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Abstract

A range of biotic and abiotic stresses increase levels of reactive oxygen species 

(ROS) in plants due to perturbations of chloroplast and mitochondrial metabolism and 

the generation of ROS in defence responses. The polyunsaturated fatty acids of 

membrane lipids are susceptible to ROS induced peroxidation yielding various 

aldehydes, alkenals and hydroxyalkenals including the cytotoxic compound 4-hydroxy-

2-nonenal (HNE). HNE has the potential to cause substantial oxidative damage in cells 

via its reactivity with sulfhydryl groups of cysteine (Cys) and lipoic acid, the imidazole 

group of histidine (His) and the ε-amino group of lysine (Lys) protein residues.

Analysis of the components of the plant respiratory electron transport chain to 

HNE revealed a particular susceptibility to inhibition of activity of the alternative 

oxidase (Aox). Incubation with HNE prevented dimerisation of Aox protein, suggesting 

that one site of modification was the conserved cysteine residue involved in 

dimerisation and activation of this enzyme (Cys1). However, a naturally occurring 

isoform of Aox lacking Cys1 and unable to dimerise, LeAox1b from tomato, was 

equally sensitive to HNE inhibition, showing that other amino acid residues in Aox also 

interact with HNE and are likely responsible for inactivation of the enzyme. These 

results have some significance for the response of plants to ROS as Aox is thought to 

aid in prevention of ROS accumulation in plants and to be up-regulated during periods 

of stress. In contrast, the cytochrome c oxidase was relatively insensitive to HNE.

The broader impact of HNE on the whole Arabidopsis mitochondrial proteome 

was examined by use of various 2-dimensional gel separation techniques coupled with 

use of HNE-adduct antibodies. 32 proteins involved in a number of mitochondrial 

functions were found to be susceptible to modification by HNE, including components 

of the electron transport chain, the TCA cycle, as well as proteins involved amino acid 

metabolism and stress-responses. Implications of modification of these proteins by HNE 

are discussed.
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As HNE is produced in vivo during oxidative stress, the profile of mitochondrial 

targets of HNE was examined from Arabidopsis cell cultures exposed to various 

oxidative stress inducers. Menadione and hydrogen peroxide induced oxidative stress 

throughout the cell, while antimycin A initiated a mitochondrial targeted stress. A 

differential profile of mitochondrial proteins was observed to be modified by HNE in 

the various treatments. These results also showed that induction of stress within a whole 

cell can impact lipid peroxidation within the mitochondria.

Overall, this work showed the presence and production of HNE in plant cells, 

and that HNE, both exogenous and endogenous, has the ability to modify a specific 

subset of mitochondrial proteins. In several cases this HNE modification was shown to 

have functional or structural consequences.
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1.1 Mitochondria

The mitochondrion (from Greek mitos, thread + khondrion, granule) is the 

energy-producing organelle found in most eukaryotic cells. According to the 

endosymbiotic theory, mitochondria are descended from free-living prokaryotes whose 

closest modern-day relative is thought to be rickettsia bacteria. The role of the 

mitochondrion in the synthesis of ATP formed by oxidative phosphorylation (OxPHOS)

is well established (reviewed in) (Saraste, 1999). Prior to the evolution of mitochondria, 

organisms relied on anaerobic respiration (glycolysis) for ATP production. However, 

glycolysis is relatively inefficient, with 2 molecules of ATP produced per glucose 

oxidised compared to 30 molecules of ATP produced per glucose via aerobic respiration

(Alberts et al., 2002). It is generally accepted that without inclusion of mitochondria 

into cells, multi-cellular life would likely not have been able to be sustained, as the 

maintenance energy requirement for multi-cellular organisms is greater than for single 

celled organisms.

Mitochondria are responsible for the synthesis of ATP by OxPHOS and the

biosynthesis of amino acids, vitamin cofactors, fatty acids, and iron-sulfur clusters 

(Mackenzie and McIntosh, 1999; Bowsher and Tobin, 2001). In addition, mitochondria

are one of three cell compartments involved in photorespiration (Douce and Neuburger, 

1999), they are implicated in cell signaling (Logan and Knight, 2003), and it has been 

proposed that they are involved in programmed cell death (Jones, 2000; Swidzinski et 

al., 2004).

Mitochondria contain their own genome and are able replicate their own DNA. 

However the majority of the genes for mitochondrial proteins are encoded in the nuclear 

genome and the proteins are imported into mitochondria post-translation (Whelen and 

Glaser, 1997). Mitochondria differentiate, increase in size or respond to changes in their 

environment and are able to divide by binary fission according to a cell’s energy 

requirements, regardless of the cell cycle (van der Bliek, 2000).
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1.1.1 Mitochondria Structure

Mitochondria are highly dynamic organelles composed of an outer membrane 

and a highly invaginated inner membrane which surrounds the matrix (Fig. 1.1). The 

area between the two membranes is termed the intermembrane space, while the area

enclosed by the inner membrane is termed the matrix. Although the two membrane 

systems are both composed of phospholipids and proteins, they perform very different 

functions.

1.1.1.1 The Outer Membrane

Enclosing the entire organelle is the mitochondrial outer membrane. This 

membrane has a protein:phospholipid ratio of  about 1:1 (by weight) (Mannella and 

Bonner, 1975), and contains many pore-forming porin proteins. These proteins are 

permeable to all molecules 5 kDa or less, including small proteins, allowing non-

selective transport of small molecules into and out of the organelle. The outer 

membrane also contains protein import machinery such as the Translocase on the Outer 

Membrane (TOM) (Jansch et al., 1998), which facilitate the import of the nuclear-

encoded mitochondrial-targeted proteins.

1.1.1.2 The Inner Membrane

The inner mitochondrial membrane is highly invaginated, forming cristae, 

thereby allowing an increased surface area. In contrast to the outer membrane, the inner 

membrane is highly impermeable to dissolved anions and cations, but allows free 

passage of O2, CO2 and H2O. The inner membrane does not contain porins, although it 

does have specific transport proteins such as the Translocase of the Inner Membrane

(TIM) that allows selective passage of proteins into the matrix (Bauer et al., 1996). In 

addition, the inner mitochondrial membrane contains specific transporters for anions 

and cations (Walker and Runswick, 1993). The inner membrane is also host to the 

proteins involved in respiratory electron transport and OxPHOS.
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Figure 1.1. Schematic structure of the mitochondria. Mitochondria consist of a 
permeable outer membrane and a highly invaginated, impermeable inner membrane. 
The area between the two membranes is termed the intermembrane space, and the area 
enclosed by the inner membrane is termed the matrix.
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1.1.1.3 The Matrix

The space enclosed by the inner membrane is termed the matrix. The 

mitochondrial genome is located in the matrix, as well as the necessary machinery to 

express the mitochondrial genome, such as ribosomes and tRNA. The matrix also 

contains the enzymes of the pyruvate dehydrogenase complex (PDC), tricarboxylic acid 

(TCA) cycle and photorespiration. In addition, the matrix contains metabolite pools and 

the important cofactors NAD+, NADH, ATP, ADP, CoA and TPP.

1.2 Aerobic Respiration

Cellular respiration encompasses a number of different reactions, localised in 

both the cytosol and mitochondria. These reactions are glycolysis, the TCA cycle, 

electron transport and OxPHOS. Glycolysis occurs in the cytosol of the cell while the 

TCA cycle, electron transport and OxPHOS occur in the mitochondria, with the TCA 

cycle in the matrix and electron transport and OxPHOS in the inner membrane (Fig. 

