrations caused a significant decrease in 
the respiration rate on succinate oxidation in 
mitochondria of both species. The uninhibited respiration 
rates on succinate oxidations in mitochondria of A. 
comosus and K. daigremontiana were decreased 
following the falling of O2 concentrations. However, 
these decreasing levels in mitochondria of K. 
daigremontiana were rather faster than those of A. 
comosus (Table 2). In the presence of 0.1 mM KCN, 
succinate oxidations of K. daigremontiana were inhibited 
about 61.3 ± 5.6 % at 21 kPa O2 while this oxidation was 
inhibited about 75.5 ± 6.9% at 14 kPa O2. In A. comosus 
mitochondria, addition of 0.1 mM KCN inhibited about 
65.9 ± 4.1% and 71.7 ± 3.9 % of the respiration rates on 
succinate oxidation at 21 and 14 kPa O2, respectively.  
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Table 2.  Effects of oxygen on respiratory property and alternative respiration on succinate oxidation in mitochondria 
of K. daigremontiana and A. comosus. 

Assay conditions were 10 mM succinate, 0.16 mM ADP and 0.1 mM KCN. State 3 refers to the respiration rate of O2 
uptake in the presence of ADP; state 4 refers to the rate upon depletion of ADP. Respiratory control ratio (RCR) was 
calculated as the ratio of state 3 to state 4 rates. The O2 saturated concentration in medium at 21, 14 and 8 kPa O2 were 
taken as 258, 172 and 98 µM, respectively. Data are measured under exactly the same experimental conditions. Results 
shown are means ± SE (n = 3 - 4) of separate preparations. 
 

Respiration rate  
(nmol O2 min-1 mg-1 protein) 

Oxygen uptake in the 
presence of KCN  

 
Species 

 
State 3 

 
State 4 

 
RCR 

 
ADP/O 

Respiration 
 rate 

% inhibited 
rates ** 

K. daigremontiana 
21 kPa O2 
14 kPa O2 
8 kPa O2 

 
142 ± 18 
87 ± 12 (61)* 
52 ± 9 (37)* 

 
67 ± 6 
43 ± 8 
24 ± 5 

 
2.1 ± 0.2 
2.0 ± 0.4 
2.2 ± 0.3 

 
1.5 ± 0.3 
1.6 ± 0.3 
1.8 ± 0.2 

 
55 ± 8 
21 ± 6 
0 

 
61.3 ± 5.6 
75.5 ± 6.9 

0 
A. comosus 
21 kPa O2 
14 kPa O2 
8 kPa O2 

 
217 ± 24 
152 ± 18 (70)* 
105 ± 21 (48)* 

 
110 ± 18 
81 ± 10 
46 ± 9 

 
2.0 ± 0.3 
1.9 ± 0.4 
2.4 ± 0.2 

 
1.4 ± 0.3 
1.7 ± 0.2 
1.8 ± 0.2 

 
74 ± 9 
43 ± 6 
7 ± 3 

 
65.9 ± 4.1 
71.7 ± 3.9 
93.4 ± 2.8 
 

*: Numbers in parentheses are percentages relative to the value at state 3 under 21 kPa O2 
**: Values are percentages of inhibited respiration rate by 0.1mM KCN relative to un inhibitor respiration rate at state 3 
under each O2 condition. 

At much lower O2 concentration of 8 kPa O2, addition of 
0.1 mM KCN was completely inhibited succinate 
oxidation in mitochondria of K. daigremontiana whereas 
this addition inhibited about 93.4 ± 2.8%  succinate 
oxidation in A. comosus (Table 2). 
 

Discussion 
The results obtained from the present study indicated 

that the succinate and NADH oxidations in mitochondria 
of A. comosus and K. daigremontiana were partially 
inhibited by KCN and SHAM, indicating that these 
oxidations were connected to both Alt and Cyt pathways 
in their ETC.  In our results, however the effects of KCN 
and SHAM on succinate and NADH oxidations strongly 
differed. The mitochondrial respiratory property and Alt 
respiration were dependent on the substrates and species 
in which these capacities were lower with NADH as the 
substrate than with succinate in both species (Table 1).  

In our study, the NADH and succinate oxidations in 
mitochondria of both species showed that the respiration 
rates under the “no inhibitor” condition was similar with 
the sum of the respiration rates under the presence of 0.5 
mM SHAM, and 1 mM KCN (Table 1). These data 
indicated that there was no difference between the values 
of uninhibited rates and sum of the inhibited rates by 
SHAM and KCN, suggesting the activity of AOX and 
COX in our study was correctly. Furthermore, due to the 
succinate oxidation in mitochondria of A. comosus and K. 
daigremontiana was significant affected in a range of 0.5 
-2 mM for SHAM, we fixed KCN at concentration of 0.1 
mM and change SHAM at concentrations of 1 mM and 2 
mM to probe cooperative effect of KCN and SHAM on 
the individual and concurrent oxidations as described in 
Fig. 2 to Fig. 5. Previous study in mitochondria of 
ME-CAM plants as Sedum praealtum indicated that the 

O2 uptake was completely inhibited by the addition of 0.1 
mM KCN and 1 mM SHAM (Arron et al., 1979), in our 
study, this addition also totally blocked the residual 
respiration rate on succinate oxidation in mitochondria of 
K. daigremontiana (Fig. 2B), but did not in A. comosus 
(Fig. 2A). Though quantification of Alt respiration by 
the combination of oxygen electrode and inhibitors 
included some problems as previous reports (McDonald 
et al., 2002), the differences in responses of 
mitochondrial respiration to different substrates or 
species obtained in the present study were intriguing. We 
will discuss the species and substrate specific responses 
of the Alt and Cyt respiration in referencing with 
connotative problems of the inhibitor experiment 
following the metabolism of the ETC in mitochondrial 
matrix and membrane as illustrated in Fig. 6. 

It has been reported that plant mitochondrial 
respiration conserves energy by linking NADH 
oxidation and electron-couple proton translocation with 
ATP synthesis, through a core pathway involving three 
larger complexes denoted Complex I, III, and IV. The 
oxidations of NADH are operated by two different 
dehydrogenases. An external NADH dehydrogenase 
(NDE) enables cytoplasmic NADH to be used directly, 
while an internal NADH dehydrogenase (NDI) 
counterpart catalyses a rotenone-insensitive oxidation of 
mitochondrial NADH generated by the TCA (Wood and 
Hollomon, 2003). NADH is unable to pass through the 
inner mitochondrial membrane so it is oxidized outside 
of the mitochondria by NDE and donated their electron 
directly to ubiquinone (UQ) pool (Møller, 2002; Siedow 
and Day, 2000). Differ from NADH, succinate is well 
known to permeate easily the inner mitochondrial 
membrane (Paul and Derek, 2003). 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Electron transport chain during NADH and succinate oxidation in  mitochondria of A. comosus 
(A) and K. daigremontiana （B). UQ, ubiquinone; Alt, alternative; AOX, Alt oxidase; Cyt, cytochrome; 
COX, Cyt oxidase, MDH, malate dehydrogenase, ME, malic enzyme; OAA, oxaloacetate. 
 

It is oxidized in the matrix by succinate 
dehydrogenase to produce fumarate and donated their 
electron to complex II which is linked to the UQ pool. 
The fumarate was converted to malate, and then malate 
was further oxidized via NAD-ME to produce pyruvate 
and/or via malate dehydrogenase (MDH) to produce 
oxaloacetate (OAA). This process also produced NADH 
in the mitochondrial matrix which could be oxidized by 
NDI and donated their electron to UQ (Fig. 6). As a 
result, all of these processes could produce more 
electrons donating to UQ, increasing the capacity in 
transporting of electrons flux from UQ to Cyt and Alt 
pathways during succinate oxidation, whereas NADH 
oxidations did not. Furthermore, the NADH produced in 
mitochondrial matrix during the above process might also 
become the substrates for enzyme reaction in the matrix 
and these activities could further contribute their role to 
increase the respiration rates. This might be a reason that 
succinate was faster oxidized than NADH in 
mitochondria of both species (Table 1). 

Our previous study showed that mitochondrial malate 
was further oxidized mainly by mitochondrial MDH via 
malate-OAA shuttle to produce OAA in A. comosus 
while it oxidized mainly via NAD-ME to produce 
pyruvate in K. daigremontiana (Hong et al., 2004a, b). 
Under assay conditions of this study, we did not supply 
of external Acetyl-CoA in mitochondria so probably the 
formed pyruvate and OAA from malate oxidation could 
not further convert in next reactions of TCA cycle, and 
they were accumulated in the mitochondrial matrix of K. 
daigremontiana and A. comosus. In fact, the pyruvate 
generated intramitochondrially during oxidation of 

malate and succinate could also lead to activation of 
AOX (Day et al., 1994), so it might be that accumulated 
pyruvate in K. daigremontiana mitochondria could 
further contribute their role in Alt respiration whereas 
OAA was still accumulated in matrix of A. comosus, 
leading to a slight increase in the Alt respiration in 
mitochondria of K. daigremontiana than A. comosus (Fig. 
6). 

In this study, we emphasized that effect of KCN on 
NADH oxidation in mitochondria of A. comosus was 
completely differed from that of K. daigremontiana. 
Affected range of KCN on NADH oxidation in A. 
comosus mitochondria was lower than 50 �M whereas 
this range in K. daigremontiana mitochondria was 
around 50-150 �M (Fig. 1B). These results indicated 
that NADH oxidation in A. comosus mitochondria was 
more sensitivity by KCN than that of K. daigremontiana 
(Fig 1B).  

It is possible to explain that the specific sensitivity by 
KCN in NADH oxidation in A. comosus mitochondria 
might caused by one of four reasons as (1) NDE activity 
was more connected with COX ; (2) NDE activity was 
inhibited by KCN; (3) KCN also inhibited on AOX; and 
(4) COX was more active than AOX. If KCN could 
inhibit specially on AOX in NADH oxidation, this 
inhibition would be also observed in succinate oxidation. 
However, the effects of KCN on succinate oxidation (Fig. 
1A) did not occur in the same way with NADH oxidation 
so the third reason was unsuitable. Further more, Wood 
and Hollomon (2003) has been reported that NDE lack 
inhibitors, so that the second and third reasons could be 
also eliminated. The effect of SHAM on NADH 



oxidation (Fig. 1D) supported for reason 1 in which the 
activity of NDE was more related to COX in NADH 
oxidation of A. comosus mitochondria. 

