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Abstract In this study we show that mitochondria of Dictyo-
stelium discoideum contain both alternative oxidase (AOX) and
uncoupling protein (UCP). AOX was stimulated by purine
mononucleoside and was monomeric. UCP was stimulated by
free fatty acids and was poorly sensitive to GTP. Both proteins
collaborated in energy dissipation when activated together.
AOX expression in free-living ameboid cells decreased strongly
from exponential to stationary phase of growth but much less
during starvation-induced aggregation. In contrast, UCP ex-
pression was constant in all conditions indicating permanent
need. Our results suggest that AOX could play a role in cell
differentiation, mainly by protecting prespore cells from pro-
grammed cell death.

© 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Mycetozoa (slime molds) have been used as model systems
for studying the origin of several characteristics of higher eu-
karyotes such as movement, cell differentiation and morpho-
genesis. Opinions on their phylogenetic affinity have varied
widely over time as they have been classified as plants, ani-
mals, fungi or protists. Molecular phylogenies of rRNA genes
show the Mycetozoa to be polyphyletic and dictyostelid (one
subgroup) and to appear as one of the earliest branches of
mitochondrial eukaryotes [1-3]. However, protein sequence
data analysis supports the Mycetozoa as being a monophy-
letic group and as late-emerging eukaryotes (in the Eukaryotic
Crown Group) more closely related to the ‘super’ animal-
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Abbreviations: AOX, alternative oxidase; BHAM, benzohydroxa-
mate; BSA, bovine serum albumin; CAT, carboxyatractyloside;
DdAOX, alternative oxidase of Dictyostelium discoideum; DdUCP,
uncoupling protein of Dictyostelium discoideum; DTT, dithiothreitol;
EGS, ethylene glycol-bis-(succinimidylsuccinate); FCCP, carbonyl cy-
anide p-trifluoromethoxyphenylhydrazone; FFA, free fatty acids; LA,
linoleic acid; ROS, reactive oxygen species; state 3, phosphorylating
respiration in the presence of added ADP; state 4, resting respiration
in the absence of added ADP; UCP, uncoupling protein; AY¥, mito-
chondrial transmembrane electrical potential

fungal clade than are green plants [4] which would have
emerged earlier as an independent lineage.

Cells of Dictyostelium discoideum multiply as ameboid cells
pinocytosing external nutrients but under starvation they ag-
gregate by chemotaxis to form multicellular slugs. The slugs
move and undergo zonal differentiation before constructing a
fruiting body with a mass of spores and a supporting stalk
made of sterile dead cells. It is striking that this differentiation
is predetermined in the slug [5,6]. Developmental cell death
which produces stalk cells is associated with the release of
apoptosis-inducing pathway factor from the mitochondria
that is involved in a caspase-independent cell death pathway
[71.

A cyanide-resistant ubiquinol alternative oxidase (AOX)
present in all plants, many algae, fungi, some protozoa and
other eukaryotic microorganisms seems to be widespread in
eukaryotes except in the animal clade [8,9]. The plant oxidase
is dimeric and can be stimulated by o-keto acids. The ‘non-
plant-type’, fungal and protozoan AOX generally exists as a
monomer and is not subject to organic acid stimulation but
can be stimulated by purine nucleotides. Uncoupling protein
(UCP), which mediates free fatty acid (FFA)-activated, purine
nucleotide-inhibited H' re-uptake, seems to occur in the
whole eukaryotic world except in fermentative yeast such as
Saccharomyces cerevisiae [10]. These two proteins (AOX and
UCP) are free energy-dissipating systems which both divert
energy from ATP synthesis: AOX can consume the reducing
power provided by substrates without energy conservation
into an H' electrochemical gradient (energy source for ATP
synthesis) and UCP can dissipate the H" gradient built by the
respiratory chain. In specialized tissues, AOX is responsible
for thermogenesis in plants and UCP in mammals. One im-
portant role of AOX and UCP in non-thermogenic tissues is
to decrease the formation of reactive species of oxygen (ROS)
[11-13] that are initiators of apoptosis [14].