1.2). The interaction between the cytosol and the mitochondria is in the form of organic 

acids, which are oxidised from sugars (which in plants are provided by photosynthesis

in the chloroplast) through the glycolytic cycle. These organic acids are converted to

pyruvate and then the PDC converts the pyruvate to acetyl CoA. Acetyl CoA can then 

enter the TCA cycle, combining with oxaloacetate to produce citrate. The NADH and 

succinate generated by the TCA cycle are oxidised by the electron transport chain 

complexes I and II, respectively. These electrons are passed through the chain, down an 

electrochemical gradient, ultimately reducing oxygen to water. The movement of 

electrons through the chain is coupled with the translocation of protons from the matrix 

to the intermembrane space (Mitchell, 1961). The translocation of protons across the 

membrane results in the formation of an electrochemical gradient (ΔμH
+) that is utilized 

to produce ATP via the ATP synthase which converts the potential energy of the ΔμH
+

to chemical energy, forming a bond between ADP and Pi (Mitchell, 1961).
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Figure 1.2. Overview of the processes involved in respiration. Sugars produced 
through photosynthesis in the chloroplast are converted to organic acids in the cytosol 
via glycolysis. They are then transported into the matrix of the mitochondrion where 
they are used converted to pyruvate, which is then used to produce acetyl CoA by PDC. 
Acetyl CoA can then enter the TCA cycle, combining with oxaloacetate to form citrate. 
NADH and succinate produced through the TCA are oxidised by complexes I and II, 
respectively, of the electron transport chain. The transport of electrons through the chain 
is performed with a concomitant translocation of protons across the membrane which 
results in the formation of an electrochemical gradient, which is the driving force for 
OxPHOS, the generation of ATP from ADP and Pi by the ATP synthase.
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1.2.1 Tricarboxylic Acid Cycle

The reactions of the TCA cycle occur in the mitochondrial matrix and involve 

the oxidation of pyruvate to CO2 (Fig. 1.2). Pyruvate is a product of glycolysis, and is 

also formed through the action of the malic enzyme in plant mitochondria. It is

converted to acetyl CoA by PDC. While this reaction is not strictly part of the TCA 

cycle, it is essential for functioning of the cycle because it provides acetyl CoA. The 

action of the PDC also results in the production of NADH. Acetyl CoA combines with 

oxaloacetate to produce citrate, a reaction catalysed by citrate synthase. Citrate is then 

isomerised to isocitrate by aconitase. Isocitrate dehydrogenase then decarboxylates α-

ketoglutarate to form isocitrate, with the concomitant production of NADH and CO2. α-

ketoglutarate is decarboxylated to succinyl-CoA by the α-ketoglutarate dehydrogenase

complex (α-KGDHC), producing NADH and CO2. The formation of succinate from 

succinyl-CoA by the succinyl-CoA synthetase involves the formation of ATP. Succinate 

is then oxidised to fumarate by succinate dehydrogenase with the concomitant 

production of FADH2. Succinate dehydrogenase is also a component of the respiratory 

electron transport chain, with the bound FAD transferring electrons directly to 

ubiquinone. The fumarate produced by succinate dehydrogenase is hydrolysed to malate 

which is then oxidised to form oxaloacetate by the malate dehydrogenase, producing 

NADH. The overall yield of one round of the TCA cycle is 4 NADH molecules, 1 

molecule of FADH2, and 1 molecule of ATP. The TCA cycle also provides the 

substrates (NADH and succinate) required for initiation of the electron transport chain.
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Figure 1.2. Reactions of the tricarboxylic acid cycle of plant mitochondria. The 
enzymes of the TCA cycle, including PDC and malic enzyme, are shown in blue. The 
first step of the TCA cycle is the combination of acetyl-CoA with oxaloacetate by 
citrate synthase. The overall yield of the TCA cycle is 4 NADH molecules, 1 molecule 
of FADH2, and 1 molecule of ATP. In addition, substrates of the electron transport 
chain are produced through the TCA cycle (NADH and succinate).
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1.2.2 Electron Transport Chain

Plant respiratory electron transport is carried out by 4 major multi-subunit 

complexes located in the inner membrane. Also involved are 2 small mobile electron 

carriers, ubiquinone (UQ) and cytochrome c (cyt c). Complex I is an NADH-ubiquinone 

oxidoreductase, also termed an NADH dehydrogenase (NADH DH). It catalyses the 

oxidation of NADH produced by the TCA cycle, reducing UQ (Fig. 1.3). This reaction 

is coupled to the translocation of a proton from the matrix to the intermembrane space, 

and can be inhibited by rotenone (Moore and Rich, 1985). Complex II, also termed 

succinate dehydrogenase, catalyses the oxidation of succinate, also reducing UQ.

Complex II activity can be competitively inhibited by malonate (Moore and Rich, 

1985), and is not coupled with the translocation of protons. In contrast to mammalian 

mitochondria, plant mitochondria also contain additional, alternative enzymes that are 

able to reduce UQ. These enzymes are the external NAD(P)H DHs and the internal 

NAD(P)H DHs (Rasmusson et al., 2004). These complexes are able to oxidise NADH 

and/or NADPH, reducing UQ. Unlike the complex I NADH DH, these alternative 

NAD(P)H DHs are insensitive to rotenone. Regulation of the external NADH DHs is 

based on a lower affinity for NADH compared to complex I, consequently they only 

appear to be active when the concentration of NADH is relatively high (Soole et al., 

1990).

Electrons are then transferred from the reduced UQ (UQH2) to complex III, also 

termed the bc1 complex. Complex III is able to catalyse the reduction of cyt c, coupled 

to the translocation of protons from the matrix to the intermembrane space. Complex III 

is sensitive to inhibition by antimycin A and myxothiazol (Moore and Rich, 1985).

Cytochrome c is associated with the intermembrane face of the inner membrane and 

transports electrons from complex III to the final complex of the chain, complex IV. 

Complex IV, also termed cytochrome c oxidase (Cox), accepts electrons from the 

mobile electron carrier cytochrome c and ultimately reduces oxygen to water, thereby 

acting as a terminal oxidase. Activity of complex IV is coupled to the translocation of 

protons from the matrix to the intermembrane space. Complex IV is sensitive to 

inhibition by cyanide, azide and CO (Moore and Rich, 1985).
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Figure 1.3. Schematic representation of the plant respiratory electron transport 
chain. Electron transport is initiated by transfer of electrons from NADH through 
complex I, the alternative internal NAD(P)H dehydrogenase, external NAD(P)H 
dehydrogenases or from succinate through complex II. Electrons are passed through the 
chain, down an electrochemical gradient with the ultimate reduction of O2 to H2O at 
complex IV or the Aox. Complexes involved in translocation of protons are complexes 
I, III and IV. The protons translocated by these complexes aid in the generation of an 
electrochemical gradient which drives formation of ATP from ADP and Pi by complex 
V.
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Electron transport through to complex IV is termed the cytochrome pathway of 

respiration. In contrast to mammalian mitochondria, plant mitochondria possess an 

alternative route for electrons from UQH2. The plant alternative oxidase (Aox) is a 

terminal oxidase that is able to oxidise UQH2, reducing O2 to H2O. The activity of Aox 

is not coupled to proton translocation and requires pyruvate to be active (Millar et al., 

1993; Day and Wiskich, 1995). Aox activity is sensitive to inhibition by n-propyl-

gallate (n-PG) (Moore and Rich, 1985) as well as the redox poise of the electron 

transport chain (Siedow and Moore, 1993). Electron transport through this Aox is 

termed the alternative pathway of respiration. Partitioning of electron transport through 

either the cytochrome or the alternative pathway is regulated by the redox state of the 

UQ pool, with the cytochrome pathway being the ‘default’, or more active, pathway

(Bahr and Bonner, 1973).

1.2.3 Oxidative Phosphorylation

The coupling of electron transport to ATP synthesis is called OxPHOS. As 

mentioned above, the transfer of electrons through the respiratory chain is coupled with

the translocation of protons across the inner membrane, from the matrix to the 

intermembrane space, exclusively via complexes I, II and IV. This translocation of 

protons establishes a transmembrane ΔμH
+. The ΔμH

+ is the driving force for the 

formation of ATP. As protons are pumped into the intermembrane space and ΔμH
+ 

increases, subsequent pumping of protons out of the matrix is restricted. This restriction 

can be alleviated by the flow of protons back into the matrix via complex V, the ATP 

synthase (Fig 1.4). As protons are brought back into the matrix, ADP is phosphorylated 

to generate ATP, the cells energy source. It should be noted that electron transport via 

the additional alternative components of the plant mitochondrial respiratory chain, 

namely external/internal NAD(P)H DHs and the Aox, reduce the energy yield of the 

mitochondria as they bypass one, or potentially all of the sites for proton translocation. 