Wood and Hollomon (2003) indicated that in plant 
mitochondria, the electron flow through the NDE could 
be branch via Cyt or Alt pathway at UQ pool depending 
on AOX and COX activities. Day et al. (1988) observed 
that the ETC flow through the NDI was not rapid enough 
to engage the AOX. Our these results suggests that 
though the electron from NDE in mitochondria of K. 
daigremontiana and A. comosus input in the same UQ 
pool, they were differently branched at UQ in which the 
ETC in mitochondria of A. comosus were more 
connected with Cyt pathway than that of K. 
daigremontiana. It may be possible that the COX was 
more active and AOX was less active in NADH 
oxidation of A. comosus mitochondria than that of K. 
daigremontiana mitochondria. This result may reflect 
with ATP synthesis in A. comosus mitochondria during 
CAM phase III. It is very clear that during light period K. 
daigremontiana uses cytosolic ME to decarboxylate 
malate, generating pyruvate and CO2 whereas A. 
comosus uses cytosolic MDH to convert malate to OAA, 
and then OAA is further converted to PEP and CO2 by 
cytosolic PCK, and PCK reaction in cytosol of A. 
comosus consumed ATP (Winter and Smith, 1996). Our 
previous study found that NADH oxidation in A. 
comosus mitochondria significantly contribute their role 
in producing ATP for cytosolic PCK activity during the 
daytime by a malate-OAA shuttle (Hong et al., 2004b). 
In this study, based on the result of that NADH oxidation 
in A. comosus more connected to Cyt respiration, it is 
possible to suggest that this NADH oxidation is also 
related to mitochondrial ATP synthesis to provide energy 
for cytosolic PCK activity in the daytime of A. comosus.   

Similarly as K. pinnata mitochondria (Hong et al., 
2005), we also found that a concurrent oxidation of two 
substrates as succinate and NADH not only dramatically 
enhanced respiration rate but also increased the Alt 
respiration in mitochondria of A. comosus and K. 
daigremontiana (Fig. 4). These results provided further 
evident for previous reports that mitochondrial 
respiration and Alt pathway were not fully saturate with 
just one substrate in mitochondria of some plant species 
(Shugaev and Vyskrebentseva, 2001, Hong et al., 2005). 

Oxygen is essential as the terminal electron acceptor 
in the oxidative phosphorylation pathway, which 
provides the vast majority of ATP for cellular 
metabolism. Oxygen has a significant effect on plant 
metabolism in which the falling O2 concentrations within 
plant tissue leads to a rapid inhibition of respiration 
(Geigenberger, 2003). Ricard et al. (1994) indicated that 
under low O2 concentration, COX activity was be limited, 
leading to decrease the respiration rate. In potato tuber, 
when O2 concentration is decreased to 12kPa or 8kPa O2, 
the decrease in adenylate energy status and respiratory 
flux is readily significant (Geigenberger, 2003). The 
rather similar trend was observed in our study when 
concentrations of O2 were reduced to 14 kPa or 8 kPa O2, 
the O2 uptake in mitochondria of K. daigremontiana and 

A. comosus were significantly decreased (Table 2). 
Furthermore, Affourtit et al. (2001) showed that 
decreasing O2 concentrations at the mitochondrial level 
may result a low AOX activity. In our study, the low O2 
concentrations not only caused a decrease in the total 
respiration rates but also in Alt respiration of 
mitochondrial succinate oxidation in both species (Fig. 5 
and Table 2). It is probably that under low O2 
concentrations when COX and AOX activities become 
O2 limited, ETC from UQ to Cyt or Alt pathway are 
inactivated, leading to a decrease in the O2 uptake and 
Alt respiration.  

Our results indicated that the uninhibited respiration 
and Alt respiration on succinate oxidation were 
decreased markedly with the reducing of O2 
concentrations in mitochondria of both species. 
Generally, the uninhibited respiration rates on succinate 
oxidation at 21, 14 and 8 kPa O2 in A. comosus were 
about 1.5 times higher than those of K. daigremontiana. 
And, though affects of O2 concentrations on the inhibited 
respiration by 0.1 mM KCN were not so different 
between two species, low O2 concentrations caused a 
significant decrease in the inhibited respiration of each 
species. Our results indicated that mitochondria of A. 
comosus faster oxidized succinate than K. 
daigremontiana under almost assay conditions and the 
uninhibited respiration rates following the decease of O2 
concentrations were more decreased in K. 
daigremontiana than those of A. comosus (Table 2). 
These results suggest that low O2 concentrations more 
affected to mitochondria of K. daigremontiana than A. 
comosus. Under low O2 concentration of 8 kPa O2, the 
uninhibited respiration rates on succinate oxidation were 
strongly decreased, and mitochondria of both species 
mostly lost Alt respiration pathway. This might because 
under this condition, AOX activity in mitochondria of 
both species become fully O2 limited, and then the AOX 
was completely inactivated leading that the ETC from 
succinate dehydrogenase did not connect to Alt pathway.  

Our study indicated that the effects of SHAM and 
KCN on NADH oxidations in mitochondria of A. 
comosus were differed from those of K. daigremontiana 
(Figs. 1B and 1D). External NADH oxidation in 
mitochondria of A. comosus was much engaged on Cyt 
pathway and less connected to Alt pathway so this 
oxidation could produce much more ATP in A. comosus 
than those of K. daigremontiana. This might be one of 
the metabolisms of A. comosus to help mitochondria 
contribute their role in providing sufficient ATP for 
cytosolic PCK activity in the daytime. The decrease in 
respiratory property and Alt respiration on succinate 
oxidation in mitochondria of both species under low O2 
concentration may have a physiological function in 
responding to adaptive with environmental changes. In 
case O2 can fall to low concentrations within these 
species, they can decrease their O2 consumption in 
response to low O2 concentrations to avoid internal 
anoxia and increase their adaptive capacity.  

Our results in present study showed that there are 
clear differences in the effects of KCN on succinate and 



NADH oxidation in A. comosus, and NADH oxidation in 
mitochondria of A. comosus was more sensitive with 
KCN than that of K. daigremontiana. This is our initial 
results which were investigated with one of each typical 
species of ME-CAM and PCK-CAM plants. On next 
time, we will continue to do the same works with other 
species belong to two CAM groups in order to provide 
more experimental evidences for understanding the 
different expressions of the mitochondrial respiration and 
Alt respiration as well as their roles in the species of 
ME-CAM and PCK-CAM. 
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Abstract

This study investigated the respiratory properties and

the role of the mitochondria isolated from one phos-

phoenolpyruvate carboxykinase (PCK)-CAM plant,

Hoya carnosa, in malate metabolism during CAM

phase III. The mitochondria showed high malate de-

hydrogenase (mMDH) and aspartate amino transferase

(mAST), and a significant amount of malic enzyme

(mME) activities. H. carnosa readily oxidized malate via

mME and mMDH in the presence of some cofactors

such as thiamine pyrophosphate (TPP), coenzyme A

(CoA) or NAD+. A high respiration rate of malate

oxidation was observed at pH 7.2 with NAD+ and

glutamate (Glu). Providing AST and Glu simulta-

neously into the respiratory medium strongly in-

creased the rates of malate oxidation, and this

oxidation was gradually inhibited by an inhibitor of a-

ketoglutarate (a-KG) carrier, pyridoxal-5#-phosphate
(PLP). The mitochondria readily oxidized aspartate

(Asp) or a-KG individually with low rates, while they

oxidized Asp and a-KG simultaneously with high rates,

and this simultaneous oxidation was also inhibited by

PLP. By measuring the capacity of the mitochondrial

shuttle, it was found that the OAA produced via mMDH

seemed not to be transported outside the mitochon-

dria, but mAST interconverted OAA and Glu to Asp

and a-KG, respectively, and exported them out via

a malate-aspartate (malate-Asp) shuttle. The data in

this research suggest that during phase III of PCK-

CAM, H. carnosa mitochondria oxidized malate via

both mME and the mMDH systems depending on

metabolic requirements. However, malate metabolism

by the mMDH system did not operate via a malate-OAA

shuttle similarly to Ananas comosus mitochondria, but

it operated via a malate-Asp shuttle similarly to

Kalanchoë daigremontiana mitochondria.

Key words: H. carnosa mitochondria, malate-Asp shuttle,

malate metabolism, mMDH, mME, starch PCK-CAM.

Introduction

Respiration and photosynthesis are extremely significant
biological processes in the life cycle of plant cells. These
processes are interdependent because their overall reac-
tions are basically the reverse of each other. The reactants
in respiration are the products in photosynthesis, and vice
versa. In CAM plants, malate is formed during the night
in the cytosol of photosynthesis cells. The malate formed
also enters into the mitochondria, where it is equilibrated
with the mitochondrial pool of fumarase (Osmond et al.,
1988; Kalt et al., 1990; Holtum et al., 2005).
In plant mitochondria, malate could be subjected to

some metabolism during night-time as (i) label randomi-
zation via fumarase and transported out of the mitochon-
dria, (ii) malate decarboxylation via the NAD-malic
enzyme to yield CO2 and pyruvate, and (iii) malate
incorporation into the tricarboxylic acid (TCA) cycle
(Osmond, 1978; Kalt et al., 1990). In addition, mitochon-
drial respiratory activity during the night regulates the
adenylate and redox balance in the cytoplasm (Holtum
et al., 2005). The malate accumulated in the vacuoles at
night is released into the cytoplasm where it is decarboxy-
lated during the light, and largely incorporated into
products of photosynthesis via ribulose 1,5-biphosphate
carboxylase and gluconeogenesis (Holtum and Osmond,
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Abbreviations: a-KG, a-ketoglutarate; Asp, aspartate; AST, aspartate amino transferase; CAM, crassulacean acid metabolism; CoA, coenzyme A; COX,
cytochrome oxidase; Glu, glutamate; MDH, malate dehydrogenase; ME, malic enzyme; Mp, purified mitochondria; OAA, oxaloacetic acid; PCK,
phosphoenolpyruvate carboxykinase; PEP, phosphoenolpyruvate; PLP, pyridoxal-5#-phosphate; RCR, respiratory control ratio; TPP, thiamine
pyrophosphate.
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1981; Holtum et al., 2005). The principal roles proposed
for CAM mitochondria during the light include (i)
decarboxylation of malate by NAD-ME, (ii) the oxidation
of pyruvate to CO2, (iii) the catabolism of citrate in some
species that exhibit diel fluctuation in the citrate pool, and
(iv) the provision for energy and substrates required for
sucrose synthesis (Raghavendra and Padmasree, 2003;
Holtum et al., 2005).
Basically, CAM plants can be divided into two groups,