It has been shown that application of inhibitors of the
cyanide-resistant ubiquinol AOX to starved D. discoideum
cells induced the formation of cell aggregates in which cells
differentiated mainly into stalk-like sterile cells [15]. More-
over, expression of prestalk-specific genes and prespore-spe-
cific genes was enhanced or inhibited, respectively, suggesting
a particular involvement of cyanide-resistant respiration in
cell type differentiation during the D. discoideum early devel-
opment.

In contrast, nothing is known about UCP in D. discoideum.
UCPs are a subfamily of the mitochondrial anion carrier pro-
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tein (MACP) family, which contains homologous proteins
with a threefold sequence repeat and a MACP sequence sig-
nature. Sequence analysis of the UCP subfamily reveals se-
quence motifs called UCP signatures that have allowed a UCP
phylogenesis description including UCP of D. discoideum [16].

The aim of this study was to show the simultaneous pres-
ence in D. discoideum mitochondria of two free energy-dissi-
pating systems, namely AOX and UCP, to characterize their
activity and regulatory properties, and to compare their pro-
tein expression during the ameboid vegetative life and the
early development of multicellularity. It was found that dur-
ing transformation into aggregates, the expression of AOX
was maintained at a high level compared to the level in sta-
tionary free-living cell culture. Contrarily, the expression of
UCP remained constant.

2. Materials and methods

2.1. Cell culture conditions

Ameboid cells of D. discoideum AX-2 strain (ATCC 24397) were
grown axenically at 20°C in a liquid medium containing: 1.43% (w/v)
proteose peptone (Difco), 0.7% (w/v) yeast extract (Difco), 1.8% (w/v)
maltose, 3.6 mM Na,HPO,4 and 3.6 mM KH,PO4. Small stock cul-
tures (60 ml) supplemented with streptomycin (0.25 g in 1 1) were used
at the late exponential phase for inoculation into 900 ml medium.
Generation time in continuously agitated small and large cultures
was about 12 h. After approximately 70 h of exponential growth, cells
reached the stationary phase with a density of 12-16X10° cells/ml.
Free-living ameboid cells were harvested from cultures at two different
phases of growth, i.e. 30 h (the middle exponential phase) and 70 h
(the stationary phase) after inoculation.

2.2. Aggregation conditions

Ameboid cells from the middle exponential phase of growth were
pelleted, washed and resuspended (to a density around 6X 10° cells/
ml) in a medium containing 20 mM phosphate buffer (pH 6.4), 10
mM KCI and 1 mM MgCl,. Development was initiated by transfer-
ring approximately 3Xx10% cells on 15 large Petri dishes (530 cm?)
with 2% agar. Subsequently cells were incubated at 20°C. Under these
starving conditions, free-living cells aggregated by chemotaxis towards
cAMP diffusing from centrally located cells that results in transfor-
mation into a differentiated multicellular organism (slug, pseudopo-
dium) forming a fruiting body [17,18]. For our study, we collected
cells from three aggregation stages preceding slug formation and dif-
ferentiation, i.e. the small aggregated group (12 h), large aggregated
group (24 h) and large aggregated concentric group (36 h) stages.

2.3. Mitochondrial isolation

Free-living cells and cell aggregates were pelleted by centrifugation
for 5 min at 600X g and washed twice in A medium containing 15
mM KH,PO, and 2 mM Na,HPO4 (pH 6.0). Cells were homogenized
with a Dounce homogenizer (40 ml volume) by six fast strokes. Ho-
mogenate (15%, w/v) prepared in B isolation medium (0.38 M sucrose,
15 mM Tris-HCI, pH 7.6, 0.5 mM EDTA, 1% bovine serum albumin
(BSA), defatted) was centrifuged for 5 min at 800 X g and the resulting
supernatant centrifuged for 10 min at 8600 X g. The pellet was resus-
pended in C isolation medium (0.38 M sucrose, 15 mM Tris—HCI, pH
7.2, 0.5 mM EDTA, 0.5% BSA). Mitochondria were purified on a self-
generating Percoll gradient (25%). The presence of defatted BSA dur-
ing isolation and purification depleted the mitochondria of endoge-
nous FFA. After centrifugation for 40 min at 40 000 X g, mitochondria
were collected and washed twice in medium D (0.38 M sucrose, 15
mM Tris-HCI, pH 7.2).