Implications of activation and up-regulation of these alternative pathways are discussed 

further in this chapter.
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1.2.4 Alternative NAD(P)H Dehydrogenases

Plants have a unique, highly branched respiratory chain with several additional 

alternative NAD(P)H DHs donating electrons into the UQ pool (Rasmusson and Moller, 

1990). This alternative pathway provides a route for electrons from NAD(P)H to O2, 

without the translocation of protons. Specifically, plant mitochondria contain four

external NAD(P)H DHs (Michalecka et al., 2003), capable of oxidising cytosolic 

NAD(P)H, as well as two internal NAD(P)H DHs (Moore et al., 2003; Elhafez et al., 

2006), capable of oxidising matrix NAD(P)H. The different alternative NAD(P)H DHs

exhibit different substrate specificities (NADH cf. NADPH) and activation or inhibition 

by various substrates, substrate concentrations, or pH conditions. For example, it has 

been shown that both external and internal NADPH DH activity is stimulated by 

calcium, while the respective NADH DH activities appear less calcium-dependent

(Moore and Akerman, 1982; Rasmusson and Moller, 1991). As these alternative 

NAD(P)H DHs have the ability to uncouple electron transport from OxPHOS, thereby 

decreasing the amount of ATP synthesised, activation and up-regulation of these 

pathways must be controlled. It has been shown that specific alternative NAD(P)H DH

genes are up-regulated during periods of oxidative stress, while other NAD(P)H DH

genes were down-regulated, suggesting protective and housekeeping roles, respectively

(Elhafez et al., 2006). In addition, internal NADH DH activity has been shown to 

decrease following exposure of potato leaves to antimycin A (Geisler et al., 2004).

1.2.5 Respiratory Supercomplexes

The complexes of the mammalian respiratory electron transport chain are not 

randomly floating about in the membrane, but are believed to be highly organised into 

supercomplexes (Schagger and Pfeiffer, 2000; Schagger, 2001). Recently it has been 

shown that in Arabidopsis respiratory complexes form four types of supercomplexes;

V2, I/III2, III2 and I2III4 (Eubel et al., 2003; Dudkina et al., 2005). In addition to these 

supercomplexes in Arabidopsis mitochondria, additional supercomplexes involving 

complex IV have been identified in potato tubers and spinach (Eubel et al., 2004a; 

Eubel et al., 2004b), although these appear not to be present in measurable abundance in 

Arabidopsis.
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While the roles of supercomplexes in mitochondria are unknown, it has been 

proposed that they are involved in the enhancement of activity rates of the electron 

transport chain (Schagger and Pfeiffer, 2000). In addition to this role of increasing 

respiratory capacity, it has been suggested that supercomplexes are involved in the 

structural organisation of the inner membrane. Specifically, it has been proposed that 

the dimeric complex V supercomplex is responsible for the folding of the inner 

membrane (Dudkina et al., 2006).

1.2.6 Uncoupling Proteins

In addition to the uncoupling of electron transport from OxPHOS by Aox, plant 

mitochondria also contain a proton electrochemical dissipating plant uncoupling 

mitochondrial protein (PUMP) (Vercesi et al., 1995; Laloi et al., 1997; Maia et al., 

1998). As with the other uncoupling pathways described in the mitochondria, PUMP 

activity leads to a decrease in the efficiency of ATP synthesis. PUMPs appear to 

function in a similar manner to the mammalian uncoupling protein (UCP) first 

discovered in brown adipose tissue (Ricquier and Kader, 1976). Activation of PUMP is 

believed to be mediated by free fatty acids (Sluse et al., 1998), where PUMP activity 

appears to be up-regulated by fatty acids (Borecky et al., 2006). Interestingly it has been 

shown that the same levels of fatty acids inhibit the activity of Aox (Borecky et al., 

2006). Implications of the antagonistic mediation of fatty acids are discussed later in 

this chapter.

It has also been shown that superoxide is able to activate PUMP (Considine et 

al., 2003), and activation of PUMP is believed to aid in lowering levels of reactive 

oxygen species (ROS) in mitochondria during periods of stress (Laloi et al., 1997; 

Moller, 2001; Calegario et al., 2003). In tobacco plants over-expressing PUMP, an 

increase in tolerance to hydrogen peroxide-induced oxidative stress was observed 

(Brandalise et al., 2003) compared to wild-type plants. While the specific regulation of 

PUMP is largely unknown, it has been proposed that PUMP activation under hyper 

osmotic stress may be due to modulation of PUMP activity rather than to an increased 

protein synthesis (Trono et al., 2006). 
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1.3 The Alternative Oxidase

 It is generally accepted that Aox acts as an important survival protein during 

periods of stress (Robson and Vanlerberghe, 2002). However, as electron transport 

through Aox bypasses 2 of the 3 sites of proton translocation through the cytochrome 

pathway, the alternative pathway has the potential to decrease the efficiency of 

respiration, therefore tight control over the activation of this pathway is important.

1.3.1 Structure of the Plant Alternative Oxidase

Aox remains difficult to purify to homogeneity in a stable, active form (Zhang et 

al., 1996) and therefore its structure remains speculative. However, various studies 

show that the Aox of plant mitochondria consists of a single, nuclear encoded 

polypeptide of 32 kDa, existing as a homodimer of about 70 kDa. It is now widely 

accepted that Aox is a di-iron carboxylate protein (Siedow et al., 1995; Affourtit et al., 

2000; Berthold et al., 2002) present on the matrix side of the inner membrane

(Andersson and Nordlund, 1999; Albury et al., 2002) (Fig. 1.5). It has been proposed 

that Aox has 2 membrane embedded helices connected by a single α-helix and a matrix-

located four-helix bundle in which the di-iron centre is buried (Albury et al., 2002).

Most plant Aox proteins sequenced to date show two highly conserved cysteine (Cys)

residues, termed CysI and CysII. Activation and regulation of Aox occurs primarily at 

CysI although CysII can also play a role in activation of Aox (Umbach et al., 2006). Aox 

is activatable as a non-covalently linked dimer, and inactive when covalently linked 

with disulfide bonds (Umbach and Siedow, 1993).
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Figure 1.5. Schematic of the structure of plant Aox. Aox exists as a homodimer, 
linked covalently by highly conserved Cys residues. Aox has 2 membrane embedded
helices connected by a single α-helix and a matrix-located four-helix bundle in which 
the di-iron centre is buried.
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1.3.2 Regulation of Aox

Due to the fact that Aox bypasses the sites for translocation of protons, 

regulation of expression and activation of Aox is essential for maintenance of cellular

homeostasis. There exist two levels of control of activation of Aox: a coarse control 

governed by gene expression and a fine control by way of covalent modification and 

allosteric activation by substrate (Vanlerberghe and McIntosh, 1997). It is generally 

accepted that Aox is activated/up-regulated during periods of stress (Purvis and 

Shewfelt, 1993; Purvis, 1997; Yip and Vanlerberghe, 2001; Zhang et al., 2003). During

stress, Aox aids the cell by accelerating the resting respiration rate, thereby alleviating 

an over-reduced UQH2 pool (Vanlerberghe and McIntosh, 1992b; Millenaar et al., 1998; 

Maxwell et al., 1999; Moller, 2001).

1.3.2.1 Gene Expression

Aox in higher plants is encoded by the nuclear genome (Elthon et al., 1989). It 

has been shown that Aox gene expression is up-regulated in a number of different plant 

species exposed to a variety of biotic and abiotic stresses including exposure to low 

temperatures in rice (Ito et al., 1997), and a variety of environmental and chemical 

stresses in soybean (Djajanegara et al., 2002). In Arabidopsis, Aox is encoded by a five-

member gene family (Aox1a-d, Aox2) (Arabidopsis Genome Initiative, 2000) and 

shows differential expression in plant tissues and during development and stress

(Clifton et al., 2006). Aox isoforms Aox1a and Aox2 seem to show the highest level of 

induction following a variety of stresses, although their relative induction varies with 

treatment and time following exposure of treatment (Saisho et al., 1997; Maxwell et al., 

2002; Clifton et al., 2005). This differential pattern of gene expression of Aox may 

provide flexibility within the plant respiratory chain to defend itself due to a wide 

variety of stresses.