ME-CAM and PCK-CAM plants. ME-CAM plants contain
significant activities of ME without PCK, and use ME to
decarboxylate malate, generating pyruvate and CO2. By
contrast, PCK-CAM plants contain significant activities of
PCK with lower levels of ME; they require the operation of
MDH to convert malate to OAA, and then OAA is further
converted to PEP and CO2 by cytosolic PCK (cPCK)
(Dittrich et al., 1973; Winter and Smith, 1996; Cuevas and
Podestá, 2000). Each group can also be divided into two
subgroups, starch-forming and extrachloroplastic carbohy-
drate-forming, based on the major carbohydrate reservoir
used in their daily cycle (Christopher and Holtum, 1996;
Chen et al., 2002). Mitochondrial malate decarboxylation
during the day has mostly been investigated in ME-CAM
plants in which NAD-ME plays an important role in the
production of pyruvate and CO2 (Day, 1980; Rustin et al.,
1980; Hong et al., 2005). In mitochondria of a starch-
forming ME-CAM plant, Kalanchoë daigremontiana,
transamination of Asp via a malate-Asp shuttle is also
observed during malate decarboxylation (Day, 1980).
Malate oxidation has not been much studied in mito-

chondria of PCK-CAM plants, except with a PCK-CAM
plant that has a relatively low PCK activity (Crassuala
lycopodioides), that possesses NAD-ME and partially
oxidizes malate in the mitochondria, producing pyruvate
(Peckmann and Rustin, 1992). Recently, it was discovered
that, in a typical extrachloroplastic carbohydrate-forming
PCK-CAM plant, A. comosus, mMDH played an impor-
tant role in mitochondrial malate metabolism in which
malate was mainly oxidized by active mMDH to produce
OAA. This OAA is exported outside the mitochondria via
a malate-OAA shuttle. By this shuttle, malate metabolism
in A. comosus mitochondria not only provided CO2 for
photosynthesis but also supported a source of energy
through a subsidiary supplement of OAA for cPCK (Hong
et al., 2004b). Malate oxidations via the shuttles are found
in mitochondria of K. daigremontiana and A. comosus and
raise a pertinent question as to whether these shuttle
metabolisms are specific or common for mitochondrial
malate decarboxylation of CAM plants during the day?
Among CAM plants, H. carnosa seems to be an

intermediate plant that possesses characteristics of both
ME-CAM and PCK-CAM plants. Although it belongs to
the PCK-CAM plants, H. carnosa has much lower PCK
activity than A. comosus, and it is a starch-forming PCK-
CAM plant which uses starch as the major reciprocating

carbohydrate (Holtum and Osmond, 1981; Christopher
and Holtum, 1996). H. carnosa is a typical CAM plant
under non-stressed conditions, but it shifts from CAM to
a modified CAM-idling mode of metabolism under water
stress (Rayder and Ting, 1983). Furthermore, H. carnosa
has a clear requirement of oxygen (O2) and it loses the
CAM phase III diurnal gas-exchange under low O2

condition, similarly to the ME-CAM plant, K. daigre-
montiana (Nose et al., 1999). In this research, the
metabolism of mitochondrial malate oxidation, the roles
of the mitochondria in photosynthesis, and the relation-
ships among cytosol, mitochondrion, and chloroplast
in total malate metabolism was investigated during the
light period of the starch-forming PCK-CAM cycle in
H. carnosa.

Materials and methods

Plant material and purification of mitochondria

Plants of H. carnosa were propagated vegetatively and grown in
plastic pots in a greenhouse under natural light and temperature.
Ten days before the experiments, the plants were kept in a growth
chamber (KG-50 HLA, Koito Industrial Co., Ltd., Japan) with a of
12/12 h light/dark photoperiod. The temperature in the growth
chamber was maintained at 35 �C during the light period and 30 �C
during the dark period with a relative humidity of 70%, and
photosynthetically active radiation of 420–450 lmol m�2 s�1 at the
top of the plant. The leaves were harvested 6–7 h after the be-
ginning of the light period. The harvested leaves were transported to
the laboratory, rinsed thoroughly with distilled water, and used for
isolating mitochondria. Mitochondria were isolated and purified as
described previously by Hong et al. (2004b).

Measurement of mitochondrial enzyme activities

The Percoll-purified mitochondria were filtered at room temperature
on a column of Sephadex G-25 equilibrated with the suspending
buffer [400 mM sucrose, 0.1% BSA and 40 mM HEPES–KOH (pH
7.4)], and then the mitochondria were collected for the mitochon-
drial intactness and enzyme assays.
Cytochrome c oxidase (COX, EC 1.9.3.1) was measured

spectrophotometrically at 25 �C by following the absorbance
increase at 550 nm in the Percoll-purified mitochondria before and
after lysis with 0.1% (v/v) Triton X-100 according to Møller and
Palmer (1982).
Malate dehydrogenase (MDH, L-malate: NAD+ oxidoreductase,

EC 1.1.1.37) was assayed spectrophotometrically at 340 nm in the
OAA-reducing direction in a medium of 100 mM HEPES–KOH
(pH 7.4), 10 mM KH2PO4, 0.3 M mannitol, 5 mM MgCl2, 10 mM
KCl, 0.1% (w/v) BSA, with and without 0.1% (v/v) Triton X-100,
and 200 lM NADH. The reaction was started by adding 600 lM
OAA. The percentage latency of these enzymes was calculated as
1003[(rate with Triton)–(rate without Triton)]/(rate with Triton)
(Møller and Palmer, 1982; Agius et al., 1998).
NAD-ME was assayed in 2 ml medium of 50 mM HEPES–KOH

(pH 7.4) containing 2 mM MnCl2, 4 mM DTT, 0.1% (v/v) Triton
X-100, 10 mM CoA, 1 lM antimycin A, 500 lM propylgallate,
2 mM NAD+. NADP-ME was assayed in 2 ml medium of 50 mM
HEPES–KOH (pH 8), 10 mM MgCl2, 5 mM DTT, 1 lM antimycin
A, 500 lM propylgallate, 0.1% (v/v) Triton X-100, 2.5 mM EDTA,
and 0.5 mM NADP+. The reaction for NAD-ME and NADP-ME
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was started by adding 10 mM malate (pH 6.8). Measurements were
made spectrophotometrically by following the absorbance increase
at 340 nm due to NAD+ or NADP+ reduction.
Aspartate amino transferase (AST, EC 2.6.1.1) was assayed

according to Bergmeyer and Bernt (1983), and OAA appearance
outside mitochondria was assayed basically as described by Pastore
et al. (2003). Mitochondria were incubated at 25 �C in 2 ml of
reaction medium with the addition of 0.2 mM NADH plus 10 mM
EGTA and 10 mM EDTA to inhibit the external NADH de-
hydrogenase. The reaction was started by adding 0.5 U MDH
without malate for the reference cuvette, and 0.5 U MDH with
10 mM malate (pH 7.2) for the assay cuvette. The measurement was
followed by the decrease in absorbance at 340 nm using
a spectrophotometer (JASCO V-550 UV/VIS, Japan).
The malate-Asp shuttle was measured according to Scholz et al.

(1998). Briefly, 100 ll of mitochondrial suspension were mixed
with 2 ml of reaction medium (300 mM mannitol, 10 mM KH2PO4,
10 mM HEPES–KOH (pH 7.4), 10 mM KCl, 5 mM MgCl2, 2 mM
L-aspartate, 1 mM EDTA, 1 mM ADP, 0.14 mM NADH, 6 U
MDH, and 4 U AST. Baseline oxidation of NADH was monitored
at 340 nm for 4 min (JASCO V-550 UV/VIS, Japan). Malate-Asp
shuttle activity was initiated with the addition of 4 mM malate and
4 mM glutamate (final concentration). The difference between the
rate of change of absorbance with and without added substrates was
normalized to added mitochondrial protein to determine the shuttle
capacity.

Oxygen consumption and protein determination

Oxygen consumption by mitochondria was measured using an
oxygen electrode (Hansatech, CA1D, Japan) at 25 �C in 2 ml of
reaction medium (300 mM mannitol, 10 mM KH2PO4, 5 mM
MgCl2, 10 mM KCl, 20 mM HEPES–KOH) and the pH was
adjusted from 6.8 to 7.6 with 3 N KOH. In malate oxidations,
0.25 mM CoA (an ME activator) and 0.25 mM TPP (a pyruvate
dehydrogenase activator) were included at pH 6.8 to optimize ME
activity; 0.25 mM CoA, 0.5 mM NAD+ (a MDH activator) and 10
mM Glu were included at pH 7.2 to optimize both ME and MDH
activities; 0.5 mM NAD+ and 10 mM Glu were included at pH 7.6
to optimize MDH activity. Respiration control rate (RCR) and
ADP/O ratios were calculated according to Estabrook (1967). The
O2 concentration in air-saturated medium was taken as 258 lM.
The protein content was measured by the method of Bradford
(1976) using BSA as the standard.

Reagents

The Bio-Rad protein kit and Percoll were purchased from the Bio-
Rad Laboratory and Amersham Pharmacia Biotechnology (Uppsala,
Sweden), respectively. Enzymes were purchased from Roche
Diagnostics GmbH Mannheim, Germany and the Sigma Chemical
Company. All other reagents were from Wako Pure Chemical
Industries and Katayama Chemicals, Japan.

Results

The intactness of H. carnosa mitochondria

The intactness of the outer and inner membranes of H.
carnosa mitochondria was examined by the latency of
both COX and NAD+-MDH, respectively, as described in
the ‘Materials and methods’. H. carnosa mitochondria
showed about 95% intactness of the outer membrane and
91% of the inner membrane. These results indicated that

the intactness of the inner and outer mitochondrial
membrane was acceptable and the preparation specifically
reflected the mitochondrial properties.

