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- detection by nitroblue tetrazolium aox1a Plants Display Altered Metabolite Profiles GC-MS

differences could be broadly

classed as decreases in

amino acids and organic

acids and increases in

sugars. This kind of

metabolic pattern is

consistent with the notion that

loss of AOX1a could form a

constriction of primary

metabolism in aox1a plants

by decreasing the capacity

of the tricarboxylic acid

(TCA) cycle to operate

uncoupled from oxidative
phosphorylation



Microarray analysis (MapMan software). Overview of changes in transcript abundance associated with primary metabolism significantly
changed between aox1a and Col-0 under moderate light and drought treatment conditions (decreases in transcripts of genes encoding
proteins involved in photosynthesis, photorespiration, and cell wall metabolism and increases in transcripts for genes encoding
components of Suc and starch metabolism and flavonoid production were observed)
* Under normal conditions: increases in transcript abundance for genes encoding proteins involved in cell wall modification and synthesis
and lipid synthesis, photorespiration and antioxidant defense.



Large differences in the transcriptome between aox1a and Col-0 are supported by PCA: Large difference between aox1a in normal 
conditions versus treatment. Differences between aox1a and Col-0 under normal conditions are also evident, and while there are smaller 
difference between Col-0 normal and treated samples. 

Conclusion: The absence of AOX1a leads to a change in the

transcriptome even under normal conditions. The changes

in transcript levels of several genes encoding components

involved in ROS defense, signaling, transcription factors,

and proteins located in mitochondria and chloroplasts

indicate that signaling and communication are altered.

Upon stress these alterations result in a drastically different

stress response. The absence of AOX1a results in a basal

ROS defense and signaling network that appears to be
overwhelmed upon stress treatment.



Thermogenesis is restricted to relatively few plant species.

In non-thermogenic plants, synthesis of AOX is up-regulated at

the transcriptional level by several biotic and abiotic stresses,

including cold stress. However, the cold induction is clearly not to

heat the tissue. During cold stress, reactive oxygen species

(ROS) are formed, and other stress treatments that lead to

elevated ROS also induce AOX.

ROS (e.g., superoxide and hydrogen peroxide) are formed as by-

products of electron transport under aerobic conditions. ROS

can cause damage to proteins, lipids, and DNA and the cell must

therefore limit their formation

AOX helps prevent overreduction of the ETC and thus lowers

ROS production. Overexpression of AOX in cultured cells

lowered the steady state level of ROS, whereas suppression of

AOX increased it. Similar results have been observed in intact

plants. These results point to the mitochondrion as an important

site of ROS generation and ROS signaling in plant cells



Respiração
Eléctrodo de oxigénio

“Clark-type”

Eléctrodo ligada a uma unidade de controle que  estabelece um potencial entre a 
platina e a prata (700 mV). No cátodo de platina o O2 é reduzido  e a corrente 
passa  através do circuito (fuma fina camada de KCl serve de electrólito). A  prata
(ânodo) é oxidada depositando-se cloreto de prata

A respiração faz diminuir a concentração de O2 na câmara e no cátodo e a 
voltagem diminui  proporcionalmente.  

Temperatura, Calibração (100%, 0% )
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Plant respiration: the two terminal oxidase
enzyme complexes, cytochrome c oxidase
(CcO) and the di-iron alternative oxidase
(AOX), compete for electrons in the
mitochondrial electron transport chain
where each are coupled to different
efficiencies of ATP synthesis through the
plant respiratory process. The fact that they
show different heavy 18O isotope
fractionation has enabled differential fluxes
to be determined in vivo

Isotope fractionation: AOX activity in vivo 
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Mass spectrometry-liquid or gas phase measurements



Inflorescences heat up to 42ºC. AOX
contributed more than 90% of
respiratory flux during peak heating.
AOX protein increased 5-fold with
the onset of thermogenesis,
whereas UCP remained low
throughout development. These
data indicate that AOX is primarily
responsible for heating. 
No direct correlations between 
AOX content and respiratory flux 
via the AOX in fertile-male florets, 
indicating that regulation of AOX 
activity is post translational.

Total respiratory flux (grey +white)
and fluxes through the AOX (white)
and COX (grey) pathways by
developmental stage in fertile male
florets.