Investigations utilising Arabidopsis mutants, either an Aox1a overexpresser, 

Aox1a antisense or a constitutively expressed Aox1a mutant, have shown that Aox1a 

plays a role in decreasing ROS production and thereby damage by oxidative stress

(Umbach et al., 2005). Plants with either overexpression of Aox1a or constitutively 
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expressed Aox1a showed lower levels of ROS compared to the control which had lower 

levels compared to the Aox1a antisense plants (Umbach et al., 2005). 

1.3.2.2 Post-transcriptional Regulation

It has been shown that increases in Aox activity during stress are associated with 

an increase in the amount of protein, presumably due to an increase in gene expression 

(Vanlerberghe and McIntosh, 1992a; Yip and Vanlerberghe, 2001). However, it has also 

been shown that the simple presence of high levels of Aox protein, as determined by 

western analysis doesn’t necessarily translate to a relative increase in Aox activity 

(Taylor et al., 2002; Calegario et al., 2003). This discrepancy can be explained by the 

fact that there exists a fine level of control of the activation of the enzyme at the level of 

covalent modification and presence of activators. Experiments investigating the 

partitioning of electrons between the cytochrome and alternative pathways revealed that 

Aox was activated only in the presence of a highly reduced UQ pool (at least 40%) 

(Bahr and Bonner, 1973; Dry et al., 1989). However later data suggests that electron 

flow through either pathway is independent of the reduction level of UQ (Hoefnagel et 

al., 1995; Millar et al., 1995). Additionally it has been proposed that regulation of the 

Aox protein is by a redox-sensitive inter-subunit disulfide linkage and by α-keto acids 

such as pyruvate (Millar et al., 1993; Day and Wiskich, 1995) and glyoxylate (Umbach 

et al., 2002; Umbach et al., 2006). As mentioned previously, Aox contains 2 highly 

conserved Cys residues, termed CysI and CysII. It is generally accepted that CysI is the 

primary site for control of activation of Aox (Rhoads et al., 1998). The CysI of one 

polypeptide can form a covalent disulfide bridge with the corresponding CysI of the 

second polypeptide in the Aox dimer. Reduction of the Cys renders the non-covalently 

linked dimer activatable by the α-keto acid pyruvate, while oxidation of the Cys residue

results in an inactive, covalently linked dimer (Umbach and Siedow, 1993; Umbach et 

al., 1994; Day and Wiskich, 1995). Reduction of this Cys in vivo is still not fully 

understood, however the presence of a mitochondrial thioredoxin system in the matrix 

provides a plausible route for reduction of the Aox protein (Gelhaye et al., 2004).

Recently it has been shown that CysII may also play a role in activation of Aox (Umbach 

et al., 2006). Activation of Aox by CysII is stimulated by the small α-keto acid 

glyoxylate, and can only occur if CysI is in the reduced state (Umbach et al., 2006).
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1.4 Oxidative Stress

The production of ROS is an unavoidable consequence of aerobic respiration. 

Oxidative stress is defined as an increase in the concentration of ROS and the 

concomitant accumulation of oxidative damage, which occur when there is an 

imbalance between ROS production and scavenging/defence (Halliwell and Gutteridge, 

1999). In mammalian cells, mitochondria are the primary sites of ROS production with 

an estimate of 1-2% of oxygen consumption leading to superoxide anion (O2
–) 

formation (Halliwell and Gutteridge, 1999; Cadenas and Davies, 2000). In plant cells 

mitochondria are also an important site of ROS production, although chloroplasts and 

peroxisomes are believed to produce ROS at higher rates under light conditions (30-100 

times faster) (Foyer and Noctor, 2003). The known sites of ROS production in both the 

mammalian and plant mitochondrial electron transport chain are complexes I and III, 

where O2
– is formed and is in turn reduced by dismutation to hydrogen peroxide (H2O2)

(Raha and Robinson, 2000; Moller, 2001; Sweetlove and Foyer, 2004). Hydrogen 

peroxide has relatively low toxicity, however it can react with Fe2+ and through the 

Fenton reaction can produce highly toxic hydroxyl radicals (OH.). These ROS have the 

ability to cause extensive damage within the mitochondria and the cell. ROS can react 

with DNA, causing mutations. They can also react with membrane lipids, inducing 

oxidation and production of toxic aldehydes. Finally, ROS can react directly with 

proteins, causing oxidation and perturbations of enzyme activities (Halliwell and 

Gutteridge, 1999).

1.4.1 Oxidative Stress in Plant Mitochondria

Formation of ROS takes place under normal respiratory conditions but can be 

enhanced in response to a range of abnormal conditions, including exposure to biotic 

and abiotic stresses. Stress has the potential to significantly alter plant metabolism and 

homeostasis, ultimately reflected as perturbations of growth and development. Due to 

their “rooted” nature, plants are unable to escape exposure to these stress conditions and 

have therefore developed a number of defence responses in order to survive. In plants, 

ROS have a dual action whereby high levels exacerbate cellular damage (to proteins, 

DNA and lipids), yet low concentrations can act as signal molecules to activate defence 
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responses (Dat et al., 2000; Mittler, 2002; Neill et al., 2002). Generation of ROS by the 

respiratory chain has been shown to be sensitive to uncoupling (Maxwell et al., 1999).

Activation of the uncouplers Aox and UCP lowers the ΔμH
+ across the inner membrane 

by relieving an over-reduced UQH2 pool (Aox) and aids to decrease the production of 

ROS (Wagner and Moore, 1997; Maxwell et al., 1999; Camacho et al., 2004). 

Proteomics approaches have been undertaken to determine the effects of 

oxidative stress on the mitochondrial proteomes from Arabidopsis (Sweetlove et al., 

2002) and pea (Taylor et al., 2005). Although such proteomics experiments do not 

survey the full mitochondrial proteome, a number of proteins have been identified as 

increasing in abundance following stress treatments. These proteins included

antioxidant proteins peroxiredoxin and a protein disulfide isomerase (Sweetlove et al., 

2002). Proteins that show a decrease in abundance following stress treatment include

subunits of the ATP synthase and complex I, and TCA cycle enzymes such as PDC and 

aconitase (Sweetlove et al., 2002; Taylor et al., 2005). In addition to proteins that show 

altered levels of abundance, a number of proteins have been shown to be degraded. 

These proteins include subunits of the ATP synthase, aconitase and succinyl-CoA 

ligase. The identity of the breakdown products were for a number of examples, 

correlated to proteins found to decrease in abundance, suggesting the observed decrease 

in abundance was correlated to degradation, presumably of an oxidatively damaged 

protein.

In addition to the protein damage induced by ROS, it has been shown that 

exposure of cells to H2O2 results in the up-regulation of expression of some genes 

including glutathione S-transferases (GSTs) (Desikan et al., 1998), a DNA-damage 

repair protein, DRT112, and a serine/threonine protein kinase (Desikan et al., 2000). 

Interestingly, these gene products have a role in detoxification or repair of damage 

following oxidative stress in cells, implying a signalling role of H2O2 during stress in 

addition to its reactive, damage propagating capacity. It has also been suggested that a 

mitogen-activated protein kinase cascade is activated by H2O2 in Arabidopsis leaf cells 

(Kovtun et al., 2000). Induction of this cascade is proposed to shift the plant focus from 

growth to stress protection and survival.
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In addition to the impact of ROS on proteins and gene expression, the

polyunsaturated fatty acids of membrane phospholipids are highly susceptible to 

peroxidation by oxygen radicals. A self-propagating chain of free radical reactions 

produces various aldehydes, alkenals and hydroxyalkenals (Esterbauer et al., 1991). 

Many of these products are cytotoxic, primarily due to their reactivity with proteins.

These lipid peroxidation products are generally more stable than ROS and are able to 

move throughout the cell, causing damage at sites remote from the sites of production.

One particularly toxic aldehyde generated through oxidation of membrane lipids, 4-

hydroxy-2-nonenal (HNE), is discussed in detail later in this chapter.