Properties and activities of enzymes engaged in
mitochondrial malate metabolism

The activities of mMDH, mAST, and mME were detected
in H. carnosa mitochondria (Table 1). The activity of
mMDH in H. carnosa mitochondria was 26 lmol min�1

mg�1 protein and this value was much lower than that of
A. comosus (69 lmol min�1 mg�1 protein) but signifi-
cantly higher than those of K. pinnata (18.5 lmol min�1

mg�1 protein) (Hong et al., 2004b), and K. blossfeldiana
mitochondria (11.5 lmol min�1 mg�1 protein) (Rustin
and Lance, 1986). Mitochondrial AST activity in
H. carnosa was about 1.45 lmol min�1 mg�1 protein and
this activity was much higher than that of A. comosus
mitochondria (0.29 lmol min�1 mg�1 protein), but it was
much lower than that of castor been mitochondria (11.4
lmol min�1 mg�1 protein at pH 7.0) (Mettler and
Beevers, 1980). H. carnosa mitochondria showed a con-
siderable amount of NAD-ME and NADP-ME activities
(Table 1). The NAD-ME activity in H. carnosa mitochon-
dria was about 0.29 lmol min�1 mg�1 protein. This rate
was lower than that of mitochondria isolated from ME-
CAM species such as Prenia sladeniana (0.46 lmol
min�1 mg�1 protein) and K. pinnata (0.95 lmol min�1

mg�1 protein), but higher than that of mitochondria
isolated from PCK-CAM species such as Crassula
lycopodioides (0.20 lmol min�1 mg�1 protein)
(Peckmann and Rustin, 1992) and A. comosus (0.11 lmol
min�1 mg�1 protein) (Hong et al., 2004b). Although
mME was predominantly NAD-ME, some NADP-ME
was also detected in H. carnosa mitochondria. The
NADP-ME activity in H. carnosa mitochondria was about
0.058 lmol min�1 mg�1 protein. This rate was slightly
lower than those in mitochondria of ME-CAM species
such as K. daigremontiana (0.067 lmol min�1 mg�1

protein) and K. pinnata (0.096 lmol min�1 mg�1 protein),
but it was almost the same as that of A. comosus

Table 1. Enzyme activities in H. carnosa mitochondria during
CAM phase III

Results shown are means 6SE (n¼4–5) of separate preparations.

Malate oxidations Respiration rate
(nmol O2 min�1 mg�1 protein)

H. carnosa
mitochondria

A. comosus
mitochondriaa

MDH (EC 1.1.1.37) 2664 69617
AST (EC 2.6.1.1) 1.4560.07 0.2960.3
NAD-ME (EC 1.1.1.39) 0.2960.06 0.1160.02
NADP-ME (EC 1.1.1.40) 0.05860.014 0.05060.003

a Data based upon that presented by Hong et al. (2004b).
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mitochondria (0.050 lmol min�1 mg�1 protein) under the
same assay conditions (Table 1; Hong et al., 2004b).

Malate oxidation in H. carnosa mitochondria

Malate oxidation was investigated under three different
pH conditions, at pH 6.8, 7.2, and 7.6 where only mME,
both mME and mMDH, and only mMDH were activated,
respectively (Day et al., 1988; Agius et al., 1998). The
results showed that H. carnosa mitochondria readily
oxidized malate under most of the assay conditions with
varying levels depending on pH assay conditions and the
cofactors (Table 2). The mitochondria were able to
oxidize malate without any cofactors as described in
‘Materials and methods’ (data not shown); however, its
respiration rate was much lower than those with the
cofactors. The mitochondria readily oxidized malate in the
presence of cofactors with significant respiration rates
under most assay conditions, but the highest respiration
rate was observed at pH 7.2 where both mME and mMDH
were activated and stimulated by supplying external CoA,
NAD+, and Glu (Table 2). H. carnosa mitochondria
oxidized malate with the respiratory control and ADP/O
ratios typical of this substrate in the mitochondria of CAM
plants (Day, 1980; Rustin and Queiroz-Claret, 1985). The
ADP/O ratio in malate oxidation by H. carnosa mitochon-
dria was more than 2, indicating that malate oxidation was
coupled with three proton-extrusion sites (Table 2).
Malate oxidations under these assay conditions were
stimulated by ADP and partially inhibited by rotenone,
KCN and SHAM (Fig. 1).

Effect of AST on malate oxidation

Along with rather high mAST activity, it was also found
that supplying external AST in the respiratory medium
strongly stimulated malate oxidation in the presence of
Glu (Table 3). Malate oxidation at pH 6.8 was normally
measured in the presence of CoA and TPP without NAD+,
and under this assay condition, adding AST or NAD+ and
Glu separately had no effect on the respiration (data not

shown). However, when mMDH and a transamination
system outside the mitochondria were activated by
supplying external NAD+ and both AST and Glu to the
respiratory medium, malate oxidation was rather stimu-
lated. Thereafter, addition of ADP gave higher respiration
rates than those without AST (Table 3). Generally, the
addition of AST in the presence of NAD+ and Glu caused
a considerable stimulation in malate oxidation of H.
carnosa mitochondria. This stimulation was clearly
observed in malate oxidations at pH 7.2 and 7.6 where
both NAD+ and Glu were included in the reaction
medium, but the higher rate was detected at pH 7.6 (Table
3). In the presence of AST, all of the malate oxidations
were gradually inhibited by rotenone, KCN, and SHAM,
indicating that the NADH produced by mME and mMDH
under these assay conditions was still reoxidized by the
electron transport chain (ETC) of H. carnosa mitochon-
dria (Table 3).

The appearance of Asp and a-KG, but not OAA
outside H. carnosa mitochondria

Although under exactly the same assay condition, malate
oxidation in H. carnosa mitochondria was significantly
stimulated by supplying both external AST and Glu
(Table 3) similar to A. comosus, OAA formed via mMDH
from malate oxidation was directly exported out of A.
comosus mitochondria via the malate-OAA shuttle (Hong
et al., 2004b) while the appearance of OAA outside
H. carnosa mitochondria was not detected (Fig. 2A). By
contrast, the appearance of both Asp and a-KG outside H.
carnosa mitochondria were clearly detected at significant
rate (139621 nmol NADH min�1 mg�1 protein, Fig. 2B).

Table 2. Malate oxidation in H. carnosa mitochondria

Assay conditions were 20 mM malate, 0.12 mM ADP, 10 mM
glutamate (Glu), 0.25 mM CoA, 0.5 mM NAD+, and 0.25 mM TPP.
State 3 refers to the respiration rate of O2 uptake in the presence of
ADP; state 4 refers to the rate upon depletion of ADP. Respiratory
control ratio (RCR) was calculated as the ratio of state 3 to state 4 rates.
Results shown are means 6SE (n¼4–5) of separate preparations.

Malate oxidations Respiration rate
(nmol O2 min�1

mg�1 protein)

RCR ADP/O

State 3 State 4

pH 6.8 (CoA, TPP) 59617 22610 2.760.5 2.460.3
pH 7.2 (Glu, NAD+, CoA) 94611 3467 2.860.4 2.460.2
pH 7.6 (Glu, NAD+) 71615 3266 2.260.3 2.360.1

Fig. 1. A typical trace showed the effect of rotenone, KCN, and SHAM
on malate oxidation by H. carnosa mitochondria. Malate was oxidized
at pH 7.2 with 10 mM Glu, 0.25 mM CoA, and 0.5 mM NAD+.
Numbers along the trace refer to nmol O2 consumed min�1 mg�1

protein. Mp, mitochondria.
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Effect of PLP on the oxidations of a-KG, Asp, and
malate

Differing from A. comosus (Hong et al., 2004b) but
similar to K. daigremontiana (Day, 1980), H. carnosa

mitochondria readily oxidized a-KG or Asp as single
substrates, but these oxidations required cofactors such as
CoA and TPP, and their O2 uptake rate was much lower
than that of malate oxidation. The simultaneous oxidations
of both Asp and a-KG showed a higher O2 uptake rate
than those of the single substrate oxidations (Table 4). In
this study, the simultaneous oxidations of both Asp and a-
KG by H. carnosa mitochondria were gradually inhibited
by PLP, a specific inhibitor of the phosphate translocator
(Hampp et al., 1985; Laloi, 1999). These oxidations were
slightly inhibited by adding 0.1 mM PLP, but they were
completely inhibited by 0.3 mM PLP (Table 4). Inhibition
by PLP on respiration rates was also detected in malate
oxidation at pH 7.2 with AST and Glu, in which it was
gradually inhibited following an increase in PLP concen-
trations, and it was completely inhibited by 0.5 mM PLP
(Table 4).

Effect of Asp and a-KG on malate oxidation

Figure 3 shows the effects of a-KG and Asp on malate
oxidation by H. carnosa mitochondria with and without
a transamination system. In the absence of Glu and AST,
the addition of a-KG on malate oxidation only slightly
affected the rate of O2 uptake but this rate markedly
decreased by further adding Asp. This rate was recovered
by supplying with both external Glu and AST, but it was
gradually decreased by PLP (Fig. 3A). By contrast,
supplying a-KG for malate oxidation in the presence of
both Glu and AST led to a decrease in the O2 uptake rate
which was clearly decreased by further adding Asp. This
inhibition was recovered by adding malate and ADP,
and it was still partially inhibited by KCN and SHAM
(Fig. 3B).
From these data, it is possible to suggest that H.

carnosa mitochondria oxidized malate via mME and
mMDH to produce pyruvate with CO2 and OAA, re-
spectively. However, when a transamination system inside
and outside mitochondria was provided by adding both
AST and Glu to the respiratory medium, malate oxidation
by mMDH in H. carnosa mitochondria was operated via
a malate-Asp shuttle (Fig. 4), but not via a malate-OAA
shuttle as in A. comosus mitochondria (Hong et al.,
2004b).

Discussion

The most interesting observation in this study was that,
although H. carnosa belonged to the PCK-CAM group,
the mitochondria oxidized malate in a different way from
the mitochondria of the PCK-CAM, A. comosus (Hong
et al., 2004b), but similarly to mitochondria of ME-CAM,
K. daigremontiana (Day, 1980, Hong et al., 2004a). H.
carnosa mitochondria readily oxidized malate with signif-
icant rates and coupling in the presence of the cofactors at

Table 3. Effects of AST, rotenone, KCN, and SHAM on malate
oxidation by H. carnosa mitochondria

Unless otherwise indicated in Table 1, 10 mM Glu and 0.5 mM NAD+

were included in reaction medium for three different pH levels, and
assay conditions were 20 mM malate, 0.12 mM ADP (first addition),
0.3 mM ADP (second addition), 10 U AST, 40 lM rotenone, 0.1 mM
KCN, and 1 mM SHAM. Results shown are means 6SE (n¼3–4) of
separate preparations.