2.4. Oxygen uptake and membrane potential

Oxygen uptake and mitochondrial membrane potential (A¥) mea-
surements were performed with mitochondria isolated from ameboid
cells from the middle exponential phase of growth. O, uptake was
measured polarographically with a Rank Bros. (Cambridge, UK) oxy-
gen electrode in 2.7 ml of the medium (25°C) containing 120 mM
KCl, 20 mM Tris-HCIl, pH 7.0, 3 mM KH,PO4, 8 mM MgCly,
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plus or minus 0.5% BSA, with 2 mg of mitochondrial protein.
When sensitivity of UCP from D. discoideum (DdUCP) to GTP was
tested, MgCl, was omitted from the incubation medium. The A¥ was
measured simultaneously with oxygen uptake using a tetraphenyl-
phosphonium-specific electrode according to Kamo et al. [19]. Mea-
surements of AY¥ were performed in the presence of 6 UM tetraphe-
nylphosphonium. For calculation of the A¥ value the matrix volume
of mitochondria was assumed to be 2.0 ul/mg protein. Oxidizable
substrates were 10 mM malate or 10 mM succinate, the latter in the
presence of 170 uM ATP and 5 uM rotenone. Cyanide (1.5 mM) and
benzohydroxymate (BHAM, 1.5 mM) were used as inhibitors of the
cytochrome pathway and AOX, respectively. Measurements were per-
formed in the absence (state 4) or presence (state 3) of 0.17 mM
(pulse) or 1.5 mM ADP. The ADP/O ratio was determined by an
ADP pulse method with succinate (plus rotenone) as oxidizable sub-
strate. The total amount of oxygen consumed during state 3 respira-
tion was used for calculation of the ratio. Values of O, uptake are
presented in nmol O/min/mg protein. Details of measurements are
included in the legends of figures.

2.5. SDS-PAGE and immunoblotting of AOX and UCP proteins

Mitochondria isolated from ameboid cells from the middle ex-
ponential phase of growth were solubilized in the sample buffer
(1% (w/v) SDS, 60 mM Tris-HCI, pH 6.8, 10% glycerol, 0.004%
bromophenol blue, with or without reducing agent, | mM dithiothrei-
tol (DTT) or 0.5% B-mercaptoethanol) and boiled for 5 min. Electro-
phoresis (SDS-PAGE) was carried out using 5% polyacrylamide
stacking gel and 12% polyacrylamide resolving gel, followed by West-
ern blotting as described earlier [20]. For AOX immunoblotting anal-
ysis, the procedure of mitochondria treatment with diamide and DTT
(which induce disulfide bond formation and reduction, respectively) as
well as cross-linking with ethylene glycol-bis-(succinimidylsuccinate)
(EGS, a Lys-Lys-specific cross-linker) was performed as described
by Umbach and Siedow [21,22]. Bio-Rad prestained low molecular
mass markers were used. Antibodies raised against the Sauromatum
guttatum AOX (generously supplied by Dr. T.E. Elthon) and anti-
bodies raised against Arabidopsis thaliana UCP (generously supplied
by Dr. P. Arruda) were used at the same dilution (1:1000). The bands
were visualized using the Amersham ECL system.