1.4.2 Defence and Detoxification of Oxidative Stress

The marked reactivity of ROS toward biological molecules, including lipids,

proteins, and nucleic acids, requires multiple mechanisms for keeping ROS levels under 

control. These include pathways that attenuate ROS formation in response to imposed 

stresses and protective, antioxidant enzyme systems to detoxify the ROS once it is 

formed, and finally mechanisms to repair the damage caused by ROS. Strategies 

employed for defence against oxidative damage are, firstly, to avoid production of ROS, 

secondly, to detoxify the ROS produced, and thirdly, to repair the ROS-mediated 

damage (Moller, 2001). Many of these ROS-mediated responses aim to protect the cell

against oxidative stress and re-establish redox homeostasis within the mitochondria and 

the cell.

1.4.2.1 Avoidance of ROS Production

As mentioned previously, the primary sites for ROS, specifically O2
-, production 

in the mitochondria are at complexes I and III. Plant mitochondria can modulate O2
-

production by two mechanisms that act to keep the UQ pool reduction level low: 

activation of the alternative pathway, specifically Aox; and activation of PUMP (Fig. 

1.6). Firstly, Aox activity is not inhibited by the proton gradient across the inner 

membrane and can therefore function when the cytochrome pathway is impaired 

(Finnegan et al., 2004). That Aox might act to maintain a basal UQ pool reduction state 

was initially proposed by Purvis and Shewfelt (1993) and was supported by studies in
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Poa annua roots treated with a cytochrome pathway inhibitor (Millenaar et al., 1998). 

An increase in Aox protein abundance has been shown to be associated with oxidative 

stress treatment, particularly with the cytochrome pathway inhibitor antimycin A 

(Vanlerberghe and McIntosh, 1997; Sweetlove et al., 2002). In addition, higher levels of 

ROS were observed in studies utilising an Aox antisense tobacco cell cultures (Robson 

and Vanlerberghe, 2002) while Aox overexpression studies showed a decrease in the

levels of ROS (Maxwell et al., 1999). It has also been observed that in soybean and pea, 

Aox activity protects the cells against death following exposure to H2O2 (Popov et al., 

1997; Amor et al., 2000). Interestingly, increased expression of alternative

mitochondrial NAD(P)H dehydrogenases, which do not translocate protons and are 

therefore not involved in production of an electrochemical gradient, has been shown to 

accompany an increase in Aox expression (Clifton et al., 2005), although a role of these 

alternative NAD(P)H dehydrogenase proteins during oxidative stress has not been 

established.

The second mechanism for avoidance of ROS production in mitochondria is 

activation of the PUMP. PUMP activity uncouples electron transport from OxPHOS by 

facilitating a proton leak across the membrane, consequently removing inhibition of the 

electron transport chain (Hourton-Cabassa et al., 2004). Like Aox, PUMPs have been 

shown to decrease ROS formation in isolated mitochondria (Kowaltowski et al., 1998; 

Brandalise et al., 2003). Activation of the PUMP has been shown to occur in the 

presence of both free fatty acids (particularly linoleic acid) (Jarmuszkiewicz et al., 1998; 

Sluse et al., 1998) as well as O2
– (Considine et al., 2003).
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chain
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transport chain components

↓
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transport chain components

↓
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levels

Figure 1.6. Sequence of events in the plant mitochondria in response to stress. 
Based on Moller (2001)
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Gene expression profiling has revealed that uncoupling protein genes are

expressed more ubiquitously than the Aox genes, and distinct expression patterns 

among gene family members were observed (Borecky et al., 2006). These findings 

suggest that the members of each energy-dissipating system are subject to different cell 

or tissue transcriptional regulation. It has been suggested that acclimation to chilling in 

potato tubers is a result of the combined activities of Aox and PUMP (Calegario et al., 

2003). It is interesting to note that while PUMP has been shown to be activated by 

linoleic acid, Aox appears to be inhibited by the same concentration (Sluse et al., 1998).

It has also been observed that induction of PUMP activity results in an increase in the 

conversion of pyruvate to citrate. As Aox activity is reliant on pyruvate for activation

(Day and Wiskich, 1995), limiting the substrate of one uncoupling pathway may be a 

mechanism of regulation of the relative activity of each uncoupler. It is likely that 

regulation over the activities of each of these 2 uncouplers is necessary due to the 

energy-dissipating nature of these pathways, which is ultimately an undesirable 

condition for a cell. This suggests a flexibility of the plant response to different biotic 

and abiotic conditions, as well as potentially cell/tissue or developmentally specific 

responses.

1.4.2.2 Detoxification of ROS

Detoxification of ROS in plant mitochondria is performed by a number of 

enzymes. These enzymes include superoxide dismutase (SOD), which catalyses the 

conversion of O2
- to H2O2. Although H2O2 is not an oxygen radical and is not overly 

reactive with proteins, it can react with free Fe2+ and O2
- to form OH., the most toxic 

oxygen radical. Therefore there exist a number of detoxification pathways to remove 

H2O2. Detoxification of H2O2 is performed primarily by catalase, which converts H2O2

to water (Rizhsky et al., 2002). Other mechanisms of H2O2 detoxification include the 

ascorbate/glutathione cycle (Jimenez et al., 1997; Chew et al., 2003), the most 

prominent H2O2 detoxification system in chloroplasts (Foyer et al., 1994), in which 

ascorbate peroxidase reduces H2O2 to H2O using ascorbate. An increase in ascorbate 

peroxidase protein has been observed along with an increase in its activity during stress 

(Dutilleul et al., 2003). Dehydroascorbate can then be re-reduced by the sequential

action of dehydroascorbate reductase and monodehydroascorbate reductase, with
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reduced glutathione, which is itself regenerated by glutathione reductase. Another 

detoxification pathway is the thioredoxin system which is comprised of thioredoxin 

(Trx) and Trx reductase (Laloi et al., 2001). The Trx system involves reduction of H2O2

by thioredoxin which in turn is reduced by thioredoxin reductase (Laloi et al., 2001; 

Balmer et al., 2004; Gelhaye et al., 2004). In mammalian mitochondria the prominent 

H2O2-removing enzyme is the glutathione peroxidase. However, while this enzyme has 

been shown to be present in plants (Churin et al., 1999), it has not been found in 

mitochondria. It has recently been observed in Arabidopsis that the mitochondrial 

peroxiredoxin, PrxII F, is able to reduce H2O2. PrxII F is then reduced by glutathione or 

thioredoxin (Finkemeier et al., 2005). The role for PrxII F during stress is supported by 

evidence for an increase in PrxII F protein following stress treatments (Sweetlove et al., 

2002).

In addition to directly detoxifying ROS, these and other enzyme systems may be 

involved in repairing lipid peroxidation damage and some forms of protein oxidation. 

Potential mechanisms of lipid peroxidation-mediated damage are discussed later in this 

chapter.

1.4.2.3 Repair of ROS-Mediated Damage

The third line of defence against ROS involves the repair of ROS-mediated 

damage. This area of protection against ROS is relatively unknown in plant cells. While 

most forms of oxidative damage on proteins are non-reversible, it has been suggested 

that proteins exist in the mitochondria that may be involved in the reduction of disulfide 

bridges in proteins. A putative candidate for this action was found by Sweetlove et al. 

(2002), where an increase in protein abundance of a protein disulfide isomerase was 

observed following stress treatment in Arabidopsis cell culture. Although recently it has 

been shown that the mammalian mitochondrial protein disulfide isomerase is in fact 

inhibited during stress (Carbone et al., 2005). To date the repair of ROS-mediated 

damage to plant mitochondrial proteins is unknown. It may be that damaged proteins are 

simply degraded and not repaired.
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1.4.3 Lipid Peroxidation

The polyunsaturated fatty acids of membrane phospholipids are highly 

susceptible to peroxidation by ROS and a self-propagating chain of free radical 

reactions can produce a number of various aldehydes, alkenals and hydroxyalkenals, 

including malondialdehyde (MDA) and HNE (Schneider et al., 2001). A number of 

these lipid peroxide products are cytotoxic, generally more stable than ROS and can 

cause extensive damage to proteins and other cellular constituents. In mammalian 

systems, lipid peroxidation products have been implicated in a number of pathologies 

including Alzheimers (Picklo et al., 1999; Williams et al., 2006), Parkinsons (Jenner, 

2003; Zarkovic, 2003) and diabetes (Lashin et al., 2006; Oksala et al., 2006). Lipid 

peroxidation products are also believed to play a role in aging of mammals.