Substrates and inhibitors Malate oxidations
(nmol mg�1 min�1 protein)

pH 6.8 pH 7.2 pH 7.6

Malate 3368 52611 4369
ADP 59617 94611 71615
AST 91611 121613 126618
ADP 116614 134617 43616
Rotenone 7869 82611 9068
KCN 5067 4269 50610
SHAM 1365 1167 1468

Fig. 2. The appearance of OAA (A), and Asp and a-KG (B) outside
H. carnosa mitochondria. The experiment of OAA, and Asp and a-KG
were assayed according to Pastore et al. (2003) and Scholz et al.
(1998), respectively as described in the ‘Materials and methods’. The
measurement was followed by the decrease in absorbance at A340 nm
using a spectrophotometer (JASCO V-550 UV/VIS, Japan).
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different pH levels (Table 2). By contrast, A. comosus
mitochondria only oxidized malate poorly under the same
assay conditions (Hong et al., 2004b). At pH 6.8, malate
was mainly oxidized via mME to produce pyruvate and
CO2 in H. carnosa mitochondria similarly to K. daigre-
montiana mitochondria (Day, 1980, Hong et al., 2004a).
Therefore, when mME was maximally activated by CoA
and TPP, malate oxidation via mME was significantly
stimulated. The highest rate in malate oxidation was
detected at pH 7.2 in the presence of CoA, NAD+, and
Glu (Table 2). It might be because under this assay
condition, both mME and mMDH were maximally

activated and OAA formed from malate oxidation via
mMDH was transaminated inside the mitochondria by Glu
(Aguis et al., 1998). The stimulated O2 uptake rate by Glu
indicated that Glu could be imported into the mitochon-
drial inner membranes and transaminated the OAA pro-
duced from malate by mMDH. Malate oxidation at pH 7.2
in the presence of CoA, NAD+, and Glu was partly
inhibited by rotenone, KCN, and SHAM (Fig. 1), in-
dicating that NADH produced by both mME and mMDH
during this oxidation were reoxidized to NAD+ by the
mitochondrial ETC, and complex I, alternative (Alt) and
cytochrome (Cyt) pathways were activated in this process.
A general property of mitochondrial malate oxidation

between H. carnosa and A. comosus was the fact that
supplying both external AST and Glu to respiratory
medium significantly increased malate oxidation (Table
3). However, under exactly the same assay condition,
OAA formed from malate oxidation by mMDH could
export out of A. comosus mitochondria via a malate-OAA
shuttle (Hong et al., 2004b), where OAA was limited to
cross the inner membrane of H. carnosa mitochondria
(Fig. 2A). By contrast, the active mAST of H. carnosa
mitochondria rapidly interconverted OAA with Glu to
Asp and a-KG, respectively, and exported them out via
a malate-Asp shuttle (Fig. 2B).
The AST was well known as a catalyst for the reversion

of Glu and OAA to a-KG and Asp, respectively. Though
A. comosus mitochondria possessed a small amount of
mAST, they did not oxidize Asp and a-KG as the simple

Fig. 3. Effect of a-KG and Asp in the presence of AST on malate
oxidation by H. carnosa mitochondria. Unless otherwise indicated, the
assay conditions were 20 mM malate, 10 mM Glu, 5 mM a-KG, 5 mM
Asp, and 10 U AST. Malate was oxidized at pH 7.2 with 0.25 mM CoA
and 0.5 mM NAD+. Numbers along the traces refer to nmol O2

consumed min�1 mg�1 protein.

Table 4. Effects of pyridoxal-5#-phosphate (PLP) on the
oxidations of a-ketoglutarate (a-KG), aspartate (Asp) and
malate by H. carnosa mitochondria

Assay conditions were 20 mM malate, 5 mM Asp, 5 mM a-KG, and 10
U AST. The Asp and a-KG was oxidized at pH 6.8 with 0.25 mM CoA
and 0.25 mM TPP. Malate was oxidized at pH 7.2 with 0.25 mM CoA,
0.5 mM NAD+, and 10 mM Glu. State 2 refers to the respiration rate of
O2 uptake in the presence of substrate. (–) No addition. Results shown
are chose from the typical traces of triplicate preparations for each
substrate.

Substrates and
inhibitors

Asp
oxidation

a-KG oxidation
(nmol mg�1 min�1 protein)

Malate
oxidation

State 2 13 19 58
ADP 21 27 97
a-KG 32 – –
Asp – 55 –
AST – – 102
ADP 41 37 151
0.1 mM PLP 29 3 132
0.2 mM PLP 1 14 104
0.3 mM PLP 0 0 63
0.4 mM PLP 0 0 21
0.5 mM PLP 0 0 0

Fig. 4. Organization of the malate-oxidizing system in H. carnosa
mitochondria. ALT, alternative; ETC, electron transport chain; OAA,
oxaloacetic acid; PCK, phosphoenolpyruvate carboxykinase; PEP,
phosphoenolpyruvate; and PGA, phosphoglycerate.
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substrates, even in the presence of CoA, TPP, and NAD+

(Hong et al., 2004b) while H. carnosa mitochondria could
oxidize Asp and a-KG (Table 4) similarly to K.
daigremontiana mitochondria (Day, 1980). Genchi et al.
(1991) reported that the a-KG carrier purified from corn
mitochondria is completely inhibited by PLP, and a similar
result was observed in H. carnosa mitochondria. PLP
inhibited the simultaneous oxidation of a-KG and Asp
and it also inhibited malate oxidation in the presence of
AST (Table 4). These data indicated that H. carnosa
mitochondria possessed a carrier of a-KG, and PLP
caused an inhibition on this carrier. The inhibition by both
Asp and a-KG on malate oxidation and the recovery of
this inhibition by adding both Glu and AST (Fig. 3A) or
malate (Fig. 3B) together with their inhibition by PLP
confirmed that Asp and a-KG could be imported inside
and exported outside the H. carnosa mitochondria.
Based on these results, together with previous results

obtained with intact leaves (Black et al., 1996; Christo-
pher and Holtum, 1996), it is possible to suggest that
a scheme summarizing the total malate metabolism in
both the cytosol and mitochondrion could occur during
the decarboxylation phase of PCK-CAM rhythm for H.
carnosa (Fig. 4). In this phase, malate was mainly
oxidized in the cytosol to produce OAA via cMDH. The
cPCK converted OAA to PEP and CO2 for further starch
synthesis in the chloroplast. Malate could also be
imported from the cytosol to the mitochondria. In the
mitochondrial matrix, malate could be oxidized by mME
to produce pyruvate and CO2 or catalysed by mMDH to
form the OAA. Under assay conditions, where the
mitochondria were supporting a transamination system by
adding external AST and Glu, the OAA formed by
mMDH and Glu could rapidly be changed to Asp and a-
KG, respectively by active mAST. Then, Asp and a-KG
could be exported outside the mitochondria via the
malate-Asp shuttle (Fig. 4). These results suggested that
during the light time, mME and mMDH systems were
operated in parallel in H. carnosa mitochondria to control
and regulate the overall malate metabolism, depending on
CO2 requirement and amino acid synthesis.
Malate oxidation via mME to produce pyruvate and

CO2 was a general metabolism for the mitochondria of
many ME-CAM species in which the pyruvate formed
could be exported outside the mitochondria or oxidized by
the TCA cycle inside the mitochondria (Spalding et al.,
1979; Day, 1980; Rustin et al., 1980). Under the assay
conditions used in this study, external acetyl-CoA was not
supplied to H. carnosa mitochondria, so it was probable
that the pyruvate formed via the mME system could not
be converted in the next reactions of the TCA cycle, and
they might be accumulated in the mitochondrial matrix or
exported to the respiratory medium. Holtum et al. (2005)
reported that, in CAM species, that use starch as
a temporary repository for carbon, PEP or pyruvate

produced during malate decarboxylation in the light must
be imported into the chloroplast and converted to starch.
H. carnosa is a starch PCK-CAM specie and it also
possesses a small amount of pyruvate phosphate dikinase
(PPDK) of about 12 nmol min�1 mg�1 protein in the
chloroplast (Holtum and Osmond, 1981; Black et al.,
1996). This PPDK might be necessary for converting
pyruvate to PEP inside the chloroplast of H. carnosa.
Therefore, it is possible to suggest that during the
decarboxylation phase of H. carnosa, when the CO2 and
PEP produced by cPCK were insufficient for starch
synthesis in the chloroplast, the pyruvate formed by the
mME system could be exported outside the mitochondria
and converted to PEP by chloroplast PPDK for starch
synthesis.
In this study, malate oxidation via mME was less

sensitive with KCN than via mMDH or both mME and
mMDH (Table 3). Thus, it seemed that NADH produced
from malate oxidation via mME was reoxidized by the
ETC in which their electrons were more connected to
Alt respiration rather than Cyt respiration in H. carnosa
mitochondria. The pyruvate generated intramitochondri-
ally during malate oxidation could activate Alt oxidize
(AOX) (Day et al., 1994); hence the pyruvate inside the
mitochondria could stimulate the Alt respiration. Malate
metabolism via the mME system in H. carnosa mitochon-
dria helps to understand why under low O2 concentration,
both H. carnosa and K. daigremontiana lost phase III of
CAM-type diurnal gas-exchange, but A. comosus still
exhibited a pattern of diurnal gas-exchange (Nose et al.,
1999; Nose and Takashi, 2001).
Malate metabolism via mMDH to produce OAA was

clearly reported in A. comosus mitochondria in which the
OAA formed by mMDH could be exported outside the
mitochondria via the malate-OAA shuttle (Hong et al.,
2004b). By contrast, H. carnosa mitochondria did not
possess the malate-OAA shuttle, but they could rapidly
transaminate the OAA formed by mMDH to Asp in the
presence of Glu and AST, and export the produced Asp
and a-KG outside the mitochondria via the malate-Asp
shuttle (Fig. 4). This metabolism seemed not to play an
important role in supplying OAA for cPCK activity,
similar to A. comosus mitochondria, but it might supply
OAA for Asp transamination or for the TCA cycle in
H. carnosa mitochondria. The Asp transamination was
reported in K. daigremontiana mitochondria and it might
be important for the mitochondria when respiratory chain
activity was restricted by energy charge (Day, 1980). In
H. carnosa, malate metabolism via the mME system was
more connected to Alt respiration and this respiration
seemed not to produce much energy inside the mitochon-
dria. However, malate metabolism by the mMDH system
via the malate-Asp shuttle could support the energy,
because this shuttle could import the reducing equivalents
of cytosolic NADH to the mitochondria. The NADH
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imported via this shuttle could reduce complex I, so
oxidation of imported NADH was associated with greater
energy than that of cytosolic NADH oxidation by the
externally facing dehydrogenase (Siedow and Day, 2000).
The energy formed by this shuttle might be necessary for
amino acid metabolism in H. carnosa.
In conclusion, H. carnosa used the cPCK, mME, and

mMDH systems to decarboxylate malate during CAM
phase III. Malate metabolism in the mitochondria could
involve in both CAM photosynthesis and amino acid
synthesis. Malate metabolism via mME system in H.
carnosa mitochondria was operated in a similar way to the
mitochondria of other ME-CAM species, and this metab-
olism might play an important role in CAM photosynthe-
sis during the decarboxylation phase. Malate metabolism
by mMDH system via the malate-Asp shuttle seemed to
play a physiological role in supplying the energy and the
substrates of Glu and a-KG for amino acid metabolism in
the cytosol of H. carnosa. This point would be an
interesting topic of amino acid metabolism for future
studies of starch PCK-CAM.
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Cuevas IC, Podestá FE. 2000. Purification and physical and
kinetic characterization of an NAD+-dependent malate dehyd-
rogenase from leaves of pineapple (Ananas comosus). Physiolo-
gia Plantarum 108, 240–248.