3. Results and discussion

3.1. Alternative oxidase in D. discoideum (DdAOX) is
‘non-plant-type’ and is efficient in free energy dissipation

As shown in Fig. 1A, when D. discoideum mitochondria
isolated from ameboid cells of the exponential phase of
growth respire with malate as a reducing substrate, cyanide
did not completely inhibit respiration. Cyanide-resistant res-
piration was further stimulated by GMP, very partially inhib-
ited by rotenone (an inhibitor of complex I) and almost to-
tally inhibited by BHAM (an inhibitor of AOX). These
observations indicate that DdAOX is a ‘non-plant-type’
AOX as it is stimulated by purine mononucleotides (GMP
was the most efficient compared to GDP and GTP, not
shown) and that an internal NADH dehydrogenase insensitive
to rotenone (complex I bypass) can provide electrons from
malate to AOX. Measurements of A% changes in state 4 res-
piration showed a high H™ pumping activity with malate
(APY=185 mV) that collapsed in the presence of cyanide (no
AY) and reincreased when AOX was activated by GMP due
to complex I activity driven by AOX (A¥= 150 mV) as prov-
en by its cancellation by rotenone. Thus, DdAAOX provides a
fully dissipating pathway from matrix NADH when its activ-
ity is connected to a rotenone-insensitive inner NADH dehy-
drogenase.

Fig. 1C shows the immunoblotting of the DdAAOX protein
in various conditions, i.e. in the absence or presence of re-
agents: reductant (20 mM DTT), oxidant (3 mM diamide) or
cross-linker (0.5 mM EGS). All conditions led to a single



W. Jarmuszkiewicz et al.IFEBS Letters 532 (2002) 459-464 461

A. B. C.

Malate Succinate

v

e} o
© °© = )]
] Ve s L,
[=] o =< = = S O
e Q S B & W
G O + + +
190 190
%180 ;180 == 35 kDa
S
~— 160 — 160
> B
< 130 <130
100 100
. [
2 min 2 min

Fig. 1. A,B: Influence of GMP on cyanide-resistant respiration, coupling parameters and AY¥Y of D. discoideum mitochondria. Mitochondria
were incubated in the presence of 0.5% BSA. Additions: A: 10 mM malate, 1.5 mM KCN, 0.6 mM GMP, 5 pM rotenone (Rot), 1.5 mM
BHAM; B: 10 mM succinate (plus 5 mM rotenone and 0.17 mM ATP), 0.5 mM GMP (dotted lines), 0.18 mM ADP, 1 uM FCCP. Numbers
on the traces refer to O, consumption rates in nmol O/min/mg protein. Membrane potential changes are shown in mV. C: Immunological anal-
ysis of DdAAOX protein in control (no additions), reducing (+20 mM DTT), oxidizing (+3 mM diamide), and cross-linking (0.5 mM EGS) con-
ditions. The amount of protein loaded for all lanes was 100 pg.

~ 35 kDa band indicating that DAAOX cannot be covalently [24]. Fig. 1B shows the determination of ADP/O ratios after
linked by diamide and thus reduced by DTT, and it cannot be the pulse of ADP in the presence or absence of GMP with

cross-linked by a Lys-specific cross-linker. Thus, DdAOX is succinate as an oxidizable substrate. The transient state 3
not a dimeric and disulfide-linked protein. These results are respiration (phosphorylating respiration) is also visualized
also in accordance with the monomeric properties of ‘non- by a transient drop in A¥Y. The ADP/O ratio was decreased
plant-type” AOX found in some fungi and protozoa [9,23]. from 1.39 (no GMP) to 1.05 (plus 0.6 mM GMP). Taking into

The efficiency of DdAOX in diverting energy from oxida- account these values, contributions of AOX (V) and the
tive phosphorylation can be assessed by the ADP/O method cytochrome pathway (V) in state 3 respiration can be calcu-
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Fig. 2. A,B: Influence of LA on respiratory rates, coupling parameters and A¥ of D. discoideum mitochondria. Mitochondria were incubated
in the presence of 1.5 mM BHAM, 5 uM rotenone, 0.17 ATP and the presence (A) or absence (B) of 1 uM CAT. In A, MgCl, was omitted
from the incubation medium. Additions: A: 10 mM succinate, 6 or 12 uM LA, 0.5% BSA, 2 mM GTP; B: 10 mM succinate, 4 pM LA (dot-
ted line), 0.18 mM ADP. C: Relation between A¥Y and mitochondrial respiration in the presence of BHAM. All measurements were made in
the presence of 10 mM succinate, 5 UM rotenone, 0.17 mM ATP and 1.5 mM BHAM. State 4 was measured in the presence of 1 uM CAT,
state 3 in the presence of 1.5 mM ADP. (@) State 4, (O) state 4 with increasing concentration of LA (2-26 uM), (&) state 4 with increasing
concentration of FCCP (0.005-0.05 uM), () state 3, and (v) state 3 with increasing concentration of CAT (0.08-1.2 ug/mg protein).
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Table 1
Influence of various conditions on the ADP/O ratio with succinate (plus rotenone) as oxidizable substrate
+BSA +LA +BSA +LA —LA, —BSA
+BHAM +BHAM +GMP +GMP —GMP, —BHAM
ADP/O 1.38+0.04 0.98+0.05 1.10£0.03 0.78£0.04 1.34%0.07