In the heat of the night - alternative pathway respiration drives thermogenesis in 
Philodendron bipinnatifidum

Mass spectrometry
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Protein detection
by antibodies
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ALTERNATIVE OXIDASE is regulated at the gene expression and protein activity levels  

Post-translational regulation:

-AOX is embedded in the inner leaflet of
the inner mitochondrial membrane, with
the active site exposed to the matrix.

-The functional form of the enzyme is a
reduced dimer, non-covalently linked.
The two subunits of the AOX dimer can be
covalently linked through a disulfide bridge
(ponte disulfeto) between cysteine
residues (relatively inactive), a thioredoxin
system converts this form into a more
active form with free thiol groups
(reduced).

-Binding of pyruvate (Pyr) to the reduced
enzyme and increases in the concentration
of the substrate ubiquinol (UQH2) inside the
inner membrane and increases activity.

Thioredoxins regulate enzymes by reducing
disulfide bridges. The presence of thioredoxin
regulation connects the AOX activation level to the
mitochondrial NADPH pool and the oxidation of
citric acid cycle metabolites by NADP-utilizing
enzymes.

AOX is generally present and expressed in plants and plant organs. It also occurs in some species of fungi
and protists, and has even been found, contrary to previous beliefs, in several groups of “primitive 
animals” but not in vertebrates or arthropods (McDonald et al. 2009 doi:10.1242/jeb.032151).



Arabidopsis thaliana has five AOX isoforms (AOX1A–AOX1D and AOX2). AOX1D 
expression is increased in aox1a knockout mutants from Arabidopsis but cannot 
compensate for the lack of AOX1A, suggesting a difference in the regulation of these 
isoforms. 

Therefore, we analyzed the different AOX isoenzymes with the aim to identify 
differences in their posttranslational regulation. Seven tricarboxylic acid cycle 
intermediates (citrate, isocitrate, 2-oxoglutarate, succinate, fumarate, malate, and 
oxaloacetate) were tested for their influence on AOX1A, AOX1C, and AOX1D wild-type 
protein activity using a refined in vitro system. 



Isolated mitochondria

Recombinant AOX 
proteins
each isoform was
recombinantly
expressed in E. coli
BHH8, and membrane
vesicles enriched in
individual AOX proteins
were isolated



AOX1C is insensitive to all seven organic acids
AOX1A and AOX1D are both activated by 2-oxoglutarate
but only AOX1A is additionally activated by oxaloacetate. 
Furthermore, AOX isoforms cannot be transformed to mimic one another by 
substituting the variable cysteine residues at position III in the protein. 

AOX isoforms from Arabidopsis are differentially fine-regulated by tricarboxylic acid 
cycle metabolites (depending on the amino-terminal region around the highly 
conserved cysteine residues known to be involved in regulation by the 2-oxo acids 
pyruvate and glyoxylate) and propose that this is the main reason why they cannot 
functionally compensate for each other.



Upon activation by long-chain fatty acids (LCFAs), UCP1 increases the conductance

of the inner mitochondrial membrane (IMM) to make Brown fat (BAT) mitochondria

generate heat rather than ATP. Its activation by fatty acids, which overcomes its

inhibition by purine nucleotides (ATP, GTP)

UCP1 has the same structural fold as other mitochondrial carriers. Is a monomer,

binding one purine nucleotide and three cardiolipin molecules tightly.

GTP, produced in the Krebs cycle (conversion of succinyl Co-A into succinate) under

intense mitochondrial activity, GTP concentration increases in the matrix to support

RNA and protein synthesis together with the inhibition of UCP energy dissipation,

thereby promoting ATP synthesis.

UCP in mammals   



4-hydroxy-2-nonenal (HNE), a product of lipid peroxidation (and a

structurally related compound, trans-retinal) stimulate a proton conductance in

potato mitochondria that is inhibited by GTP (a characteristic inhibitor of UCP).

It is questionable whether most plant organs present the FAs concentrations at

the levels necessary to sustain UCP activity. Mitochondria isolated from plants

are able to uncouple respiration even in the absence of added FFAs: It is

possible that phospholipases could provide FFAs to support UCP activity.

UCP in plants 



HNE: lipid peroxidation product
that activates UCP

In Arabidopsis : UCP1, 2 and 4

a

specific inhibition of photorespiration