Day DA. 1980. Malate decarboxylation by Kalanchoë daigremonti-
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Abstract 
 
Effects of high night temperature on the lipid and protein compositions in the tonoplasts isolated from the leaves of two 
Crassulacean acid metabolism (CAM) plants, Ananas comosus (pineapple) and Kalanchoë pinnata were studied. The 
results showed that the phospholipids/protein ratios in the tonoplasts isolated from pineapple and K. pinnata leaves 
decreased from 1.82 to 1.21 and 2.63 to 1.50, respectively, as the night temperature increased from 20 to 37 ºC. Under 
high night temperature, relative amount of total unsaturated fatty acids in K. pinnata was increased by 6 %, which was 
mainly caused by increased C18:2 and C18:3, whereas unsaturated fatty acids, C18:2 and C18:3 in pineapple did not 
show significant change. The distribution patterns of tonoplast proteins in the two CAM species were different between 
normal and high night temperature and in K. pinnata, especially those with molecular mass ranging from 66.2 to 
97.4 KDa. Compared with normal night temperature, more proteins were found in pineapple, but no difference was 
found in K. pinnata. Thus, above result indicated that the pineapple tonoplasts could keep higher rigidity under high 
night temperatures compared to the K. pinnata. 
Additional key words: CAM, fatty acids, malate, pineapple, tonoplast fluidity. 
 
 
Introduction 
 
In Crassulacean acid metabolism (CAM) plants, CO2 is 
fixed via phosphoenolpyruvate carboxylase (PEPC;  
EC 4.1.1.31) in dark. The malate formed is then 
accumulated to high concentration in the vacuole. 
Recently, we investigated the effects of high night 
temperature on CO2 exchange and organic acid 
accumulation in two CAM species, Kalanchoë pinnata 
and Ananas comosus (pineapple) with the day 
temperature maintained at 30 ºC. The results showed that 
K. pinnata lost nocturnal CO2 uptake completely at night 
temperature of 37 ºC, whereas pineapple kept significant 
nocturnal malate accumulation in the vacuole (Lin et al. 
2006). It has been assumed that the ability to accumulate 
malate into the vacuole in the dark depends on the actual 
fluidity of the tonoplast and that effective nocturnal 
malate storage in CAM plants is facilitated by a relatively 
rigid tonoplast (Kluge et al. 1991, Kliemchen et al. 
1993). Behzadipour et al. (1998) found that exposure of 
Kalanchoë daigremontiana plants to higher growth 

temperature compared with the control decreased the 
fluidity of tonoplast. However, Wilkins (1983) reported 
that high temperatures enhance the release of malate from 
the vacuole by opening the “gate” in the tonoplast. 
Therefore, it is still equivocal about the response of 
tonoplast fluidity of CAM plants to high night 
temperature. The tonoplast mainly consists of a lipid-
protein bilayer. The change in the tonoplast lipid and 
protein compositions would inevitably alter tonoplast 
fluidity and affect nocturnal malate accumulation in the 
vacuole. To our best knowledge, such data are very 
limited for CAM plants (Behzadipour et al. 1998). 
 The objective of this study is to understand the 
possible influence of tonoplast compositions on nocturnal 
malate accumulation in the vacuole of CAM plants. For 
this purpose, we investigated lipid and protein 
compositions and contents in the tonoplasts isolated from 
the leaves of two CAM plants, pineapple and K. pinnata 
under normal and high night temperatures.  
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Materials and methods 
 
Plants: Ananas comosus (L.) Merr. cv. Smooth-cayenne 
N67-10 (pineapple) and Kalanchoë pinnata (Lam.) Pers. 
were vegetatively propagated and grown in pots in a 
greenhouse under natural photoperiod. Plants were 
transferred to a growth chamber (KG-50 HLA, Koito 
Industrial Co., Yokohama, Japan) with day/night 
temperature of 30/20 ºC for normal and 30/37 ºC for high 
night temperature. The relative air humidity (RH) was  
70 % and PAR 420 to 450 µmol m-2 s-1 at the mid-plant 
height during photoperiod. After one or two weeks, 
fourth to eighth leaf pairs, counting from the apex of  
K. pinnata and fully expanded mature leaves of pineapple 
were used in experiments.  
 
Tonoplast isolation: Tonoplasts were isolated according 
to Chen and Nose (2000). The leaf midrib and margins of 
K. pinnata, and the base and top of pineapple leaves were 
removed. About 100 g tissue was homogenized with a 
blender (MX-X1, National Elect. Co., New Hartford, 
USA) in 200 cm3 buffer containing 450 mM mannitol,  
3 mM MgSO4, 10 mM ethylene glycol-bis(aminoethyl-
ether)-N,N,N,N-tetraacetic acid (EGTA), 1 mM dithio-
threitol (DTT), 1 % (m/v) bovine serum albumin (fraction 
V), 100 mM N-[2-hydroxy-1,1-bis(hydroxymethyl) ethyl] 
glycine (Tricine), adjusted to pH 8.0 with 2-amino-2-
(hydroxymethyl)-1,3-propanediol (Tris). The homogenate 
was filtered though two layers of cheesecloth. The 
filtrates were centrifuged at 8 095 g (P28S rotor, CP75 
ultracentrifuge, Hitachi Koki Co., Takeda Katsuta, Japan) 
for 15 min. The supernatant was layered over a 25 % 
(m/v) sucrose cushion containing 1 mM DTT and  
5.0 mM 4-(2-hydroxymethyl)-1-piperazineethanesulfonic 
acid (Hepes), adjusted to pH 8.0 with Tris. The gradients 
were centrifuged at 103 872 g for 1 h. The membrane 
vesicles were removed from the interface using a Pasteur 
pipette and diluted 1:1 (v/v) with a medium containing 
150 mM mannitol, 1 mM DTT and 25 mM 1,3-bis[tris 
(hydroxy-methyl) methylamiol] propane (BTP), adjusted 
to pH 8.0 with 2-(N-morpholino) ethanesulfonic acid 
(Mes). The vesicles were then pelleted by centrifugation 
at 103 872 g for 30 min. Finally, the pellets were 
resuspended in the 4 cm3 medium containing 150 mM 
mannitol, 1mM DTT and 25 mM BTP-Mes. All fraction 
steps were performed at 4 ºC.  
 
Analysis of tonoplast ATPase: ATPase activity was 
assayed according to the method of Chen and Nose 
(2000) with some modifications. Most of ATPase in the 
membrane were sensitive to nitrate and bafilomycin A1, 
inhibitors of vacuolar ATPase, but insensitive to azide 
and vanadate, inhibitors of mitochondrial and plasma-
lemma. The enzyme activity was assayed for 30 min in a 
0.5 cm3 reaction mixture containing 50 mM BTP-Mes, 
pH 8.0, 3 mM Na2-ATP, 3 mM MgSO4, 0.02 % (m/v) 
Triton X-100, 1 mM sodium molybdate and 50 mM KCl. 
The reaction started with the addition of 0.05 cm3 of 
sample, and stopped with the addition of 0.25 cm3 of 6 % 

(m/v) sodium dodecyl sulfate (SDS) (assay temperature). 
The released Pi from the substrate was determined 
according to the method of Chen and Nose (2000). ΔNO3

-

-ATPase and ΔVO3
--ATPase were determined as the 

activity inhibited by 100 mM KNO3 and 0.5 mM 
NH4VO3, respectively (Δ means the remainder between 
the actual activities and inhibited activities). 
 
Lipid analysis: The total lipid was extracted and purified 
according to the method of Bligh and Dyer (1959). 
4.5 cm3 2:1 (v/v) of chloroform and methanol was added 
to a test tube containing 1.5 cm3 tonoplast extraction. 
After vortexing, 1.5 cm3 chloroform was added to the 
mixture. The tube was then kept in 37 ºC bath for 1 h. 
Afterwards, some water was added to the mixture and 
finally its volume ratio of the chloroform:methanol:water 
was maintained at 1:1:0.8. After centrifugation at 3 000 g 
for 15 min, the lower chloroform layer was collected, and 
then concentrated by nitrogen gas. The remained solid 
matter was dissolved by petroleum ether and was used for 
lipid analysis.  
 The tonoplast fatty acid compositions were 
determined using a gas-liquid chomatography (GC14A 
and Omegawax-320 column; 30 m length, 0.25 mm 
diameter, Shimazu, Tokyo, Japan). Both the injector and 
flame ionization detector (FID) temperature was 250 ºC, 
and column temperature was 200 ºC. Flow rate of carry gas 
(He) was 2.4 cm3 min-1 and the split ratio was set as 1/50. 
 