Assay conditions were as described in Section 2. The concentrations used were: 1.5 mM BHAM, 0.5% BSA, 4 uM LA, and 0.6 mM GMP
(where indicated). The data are presented as the means £ S.D. from four independent experiments.

lated according to the ADP/O method [24]: Vi =135 nmol
O/min/mg protein, V=43 nmol O/min/mg protein. These
results indicate that when AOX is activated by GMP it can
efficiently divert energy from oxidative phosphorylation dur-
ing state 3 respiration when both AOX and the cytochrome
pathway work simultaneously.

3.2. DAUCP is stimulated by free fatty acids and is efficient in
H*" electrochemical gradient dissipation

DdUCP was immunologically identified with plant antibod-
ies that cross-reacted with a single band at around 32 kDa
(Fig. 3, lower part). The results presented in Fig. 3 show that
the gene of DAUCP [16] is present and translated during the
single-celled ameboid life of D. discoideum as well as during
the development of multicellularity.

In order to check the FFA activation and the GTP inhibi-
tion sensitivity of DAUCP we measured the respiration in
state 4 with succinate (plus rotenone) as a reducing substrate
and the effect of successive additions of linoleic acid (LA) on
respiratory rate and AY¥Y with FFA-depleted mitochondria
(Fig. 2). These measurements were made with mitochondria
isolated from the free-living ameboid cells from the exponen-
tial phase of growth. Fig. 2A shows that state 4 respiration is
accelerated by a low concentration of LA. The concentration
of LA that leads to a half maximum stimulation of UCP-
sustained state 4 respiration was around 10 pM (not shown).
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Fig. 3. Immunodetection of AOX and UCP proteins during single-
cell life and during aggregation phases in D. discoideum mitochon-
dria. The total mitochondrial protein load was 100 pg for AOX de-
tection and 50 pg for UCP detection. Lanes: 1,2: free-living ame-
boid cells from the middle exponential (lane 1) and stationary phase
(lane 2) of growth, i.e. 30 h and 70 h after inoculation, respectively;
3-5: starvation-induced aggregation phases, i.e. 12 h starved small
aggregated group (lane 3), 24 h starved large aggregated group
(lane 4), 36 h starved large aggregated concentric group (lane 5).
The protein bands were visualized by chemiluminescence and quan-
titated digitally. The highest intensity band of the profile was set at
1 and others calculated relative to that value. Relative intensity is
given below each band.

The effects of LA additions on A¥ are also shown in Fig. 2A.
It appears that at low concentration LA induced a mild un-
coupling in state 4 (AY¥ decreased from 183 mV to 175 mV
upon addition of 6 uM LA). GTP had no effect on the LA-
stimulated state 4 respiration and AY in the absence of BSA
and had little recoupling effect on the respiratory rate in the
presence of BSA which chelated FFA. This assay was per-
formed in the absence of MgCl, in the incubation medium.
Results in Fig. 2A indicate that FFA, at low concentrations,
accelerate state 4 respiration through an uncoupling and that
this effect of FFA could be due to a stimulation of UCP
activity (the UCP-sustained respiration) as GTP had little in-
hibitory effect in state 4 respiration in the presence of BSA
and as the measurement was done in the presence of ATP
(and also carboxyatractyloside (CAT)), succinate, and inor-
ganic phosphate that avoids the participation of their respec-
tive carriers in the uncoupling [10].