While there exists a number of toxic molecules derived by lipid peroxidation, 

one of the most toxic lipid peroxidation products currently under extensive investigation 

in mammalian cells is the hydroxyalkenal HNE, first characterised by Hermann 

Esterbauer in 1991 (Esterbauer et al., 1991). The consequences of HNE production in 

cells are explored further in the next section. 

1.5 4-hydroxy-2-nonenal

HNE is the most abundant and toxic aldehyde generated through ROS-mediated 

peroxidation of primarily arachadonic and linoleic acids (Esterbauer et al., 1991; 

Schneider et al., 2001). HNE is a highly reactive electrophile, with the reactivity of the 

molecule lying at the C-3 atom (Fig. 1.7). HNE has the ability to react with DNA, 

proteins and lipids thereby exacerbating oxidative stress, and it has also been shown that 

treatment by HNE caused the production of peroxides (Uchida et al., 1999), suggesting

that HNE exerted oxidative stress on cells. Microarray data has shown that a number of 

genes, with a myriad of biological responses, are either induced or down regulated upon 

addition of exogenous HNE to human cell culture (West and Marnett, 2005). Induced 

gene expression was seen for a number of proteins involved in antioxidant responses, 

heat shock responses as well as many other cellular responses. Decreases in gene 
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expression of genes involved in cell signalling and cell cycle regulation responses were 

also seen.

HNE has been shown to form Michael-adducts with the sulfhydryl group of Cys 

residues, the imidazole group of Histidine (His) residues and the ε-amino group of 

Lysine (Lys) residues on a myriad of proteins (Esterbauer et al., 1991). Recently it has 

been proposed that HNE can also modify Arginine (Arg) residues of proteins (Isom et 

al., 2004). In addition to Michael-adduct formation, Lys residues also form Schiff bases 

and pentylpyrrole adducts with HNE (Sayre et al., 1993). HNE has also been shown to 

react with the sulfhydryl groups of lipoic acid moieties on proteins (Humphries and 

Szweda, 1998). Modification of proteins by HNE has the potential to have serious 

detrimental effects in a cell. However, at lower levels, HNE has been proposed to act as 

a regulator of cellular functions (Yang et al., 2003; Patrick et al., 2005).
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Figure 1.7. Structure of HNE and Michael-addition. The reactivity of HNE is at the 
C3 atom (*), where X = sulfhydryl of Cys, imidazole of His or ε-amino of Lys.
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1.5.1 HNE in Animal Cells

Endogenous concentrations of HNE differ depending on animal species and cell 

type. However, it has been proposed that in rat liver HNE concentrations range from 0.4 

to 2.8 nmol/g wet weight (Esterbauer et al., 1991). More recently it has been suggested 

that HNE can accumulate from 10 μM to 5 mM in membranes following oxidative 

stress (Uchida, 2003). It is difficult to extrapolate the in vitro experiments back into an 

in vivo situation as HNE is highly reactive, thereby once created it is likely to react with 

proteins/lipids/DNA in its direct vicinity. It is also difficult to predict concentrations of 

HNE in mitochondria based on information from whole cells. However, the production 

of HNE due to generation of ROS through respiration has the potential to do significant

damage to the proteins involved in electron transport, OxPHOS and the TCA cycle. 

Characterisation of targets of this damage, and the degree to which this damage 

interferes with mitochondrial, and thus whole cell, function is imperative if we are to 

gain further mechanistic understanding of many human pathologies, particularly 

degenerative diseases.

Investigations of the effects of HNE in mammalian mitochondria suggest that 

HNE can inhibit proteins involved in the respiratory process. It has been shown that

complex IV activity is inhibited by HNE in a dose dependent manner (Chen et al., 1998; 

Chen et al., 2001), predominantly by binding to subunit VIII of the complex (Musatov 

et al., 2002). Complex I (Picklo et al., 1999), cyt c (Isom et al., 2004) and the α subunit 

of the succinate dehydrogenase (complex II) (Picklo et al., 1999; Lashin et al., 2006)

have also been shown to be inhibited by HNE. Other mitochondrial proteins, with 

functions outside the electron transport chain, have also been identified as targets of 

HNE by use of specific antibodies and/or mass spectrometry analysis following 

incubation of mitochondria or isolated protein with HNE. These proteins include TCA 

cycle enzymes α-KGDHC and PDC (Humphries and Szweda, 1998; Humphries et al., 

1998; Moreau et al., 2003), the adenine nucleotide translocator (ANT) (Vieira et al., 

2001), heat shock protein 70 (Perluigi et al., 2005) and the mitochondrial protein 

disulfide isomerase (Carbone et al., 2005). It is interesting to note that not all 

modifications are necessarily detrimental and cause inactivation of a protein. For 

example, in contrast to work performed by Humphries and Sweda (Humphries and 
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Szweda, 1998), it has been shown that increasing modification of α-KGDHC by HNE in 

aged rat mitochondria does not lead to a decrease in activity of the enzyme. In fact a one 

fold increase in activity was observed, supposedly due to a lowering of the Km for α-

ketoglutarate (Moreau et al., 2003). While both the Humphries and Sweda and the 

Moreau et al. experiments were performed in rat heart mitochondria, the contrasting 

effects of HNE in the different experiments could be due to different ages of the tissue

or sites of modification. It is likely that susceptibility of particular sites on proteins to 

modification and/or inhibition by HNE may be tissue-, disease-, age- as well as species-

specific.

1.5.1.1 Detoxification of HNE in Animal Cells

Detoxification of HNE in various cell types is currently an active area of 

investigation in mammalian disease research. A primary enzyme widely accepted to be 

involved in detoxification of HNE in mammalian cells is GST. It has been shown that 

HNE is conjugated to glutathione through the action of GST and that the GS-HNE 

conjugate is transported out of the cell through the plasma membrane-located, ATP-

dependent transporter RLIP76 (Cheng et al., 2001; Awasthi et al., 2003; Sharma et al., 

2003). A decrease in GSH levels in cells with a corresponding increase in protein-HNE 

adducts has been observed in rat liver cells (Uchida et al., 1999). Although evidence for 

this particular detoxification mechanism in mitochondria has not been shown, it is 

possible that conjugation of HNE with GSH in mitochondria could occur and be 

removed from mitochondria by the standard GSH-conjugate transporters. Recently, 

proteins proposed to be involved in tissue-specific mitochondrial detoxification of HNE 

have been identified (Murphy et al., 2003b; Murphy et al., 2003a). In rat liver 

mitochondria the predominant detoxifying enzyme is aldehyde dehydrogenase 2 

(ALDH2) (Murphy et al., 2003a). However, in rat brain mitochondria, ALDH2 plays 

only a minor role, with succinic-semialdehyde dehydrogenase (SSADH) being the 

primary enzyme involved in HNE detoxification (Murphy et al., 2003b).

In addition to this toxic role, it has been suggested that HNE can also act as a 

signalling molecule (Uchida et al., 1999) (Fig. 1.8). Evidence for a signalling role by 
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HNE includes induction of mild uncoupling during periods of stress by activation of 

UCP and ANT (Echtay et al., 2003).

1.5.2 HNE in Plant Cells

Plant mitochondria are approximately 20% (w/w) lipid, with a majority of the 

lipids being phospholipids which are highly susceptible to β-oxidation and thus to 

generation of HNE. In plants, lipid peroxidation has been implicated in a wide variety of 

environmental stresses including drought, high salinity, cold and pathogen attack

(Moran et al., 1994; Larkindale and Knight, 2002; Taylor et al., 2002). A number of 

plant lipoic acid-containing mitochondrial proteins have been identified that are 

inactivated by HNE during stress, including glycine decarboxylase (GDC), specifically 

the lipoic acid arm of the H-protein subunit, in pea leaves (Taylor et al., 2002), and the 

TCA cycle enzymes α-KGDHC and the PDC in potato tubers (Millar and Leaver, 

2000). As in mammalian mitochondria, HNE has also been shown to activate PUMP

(Smith et al., 2004). This activation of PUMP causes an increase in the rate of 

conversion of pyruvate to citrate in mitochondria (Smith et al., 2004). As mentioned 

previously, Aox is fully activated by pyruvate; therefore increasing the conversion of 

this α-keto acid to citrate would lower the level of available pyruvate for Aox activation.