Protein assay: The tonoplast protein content was 
determined by the method of Bradford (1976) using 
bovine serum albumin as the standard.  
 For two-dimensional (2-DE) assay, proteins were 
extracted from purified tonoplast of pineapple and  
K. pinnata. In order to prevent tonoplast protein from 
decomposition, tonoplast was isolated in a container 
filled with nitrogen gas prior to the test. After the 
tonoplast was isolated, in order to prevent the resolution 
of tonoplast protein from the influence of lipid 
(manufacturer’s instruction of Amersham Biosciences, 
Geneva, Switzerland), the prepared tonoplast was firstly 
added to 90 % (v/v) ice-cold acetone, mixed by vortexing 
and stored for 5 min at 4 ºC. Pellets were collected by 
centrifuging at 18 000 g for 5 min. The supernatant was 
discarded. The pellets were washed 3 times with 90 % 
acetone. The final pellets were dissolved in 2-DE sample 
buffer containing 9.8 M urea, 2 M thiourea, 40 mM 
trizma-base, 2 % (m/v) 3-[3-(cholamidopropyl) dimethyl-
ammonio]-1-propane-sulfonate (CHAPS), 2 M trisbutyl-
phosphine (TBP) and 0.5 % (m/v) IPG buffer and four 
types of protease inhibitor, 0.2 mM monoiodoacetate 
(MIA), 1 mM phenylmethane sulfonyl fluoride (PMSF), 
1 mM p-chloromercuribenzoate (PCMB) and 0.1 mM 
leupeptin.  
 2-DE was performed according to the recommen-
dation of 2-DE manual (Amersham Biosciences). All 
experiments were performed with nonlinear immobilized 



TONOPLAST LIPIDS AND PROTEINS 

61 

pH gradient strips (NL-IPGs) with a pH range of 3 - 10. 
For preparation of 2-DE, the swell solution as an aliquots 
of 0.34 cm3 containing 8 M urea, 0.5 % (m/v) CHAPS,  
2 % (m/v) IPG buffer (3 - 10), 0.2 % (m/v) DTT and 
0.002 % (m/v) bromophenol blue without sample was 
added. The swelling was continued for 10 - 15 h by using 
a dried 180-mm, pH range of 3 to 10 nonlinear immo-
bilized pH gradient strips according to the manufacturer 
instruction (Immobiline DryStrips, Amersham Pharmacia 
Biotech., Uppsala, Sweden). Isoelectric focusing (IEF) 
was performed for 1 min at 300 V, 1.5 h at 300 - 3500 V 
gradient, and then held at 3500 V for 4.5 h at 20 ºC on a 
flat-bed eletrophoresis unit (Multiphor II system, 
Amersham Pharmacia Biotech.) with 30 μg tonoplast 
protein that was resuspended in a 2-DE sample buffer (as 
described in the part of protein extraction). Immobilized 

pH gradient strips were then transferred to 10 cm3 of an 
equilibration buffer consisting of 50 mM Tris-HCl, pH 
8.8, 6 M urea, 30 % (m/v) glycerol, 2 % (m/v) SDS, 
0.002 % (m/v) bromophenol blue, and 100 mg DTT for 
the first equilibration step and 250 mg iodoacetamide for 
the second equilibration step. The strips were incubated 
for 15 min with vibration. The equilibrated strips were 
slotted at 15 ºC into an ExcelGel SDS Gradient 12 - 14 
which performed for 35 min at 600 V, 20 mA of first step 
and 1.5 h at 600 V, 50 mA of second step.  
 The separated proteins on the 2D-eletrophosis gels 
were stained with Sypro Ruby (Bio-Rad, Hercules, CA, 
USA). The protein spots were detected using a Typhoon 
9000E (Amersham Bioscience). The results were 
processed with the imageMaster 2D platinum software 
(Amersham Bioscience).  

 
 
Results  
 
The activities of extracted membrane ATPase were 
largely inhibited by the nitrate, whereas it was not 
inhibited by vanadate either under the normal or high 
night temperature condition (Table 1). These results 
indicated that the membrane fraction used in the analysis 
of phospholipids and proteins was only slightly 

contaminated by plasmalemma membranes. This finding 
is consistent with Kliemchen et al. (1993). In addition, 
tonoplast ATPase activity at both 20 and 37 ºC night 
temperatures was higher in the pineapple than in the  
K. pinnata. Similar result has been obtained by Chen and 
Nose (2000).  

 
Table 1. ATPase activity [µmol(Pi) mg-1(protein) h-1] as affected by 100 mM nitrate (inhibitor for tonoplast ATPase) and 0.5 mM 
vanadate (inhibitor for plasmalemma ATPase). NT, day/night temperature 30/20 ºC; HT, day/night temperature was 30/37 ºC) for 
one week. Means ± SE, n = 6. In parentheses % of control.  
 

Species Control  ΔNO3-ATPase  ΔVO3-ATPase  
 NT HT NT HT NT HT 

Pineapple 25.3 ± 1.3 57.1 ± 1.6 20.9 ± 1.3 (82.8) 45.1 ± 2.2 (78.9) 3.0 ± 0.4 (12.0) 6.8 ± 0.6 (11.9) 
K. pinanta 19.7 ± 0.5 38.5 ± 0.5 15.5 ± 0.4 (78.5) 31.0 ± 0.4 (80.4) 2.5 ± 01 (13.3) 5.0 ± 0.6 (12.9) 

 
 
Table 2. The contents of phospholipids and proteins [g dm-3] 
and their ratio in the isolated tonoplast of pineapple and  
K. pinnata at the normal and high night temperature condition. 
*, ** - significant differences between NT and HT in same plant 
at P < 0.01 and 0.001, respectively; #, ## - significant 
differences between pineapple and K. pinnata in same 
temperature at P < 0.05 and 0.01, respectively. 
 

Species  Phospholipids Proteins  Ratio 

Pineapple NT 0.40 ± 0.01 0.22 ± 0.01 1.82 ± 0.05 
 HT 0.26 ± 0.02** 0.21 ± 0.03 1.21 ± 0.08** 
K. pinnata NT 0.51 ± 0.07# 0.19 ± 0.02# 2.63 ± 0.13## 
 HT 0.26 ± 0.03* 0.17 ± 0.02 1.50 ± 0.12**#

 
 When night temperature increased from 20 to 37 ºC, 
phospholipid content decreased in the tonoplast of 
pineapple and K. pinnata (Table 2). Phospholipid content 
in pineapple was 22 % lower than in K. pinnata under the 

normal night temperature. However, phospholipid 
contents in two plants were almost the same under the 
high night temperature. In contrast, protein content in the 
tonoplast was less affected by high nigh temperature. 
Protein content was slightly higher in pineapple than in 
K. pinnata under both the normal and high night 
temperatures. Under high night temperature, phospho-
lipid/protein ratio in the tonoplasts of pineapple and  
K. pinnata was decreased by 33.5 and 42.9 %, 
respectively. The decrease was mainly caused by the 
reduction of phospholipid fraction. 
 As night temperature increased from 20 to 37 ºC, 
percentage of total unsaturated fatty acids in K. pinnata 
increased from 47.8 to 53.2 %, which was mainly caused 
by the increased C18:2 and C18:3, whereas total 
unsaturated fatty acids, C18:2 and C18:3 in pineapple did 
not show significant change (Table 3). High night 
temperature resulted in a decrease in C14:0 and C16:0 in 
the two CAM species, C18:0 and C18:1 in pineapple, but 
had no obvious influence on other fatty acids in the two 
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CAM species. 
 About 337 proteins were found under the normal 
night temperature in pineapple. Most of the tonoplast 
proteins were located with a pH range of 5 to 9. The 
molecular mass of about 66 % proteins was between 21.5 
to 66.2 kDa and only 5 % proteins were detected between 
66.2 to 97.4 kDa. About 380 proteins were detected under 
the high night temperature. Compared with the normal 
night temperature, some spots of proteins disappeared 
and some became bigger and clearer compared with the 
normal night temperature (Fig. 1).  About 278 proteins 
were found at the normal night temperature in K. pinnata. 
Most of them were between 31.0 to 97.4 kDa. Compared 
to pineapple, the amounts of proteins were less, but some 
higher molecular mass (66.2 to 97.4 kDa) proteins were 
found. About 81 % proteins were distributed between  
 

21.5 to 66.2 kDa. and 11 % between 66.3 to 97.4 kDa. 
Under the high night temperature, about 279 proteins 
were obtained from the 2-DE PAGE protein analysis. 
Compared to the normal night temperature, many spots of 
high molecular mass proteins became smaller or 
disappeared (Fig. 2).  
 The isoelectric points and molecular masses of  
pineapple and K. pinnata proteins were compared with 
the known data of isoelectric points and molecular mass 
in the tonoplast proteins of Arabidopsis thaliana (Carter 
et al. 2004) (Table 4). PPase was not found in the two 
CAM species in our results. Nine and eight types of 
transporters related to ATPase were found in the 
tonoplast of pineapple and K. pinnata, respectively. Some 
transporter proteins related to ATPase were found in the 
two CAM species but others were only found in one.  
 

Table 3. Fatty acid composition of tonoplast isolated from pineapple and K. pinnata: C14:0 (myristic acid), C16:0 (palmitic acid), 
C18:0 (stearic acid), C16:1 (palmitoleic acid), C18:1 (oletic acid), C18:2 (linoleic acid) and C18:3 (linolenic acid). 
 

Species  C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 

Pineapple NT 3.3 ± 0.2 31.5 ± 0.4 3.6 ± 0.3   6.7 ± 0.3 23.6 ± 0.2 23.3 ± 0.6   8.1 ± 0.2 
 HT 1.3 ± 0.4 35.1 ± 1.3 0.5 ± 0.0   6.3 ± 1.0 25.2 ± 3.6 22.2 ± 1.2 10.2 ± 1.4 
K. pinnata NT 5.5 ± 1.7 34.5 ± 0.5 4.4 ± 1.4 12.2 ± 2.9 14.4 ± 1.8 24.2 ± 1.2   4.8 ± 1.2 
 HT 1.8 ± 0.1 37.4 ± 0.9 0.4 ± 0.4   7.3 ± 0.7   2.8 ± 0.5 40.1 ± 0.7 10.2 ± 0.3 

 

 
Fig. 1 The Sypro Ruby stained 2-DE maps of tonoplast proteins in the leaves of pineapple at the normal (upper) and high (lower) 
night temperature. The protein solution includes four kinds of protease inhibitors, 0.2 mM MIA, 0.5 mM PMSF, 1 mM PCMB and 
0.1 mM leupeptin. Circle with dot represents the disappeared protein spots and asterisk represents the reduced protein spots which 
distinguished by eyes compared to another 2-DE PAGE. The name of every spot which is marked in the figure was cited from Carter
et al. (2004). 
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Table 4. The putative functional categorization of tonoplast proteins in the two kind of CAM plants, pineapple and K. pinnata. The PI 
and Mr of proteins in our results were conjectured with the known data of the tonoplast of Arabidopsis thaliana (Carter et al. 2004), 
which was calculated with 5 % of error ( - the protein not found).  
 