The proton electrochemical gradient should be partitioned
between UCP and ATP synthesis during state 3 respiration as
both proteins participate in H re-uptake. In order to assess
how efficient DAUCP is in the H™ diversion from ATP syn-
thesis, we measured the ADP/O ratio (with succinate as re-
ducing substrate) in the presence and absence of 4 uM LA,
when AOX was blocked by BHAM. As shown in Fig. 2B, LA
addition increased state 4 respiration but not state 3 respira-
tion. Moreover, it decreased AW of state 4 but not AY of state
3. However, the ADP/O ratio was clearly lowered in the pres-
ence of LA indicating that in state 3, even if the respiratory
rate was not modified, activation of UCP by LA diverts en-
ergy from ATP synthesis. The contribution of UCP (Vycp)
and ATP synthase (Veyicons) in HT re-uptake during state 3
respiration can be calculated [25] from the ADP/O values in
the absence or presence of LA (1.37 and 0.92, respectively).
When UCP was activated by 4 uM LA, the contribution of
UCP was 51 nmol O/min/mg protein and the contribution of
ATP synthase was 115 nmol O/min/mg protein. Thus, activa-
tion of UCP by LA at low concentration can efficiently divert
energy from oxidative phosphorylation. Other carriers that
could participate in uncoupling induced by LA in state 4 (at
least in animal mitochondria), namely the ADP/ATP carrier
[26], the dicarboxylate carrier [27], the phosphate carrier [28],
and the aspartate/glutamate carrier [29,30], are mainly em-
ployed in the import of their substrates during state 3 respi-
ration (except the last one in our conditions). Thus, it is un-
likely that mitochondrial uncoupling mediated by these
carriers occurs during phosphorylating respiration and is re-
sponsible for the decrease in the ADP/O ratio observed here.

It was important to check if in D. discoideum mitochondria,
the LA-induced increase in state 4 respiration was only due to
a proton recycling by UCP and thus if it corresponds to a
pure protonophoric effect of LA. The results shown in Fig. 2C
report relations between couples of A¥ and respiratory rate
measurements in state 4 and state 3. State 4 respiration was
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titrated in two conditions, i.e. with increasing concentrations
of LA or carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone (FCCP). State 3 respiration was titrated with increasing
concentrations of CAT. The maximal coupled (state 3) and
uncoupled respiration were the same and the LA maximally
stimulated respiration was a little lower. Nevertheless, a set of
conditions constituted a single force-flow relationship indicat-
ing that LA exerts the same control of the flow (oxygen con-
sumption rate) as the protonophore FCCP. These results in-
dicate that LA has a pure protonophoric effect and does not
interact directly with the respiratory chain, therefore does not
induce an intrinsic uncoupling (slip).

3.3. Collaboration of DAAOX and DAUCP in
energy dissipation

As in plant and yeast Candida parapsilosis mitochondria,
LA inhibits AOX and activates UCP, the two energy-dissipat-
ing systems cannot work together at their maximal rate
[31,32]. As shown in Table 1, in FFA-depleted D. discoideum
mitochondria, the activities of AOX and UCP have an addi-
tive effect on the yield of oxidative phosphorylation. When
DdUCP was activated by a low concentration of LA (4 uM)
in the presence of BHAM (exclusive effect of UCP) or when
DdAOX was activated by 0.6 mM GMP in the presence of
BSA (exclusive effect of AOX), the ADP/O decreased com-
pared to the control value measured with both energy-dissi-
pating systems blocked. However, the lowest ADP/O value
was observed when both proteins, AOX and UCP, were acti-
vated indicating a cumulative effect of both dissipating path-
ways on the oxidative phosphorylation efficiency. This collab-
oration of AOX and UCP, observed also in mitochondria of
the ameba Acanthamoeba castellanii [33], results from insensi-
tivity of cyanide-resistant respiration (i.e. AOX activity) to
LA inhibition. In D. discoideum mitochondria, increasing the
LA concentration within the 0-26 pM range did not inhibit
AOX activity (not shown). Thus, it seems that FFA-regulated
interaction between AOX and UCP changed with evolution,
not being present in Mycetozoa and A. castellanii, less dra-
matic in fungi and strong in plants [10].