It may be that there exists regulation over the dual activation of Aox and PUMP, and 

HNE may be the signal relaying the redox state of the mitochondria, causing the 

induction of one or other of the uncoupling pathways, depending on the stress condition 

involved.
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Figure 1.8. Lipid peroxidation and stress-mediated damage/signalling in 
mammalian cells.  LPO, lipid peroxidation; LOOH, lipid peroxides. Adapted from 
Yang et al. (2003)
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1.5.2.1 Detoxification of HNE in Plant Cells

Tobacco plants over-expressing an alfalfa aldose/aldehyde reductase were 

shown to have significantly lower levels of reactive aldehydes (such as HNE) compared 

to control plants following stress treatment (Oberschall et al., 2000). In addition, 

biochemical analysis of purified aldose/aldehyde reductase revealed an ability of the 

enzyme to metabolise exogenously added HNE (Oberschall et al., 2000).

More recently, research has shown an induction of the cytosolic aldehyde 

dehydrogenase 3 (ALDH3) in Arabidopsis plants following exposure to salt, heavy 

metals and chemicals that induce oxidative stress (Sunkar et al., 2003). Exposure of 

Arabidopsis plants over-expressing ALDH3 to environmental stresses showed that these 

plants had lower levels of lipid peroxidation (as deduced by measuring 

malondialdehyde-equivalents) compared to control plants exposed to the same stresses 

(Sunkar et al., 2003).  ALDHs belong to a family of NAD(P)+-dependent enzymes that 

catalyse the oxidation of toxic aldehydes to carboxylic acids and, therefore, it is 

reasonable to assume that ALDH3 plays a role in detoxification of oxidative stress 

induced aldehydes (including HNE) in plants. This is in agreement with mammalian 

research which suggests an HNE metabolising role of ALDH3, up-regulated under 

stress (Muzio et al., 2001).

Recently, an Arabidopsis peroxiredoxin, PrxII F, has been identified by 

proteomic analysis to be located in mitochondria (Sweetlove et al., 2002; Heazlewood et 

al., 2004). This protein has been shown to be able to detoxify H2O2 as well as lipid 

peroxides (Finkemeier et al., 2005), as well as having a role in signalling during stress. 

Although the ability to metabolise HNE specifically has not been assessed, it could be a 

potential pathway for detoxification of this toxic aldehyde.

A detoxification pathway for HNE in plant mitochondria remains elusive, 

although it has been shown that expression of the mitochondrial ALDH2 is up-regulated 

during submergence in rice (Nakazono et al., 2000). It seems possible that 

detoxification of HNE in plant mitochondria may involve either or both ALDH2 and 

SSADH, as seen in mammalian mitochondria, although the ability of these plant 
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enzymes to metabolise HNE is unknown. In addition to these two enzymes other

detoxifying systems may exist in plant mitochondria, based on analogy with mammals 

and analysis of plant genomes. For example, GSTs can inactivate HNE by converting it 

to the glutathione conjugate GS-HNE in mammalian cells. There exists evidence for at 

least one GST in plant mitochondria, which has also been shown to be induced 

following stress (Sweetlove et al., 2002; Heazlewood et al., 2004). However, a mode for 

removal of GS-HNE from mitochondria, or indeed from cells, is elusive as the RLIP76 

(Cheng et al., 2001) appears to have no homologue in plants. Also, the mitochondrial

peroxiredoxin/thioredoxin system, mentioned previously, could also aid in reducing

HNE (Rouhier et al., 2004a). Finally, although most oxidative damage to proteins is 

irreversible and results in protein degradation, Arabidopsis mitochondria contain a 

protein disulfide isomerase (Sweetlove et al., 2002). Functioning together with 

thioredoxin and NADPH, the protein disulfide isomerase may reduce disulfides 

resulting from protein oxidation although whether it has the ability to reduce HNE-Cys 

adducts is unclear. As yet, it remains to be determined whether any of these mechanisms 

actually function in plant mitochondria in vivo to detoxify HNE-mediated damage.
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1.6 Statement of Approach

In mitochondria it is likely that HNE is generated in the inner mitochondrial 

membrane, due to ROS production by respiratory electron transport. As HNE is a highly 

reactive electrophile, it is reasonable to assume that it will modify proteins in the 

vicinity of its production. As these “local” proteins are primarily involved in electron 

transport and OxPHOS, understanding the identity of susceptible proteins is essential if 

we are to gain an insight into the impact of oxidative stress and lipid peroxidation on 

respiration, ATP production and, ultimately, cellular homeostasis in plants.

This project aims to investigate the presence and production of HNE in plant 

cells, the effects of HNE on mitochondrial function and characterise protein targets of 

HNE in plant mitochondria. While in plant cells the chloroplasts are the primary site of 

ROS production, and by extrapolation, HNE production, it is essential to note that 

mitochondria also produce substantial levels of ROS (Amirsadeghi et al., 2007; Bartoli 

et al., 2004). As mitochondria essentially regulate a number of cellular processes, most

of all respiration, it is important to gain an understanding of the effects of stress on 

mitochondrial function. While earlier work suggested that HNE can modify 

mitochondrial proteins (Millar and Leaver, 2000; Taylor et al., 2002), direct evidence 

was lacking. Initially the inhibition of respiration by exogenously added HNE was 

performed. Once identification of HNE-sensitive proteins in the electron transport chain 

were revealed, analysis of the levels of HNE in plant cells, and its production during 

oxidative damage in intact cells was pursued. A combination of physiological, 

biochemical and proteomic methods were employed in this investigation, which has 

provided new insights and understandings into the field of oxidative stress in plant 

mitochondria.



Chapter 2 – Materials and Methods

35

CHAPTER 2

MATERIALS AND METHODS
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2.1 Materials

2.1.1 General Chemicals

General analytical grade chemicals were purchased from BDH (Crown 

Scientific, Perth, Australia), Sigma-Aldrich (Sydney, Australia) and Merck (Melbourne, 

Australia). Percoll, Hybond C+ nitrocellulose membrane, 40% acrylamide, 2% 

bisacrylamide and reagents for IEF/SDS-PAGE and DIGE were purchased from GE 

Health (Sydney, Australia). HNE was purchased from Cayman Chemicals (Sapphire 

Biosciences, NSW, Australia). Hydrogen peroxide was purchased from Univar (APS 

Chemicals, NSW, Australia). Brilliant Blue G-250 and BSA were purchased from USB 

(GE Healthcare Biosciences, Australia).

2.1.2 Antibodies

Monoclonal HNE-His adduct antibody was purchased from Jaica (Japan). The 

polyclonal HNE-adduct antibodies were purchased from Alpha Diagnostics 

International Inc. (USA). The monoclonal antibody raised against Sauromattum 

guttatum alternative oxidase (Aox) (Elthon et al., 1989) and the monoclonal antibody 

raised against maize porin were provided by Dr. T. Elthon (University of Nebraska, 

USA). Sheep anti-rabbit and sheep anti-mouse horseradish peroxidase-linked secondary 

antibodies were purchased from Chemicon International (Temecula, USA). Working 

dilutions of primary and secondary antibodies are shown in Table 2.1 and Table 2.2.

Table 2.1. Working dilutions of primary antibodies used during this work, and 

secondary antibodies recognising each primary antibody.

Primary Antibody Target Working Dilution Secondary Antibody

Aox 1/10 000 Mouse

HNE-His adducts 1/250 Mouse

HNE-adducts 1/2000 Rabbit

Porin 1/10 000 Mouse
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Table 2.2. Standard working dilutions of the secondary antibodies used.

Secondary Antibody Target Working Dilution

Mouse 1/20000

Rabbit 1/20000

2.1.3 Synthetic Peptides

Synthetic peptides were synthesised at Auspep (Parkville, Australia).