Locus Description Pineapple    K. pinnata    
  NT  HT  NT  HT  
  PI Mr PI Mr PI Mr PI Mr 

At1g12840.1 vacuolar ATP synthase subunit C-related - - - - 5.44 44691 5.31 41704 
At1g15690.1 inorganic pyrophosphatase-related - - - - - - - - 
At1g20260.1 vacuolar H+-ATPase subunit B-related 4.24 36511 4.83 36617 4.75 33190 4.68 34746 
  4.39 34260       
At1g64200.1 H+-transport ATPase protein related 6.36 26810 6.25 28290 6.08 28032 6.23 25817 
      5.89 27904 6.24 28216 
At1g76030.1 vacuolar ATP synthase subunit B - - - - - - - - 
At1g78900.1 ATPase 70-kD subunit-related - - - - - - - - 
At2g21410.1 vacuolar proton-ATPase subunit-related - - - - - - - - 
At2g28900.1 membrane channel protein-related 9.22 15888 9.24 16063 9.62 15434 9.94 14751 
At3g01390.2 vacuolar membrane ATPase subunit G 

(AVMA10) 
- - - - - - - - 

At3g28710.1 adenosine triphosphatase-related, similar to 
vacuolar adenosine triphosphatase subunit D 

4.71 39264 5.06 40916 - - - - 

At3g28715.1 expressed protein, similar to vacuolar 
adenosine triphosphatase subunit D 

4.47 38909 4.51 40272 - - - - 

At3g42050.1 vacuolar ATP synthase subunit H-related 7.00 47683 7.03 52679 7.19 52852 7.20 51179 
At4g02620.1 V-ATPase-related 6.76 14.509 6.71 14400 6.10 15316 6.74 14869 
At4g11150.1 H+-transporting ATPase chain E, vacuolar 6.03 25005 6.36 26213 6.20 25817 6.35 25415 
      6.37 25233 6.04 24630 
At4g23710.1 V-ATPase subunit G (vag2 gene) - - - - - - - - 
At4g38510.1 Protable H+-transporting ATPase - - - - - - - - 
At4g38920.1 H+-pumping ATPase 16-kD proteolipid,  8.98 17007 8.58 17282 8.96 17460 8.93 16904 
 vacuole (ava-p1) 8.80 16879 8.86 16904 9.06 17061 8.79 16502 
At4g39080.1 proton pump-related vacuole proton ATPase 

100-kD subunit 
- - - - - - - - 

 
 
 As shown above, large amounts of protein spots of  
K. pinnata became disappeared and reduced as night  
temperature increased from 20 to 37 °C. In contrast, in 
pineapple, the protein spots became bigger or clearer 

when the night temperature rose to 37 °C. Also, some 
protein spots of pineapple disappeared. Therefore, the 
changes in night temperature could have influence on the 
distribution patterns and types of tonoplast proteins.  

 
 
Discussion 
 
Our results showed that high night temperature resulted 
in a decrease in phospholipids/proteins ratio in the two 
CAM species. Similar result has been obtained by 
Kliemchen et al. (1993). Behzadipour et al. (1998) found 
that exposure of K. daigremontiana plants to higher 
growth temperature compared with the control decreased 
the fluidity and lipid/protein ratio of tonoplast. It could be 
suggested that pineapple and K. pinnata tonoplasts 
became more rigid with increasing night temperature. 
Phospholipids/proteins ratio in the tonoplasts of 
pineapple was always lower than in K. pinnata under 
both the normal and high night temperatures, suggesting 
that pineapple tonoplasts were kept in a more rigid state 
compared with K. pinnata either under the normal or high 
night temperatures. It has been suggested that malate 
influx into vacuoles of CAM plants is active, and malate 
efflux is passive, and effective malate accumulation in the 

vacuoles can occur only if the rate of passive malate 
efflux out of the vacuoles remains low with respect to 
rate of active influx (Lüttge and Smith 1984, Smith et al. 
1996). Obviously, nocturnal malate storage in CAM 
plants is facilitated by a relatively rigid tonoplast (Kluge 
et al. 1991, Kliemchen et al. 1993). Thus, higher 
tonoplast rigidity in pineapple compared with K. pinnata 
may have contributed to the difference of nocturnal 
malate accumulation between the two CAM species. 
 Membrane fluidity is highly influenced by fatty acid 
compositions, especially the relative amounts of 
unsaturated fatty acid (Steponkus 1981). It has been 
known that the phospholipids containing longer-chained 
unsaturated fatty acid could improve the tonoplast 
fluidity. Our results showed that the relative amount of 
total unsaturated fatty acids in pineapple tonoplasts was 
kept stable, whereas about 6 % increase was found in the  
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Fig. 2. The Sypro Ruby stained 2-DE maps of tonoplast proteins in the leaves of K. pinnata at the normal (upper) and high (lower) 
night temperature. The protein solution includes four kinds of protease inhibitors, 0.2 mM MIA, 0.5 mM PMSF, 1 mM PCMB and 
0.1 mM leupeptin. Circle with dot represents the disappeared protein spots and asterisk represents the reduced protein spots which 
distinguished by eyes compared to another 2-DE PAGE. The name of every spots which marked in the figure was cited from Carter 
et al. (2004). 
 
 
K. pinnata when the night temperature increased from  
20 to 37 °C. It has been known that unsaturated fatty 
acids increase membrane fluidity. Thus, the increased 
unsaturated fatty acids in K. pinnata could enhance 
tonoplast fluidity and suppressed its rigidity or promoted 
malate efflux from vacuole to a certain extent compared 
with pineapple. As shown in the results, ATPase activity 
in pineapple tonoplasts was higher than that in K. pinnata 
one under both normal and high night temperatures, 
suggesting that the tonoplast ATPase of pineapple might 
provide more driving force for malate accumulation inthe 
photosynthetic cells than that of K. pinnata. Based on the 
results and analysis mentioned above, it could be 
suggested that under high night temperature pineapple is 
more able to store malate through enhancing malate  
 
Table 5. The list of some proteins which could be distinguished 
by eyes become disappeared and reduced compared between 
normal and high night temperature condition in the same plant 
of pineapple and K. pinnata. - represents the spots shown in the 
2-DE PAGE became disappeared compared with different 
temperature condition in the same plant. ﹡ represents the spots 
shown in the 2-DE PAGE became reduced compared with 
different temperature condition in the same plant. The locations 
of these spots also were marked in the Figs. 1 and 2. 
 

Pineapple    K. pinnata    
NT  HT  NT  HT  
PI Mr PI Mr PI Mr PI Mr 

*  7.08 77399 7.40 78114 *  
*  7.33 77399 7.09 77399 *  
*  7.50 77399 7.60 75989 *  
*  7.64 77399 7.25 75989 *  
*  7.79 77399 7.85 77399 *  
*  6.94 77399 8.09 76691 *  
*  7.20 76691 8.20 76691 *  
*  8.15 59756 8.73 76691 *  
*  5.35 35756 9.93 76691 *  
*  5.65 24166 8.72 63082 *  
*  6.82 31000 8.09 61578 *  
-  8.72 16539 8.24 63082 *  
6.87 26194 *  8.38 64622 *  
6.82 30113 -  9.73 62576 *  
4.45 46322 -  6.40 62576 *  
5.92 29421 -  7.63 61578 *  
4.87 16252 -  5.98 64104 *  
4.71 39264 -  7.78 61085 *  
5.83 27761 -  5.02 33910 -  
    4.94 28944 -  
    4.60 26173 -  
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influx from cytosol and decreasing its leakage from 
vacuole compared with K. pinnata.   
 Our results showed that exposure of pineapple to  
37 °C night temperature compared with the normal night 
temperature increased 43 protein contents, but the  
amounts of proteins in K. pinnata were kept unchanged 
with increasing night temperature. Molecular masses of 
most proteins were less in pineapple tonoplast than in  
K. pinnata tonoplast. However, the amounts of proteins 
in pineapple tonoplasts were higher than that in  
K. pinnata ones. In K. pinnata, many spots of high 
molecular mass proteins became lower or disappeared 
under high night temperature (Table 5 and Fig. 2). In 
pineapple, some spots of proteins disappeared and some 
became bigger and clearer with increasing night 
temperature (Table 5 and Fig. 1). Former studies 
suggested that lipid constituents of biomembranes can be 
stabilized by the interaction with membrane proteins 
(Parola 1993). Thus, lipid-protein bilayer of pineapple 
and K. pinnata tonoplasts in response to high night 
temperature might be different. The difference might 
further influence on malate transport across the tonoplast. 
Behzadipour et al. (1998) reported that exposure of  
K. daigremontiana plants to high growth temperature 
induced a 35 kDa polypeptide in the tonoplast which 
cross-reacted with an antiserum against the tonoplast  
H+-ATPase holoenzyme. With increasing night 
temperature, different increase rate of ATPase activity 

between pineapple and K. pinnata occurred. These 
findings spurred us to find the differences in ATPase for 
the two CAM species. The putative transporters of 
ATPase also showed obvious difference between 
pineapple and K. pinnata (Table 4). We inferred that the 
vacuole H+-ATPase subunit B (Atlg20260.1 in Figs. 1 
and 2) might be the 35 kDa protein, which was found by 
Behzadipour et al. (1998). This protein in the 2-D PAGE 
of pineapple could not be distinguished clearly. However, 
under the high night temperature, the spot became bigger 
and clearer compared with normal night temperature in  
K. pinnata. It is supposed that night temperature change 
also might affect the quantity and quality of tonoplast 
proteins (Fig. 1 and 2).  
 In summary, pineapple tonoplasts compared with the 
K. pinnata could keep higher rigidity under high night 
temperatures. Also, tonoplast ATPase of pineapple might 
provide more driving force for malate influx into the 
vacuole than that of K. pinnata under high night 
temperature. Thus, the difference of nocturnal malate 
accumulation between the two CAM species under high 
night temperature can be explained in this way. Analysis 
of tonoplast protein through 2-D PAGE showed different 
protein distribution and composition between pineapple 
and K. pinnata. This may be also the reason why 
pineapple could keep some levels of malate accumulation 
in the vacuole under the high night temperature, whereas 
K. pinnata could not.   
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