3.4. DAAOX and DAUCP protein expression

Changes in the expression of AOX and UCP proteins dur-
ing single-celled life and aggregation phases of D. discoideum
are shown in Fig. 3. When free-living ameboid cells were
harvested in the middle exponential phase of growth, a large
amount of AOX was immunodetected (Fig. 3, lane 1). When
cells were harvested in the stationary phase of growth, the
amount of immunodetected DdAOX was much lower (lane
2), indicating a strong down-regulation of expression (around
20-fold). In contrast, when cells from the exponential phase of
growth were starved to induce aggregation, the expression of
DdAOX was maintained at around a 50% level for the three
stages of aggregation i.e. after 12 h, 24 h and 36 h of starva-
tion (lanes 3-5). This indicates that during the aggregation
phases, which precede the cell differentiation, the expression
of DAAOX is maintained at a quite high level. Results from
free-living cells (not starved) of D. discoideum match with
those obtained with A. castellanii cells, where the amount of
AOX protein drops significantly in the stationary phase of
growth [23]. In D. discoideurn mitochondria, the evolution
profile of DAUCP protein showed a constancy in its expres-
sion in all conditions, both in free-living exponential and in
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stationary cell phases (lanes 1,2) and aggregating cell phases
(lanes 3-5). These observations favor the idea of a constant
need of UCP in D. discoideum cells whatever the age or level
of cellularity (uni- or pluri-). The stability of the amount of
protein was also observed for the mitochondrial adenine nu-
cleotide translocator in D. discoideum cells from the vegetative
stage throughout development, even if mRNA levels de-
creased rapidly after starvation [34].

3.5. Conclusion

The results of the present study can be summarized as fol-
lows.

D. discoideum mitochondria contain simultaneously two
free energy-dissipating systems, AOX and UCP. DdAOX is
a monomeric, GMP-stimulated, FFA-insensitive ‘non-plant-
type’ AOX that is efficient in free energy dissipation by de-
creasing the yield of oxidative phosphorylation during state 3
respiration. DAUCP is stimulated by FFA and almost insen-
sitive to GTP. The sensitivity of UCP to GTP could be an
evolutionary acquisition that appeared only in fungal and
animal clades [10]. The FFA-induced increase in state 4 res-
piration is a pure protonophoric effect of LA that could be
due to a proton recycling by DAUCP. FFA did not stimulate
state 3 respiration but decreased the ADP/O ratio indicating
that DAUCP activation by FFA can divert energy from oxi-
dative phosphorylation due to an H* electrochemical gradient
partitioning between DdUCP and ATP synthase. Thus,
DdAOX and DAUCP can collaborate in free energy dissipa-
tion and thereby weaken oxidative phosphorylation together.

DdAOX and DAUCP proteins are expressed throughout
the life of D. discoideum, i.e. in vegetative free-living cells
and during development of multicellularity. However, while
DdUCP protein remains at a constant level, like adenine nu-
cleotide transporter [34], indicating a permanent need of both,
the expression of AOX protein is down-regulated at the sta-
tionary phase of growth in non-starved cell culture. Con-
versely, during starvation-induced development, the level of
AOX protein remains at least 10 times higher compared to
the stationary phase cells. This indicates an essential role of
AOX in D. discoideum development and differentiation. It can
be proposed that DdAAOX could play a key role in cell differ-
entiation in relation to the ability of energy-dissipating sys-
tems to decrease ROS production in vivo and in vitro [10-
13,35]. Indeed, ROS are considered to be early inducers in
programmed cell death [14]. As transformation of D. discoi-
deum aggregates into slug and finally into the fruiting body
involves the differentiation of cells in 80% in viable spores and
in 20% in dead stalk cells (resulting from developmental cell
death) [36], it can be proposed that signals which control this
80:20 ratio could down-regulate expression of DdAOX in
prestalk cells and up-regulate its expression in prespore cells.
Thus, by decreasing ROS production, DAAOX could play an
important role in supporting the viability of prespore cells,
while its down-expression could allow developmental cell
death of prestalk cells. This proposal also explains the effect
of AOX inhibitor which induces the formation of mainly
stalk-like cells during differentiation [15].
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