2.2 Plant Culture

2.2.1 Arabidopsis Cell Culture

A heterotrophic Arabidopsis thaliana (Arabidopsis) cell culture, established 

from callus of ecotype Lansberg erecta stem explants, was cultured in Murashige and 

Skoog basal salt mixture (PhytoTechnology Laboratories, KS, USA) supplemented with 

3% (w/v) sucrose, 0.05% (w/v) naphthaleneacetic acid and 0.005% (w/v) kinetin. Cell 

cultures (120 ml) were maintained in 100 μE light at 22°C, with shaking (120 rpm). At 

seven days, cells (20 ml) were sub-cultured into 100 ml of fresh media. Cell cultures 

used for experimental analysis in this work were maintained in the dark with shaking 

(120 rpm) following sub-culture.

2.2.2 LeAox1a and LeAox1b Transformed Yeast

Saccharomyces cerevisiae strain R757 previously transformed in this lab with 

the two tomato Aox isoforms LeAox1a and LeAox1b were utilised in this study. Yeast 

were grown on SD minimal media (6.7 g/L yeast nitrogen base, 20 g/L bacto agar, 0.1 

M glucose, 50 mM tryptophan, 64 mM histidine, 76 mM leucine, 67 mM methionine, 

68 mM lysine, 74 mM adenine) at 28 °C for 5 days then stored at 4°C. Yeast was 

maintained by re-streaking onto fresh SD minimal media every 6-8 weeks. Yeast cells 

were picked from the minimal media plates and grown in 50 ml SD-glucose media (6.7 

g/L yeast nitrogen base, 0.1 M glucose, 50 mM tryptophan, 64 mM histidine, 76 mM 
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leucine, 67 mM methionine, 68 mM lysine, 74 mM adenine) at 30°C for 2 days. The 

cells were then re-suspended in 800 ml SD-galactose media (6.7 g/L yeast nitrogen 

base, 0.1 M galactose, 50 mM tryptophan, 64 mM histidine, 76 mM leucine, 67 mM 

methionine, 68 mM lysine, 74 mM adenine) and grown at 30°C, 200 rpm until they 

reached an OD600 of between 7 and 9 (approximately 5-6 days).

2.2.3 Oxidative Stress Treatments

Cells from 7 day old dark-grown Arabidopsis cell cultures were treated with 88 

mM H2O2 (from manufacturer prepared in water), 25 μM antimycin A (prepared in 

ethanol) or 400 μM menadione (prepared in ethanol).

2.3 Organelle Isolation

2.3.1 Arabidopsis Cell Culture Mitochondrial Isolation

Mitochondria were purified from seven-day old Arabidopsis cell cultures, 

essentially as described previously (Millar et al., 2001a). Specifically, cells were filtered 

through 1 layer of miracloth and transferred to a Waring blender. 300 ml extraction 

buffer (0.5% (w/v) BSA, 0.45 M mannitol, 50 mM tetrasodium pyrophosphate, 0.5% 

polyvinylpyrrolidone, 2 mM EGTA, 20 mM Cys, pH 8.0 with orthophosphoric acid) per 

5 flasks of culture was added. Cells were then blended for 15 secs at high speed and 2 

cycles of 15 secs at low speed, leaving 30 secs in between each burst to prevent 

excessive foaming and heating. The blended extract was filtered through 1 layer of 

cheesecloth and 2 layers of miracloth and transferred to detergent-free centrifuge tubes. 

The extract was centrifuged at 1500 x g for 5 mins to remove cell debris and the 

supernatant centrifuged at 24,000 x g for 15 mins. The pellet was re-suspended in 1-2 

ml wash buffer (0.1% (w/v) BSA, 0.3 M mannitol, 10 mM TES-HCl, pH 7.5) and 

loaded onto a 18-23-40% step Percoll gradient made up using 2X gradient buffer 1 

(0.2% (w/v) BSA, 0.6 M mannitol, 20 mM TES-HCl, pH 7.5). Gradients were 

centrifuged at 40,000 x g for 30 mins with the brake off. Mitochondria were visible as a 

whitish/brown band at the 23-40% interface. Mitochondria were collected and washed 

in wash buffer (24,000 x g, 15 mins). The supernatant was discarded and the pellet 
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washed again. Mitochondria were then re-suspended in 1-2 ml of wash buffer and 

purified on a 28% Percoll gradient, prepared in 2X gradient buffer 2 (0.2% (w/v) BSA, 

0.6 M sucrose, 20 mM TES-HCl, pH 7.5). The gradient was centrifuged at 40,000 x g

for 30 mins with the brake off. This time the mitochondria formed a whitish/brown band 

in the upper part of the gradient. The mitochondria were washed as described previously 

with wash buffer minus the BSA and finally re-suspended in a small volume 

(approximately 0.5 ml) of wash buffer minus the BSA. All steps were performed at 4°C.

2.3.2 Yeast Mitochondrial Isolation

Saccharomycese cerevisiae mitochondria were isolated according to the method 

of Holtzapffel et al (2003). Specifically, yeast were harvested by centrifugation at 3000 

x g for 5 mins, transferred to 50 ml falcon tubes, washed with water and pelleted again 

(3000 x g, 5 mins). The cell pellet was weighed and re-suspended in 2 ml lysis buffer 

(0.6 M sorbitol, 1 mM EDTA, 10 mM Tris-HCl, pH 7.5) per gram of cells. For every ml

of suspension, 3 grams of glass beads (0.45 – 0.5 mm diameter) were added and each 

tube vortexed for 3 mins on high speed, cooling on ice every 30 seconds. The 

supernatant was transferred to a clean 50 ml falcon tube and the remaining beads 

washed 3 times with 3 ml lysis buffer. The cells were then centrifuged at 2,500 x g for 

10 mins and the supernatant transferred to a clean centrifuge tube. Mitochondria were 

pelleted at 15,000 x g for 10 mins, layered over a self forming Percoll gradient made 

from 2 X lysis buffer with 21% Percoll and centrifuged at 40,000 x g for 40 mins with 

slow deceleration. The top layer containing mitochondria was removed and washed with 

lysis buffer (26,000 x g, 15 mins) to remove Percoll. The pellet was re-suspended in 

200-300 μl lysis buffer. All steps were performed at 4°C.

2.3.3 HNE Treatment of Isolated Mitochondria

Isolated mitochondria were incubated with indicated concentrations of HNE for 

20 mins at 25°C with shaking (800 rpm). HNE treatment of mitochondria subsequently 

analysed by oxygen electrode was done by incubation of HNE with 20 μl of 

mitochondria in 250 μl oxygen electrode reaction medium, in the oxygen electrode 

chamber at 25°C.
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2.4 Measurement of Oxygen Consumption

All oxygen consumption measurements were performed using a Clark type 

electrode (Hansatech, UK) attached to a PC. Calibration of the electrode was carried out 

by the addition of sodium dithionite to 1 ml water to remove all oxygen in the electrode 

chamber. Concentrations of various substrate, inhibitor and effector standard additions 

are shown in Table 2.3.

2.4.1 Whole Cell Respiration of Arabidopsis Cell Culture

Arabidopsis cell culture (300 μl) was suspended in cell culture media to give a 

final volume of 1 ml. Total respiration was measured at 22°C following the addition of 

the uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP; 4 mM). Respiration 

through the alternative pathway or the cytochrome pathway was measured following the 

additions of 1 mM KCN or 1 mM n-PG, respectively.

2.4.2 Isolated Arabidopsis Mitochondria

Isolated mitochondria (200-300 μg protein) were suspended in 1 ml of oxygen 

electrode reaction medium (0.3 M sucrose, 5 mM KH2PO4, 10 mM TES, 10 mM NaCl, 

2 mM MgSO4, 0.1 % (w/v) BSA, pH 7.2) at 25°C. Total respiration was measured in 

the presence of succinate (10 mM) and ATP (0.5 mM). Respiration via the alternative 

pathway was measured in the presence of the complex III inhibitor myxothiazol (2.5 

μM), the reductant dithiothreitol (DTT; 5 mM) and the Aox activator pyruvate (5 mM). 

Respiration via the cytochrome pathway was measured in the presence of the Aox 

inhibitor n-PG (0.5 mM). Respiration directly through cytochrome c oxidase (complex 

IV) was measured by addition of ascorbate (20 mM), TMPD (0.1 mM), cyt c (25 μM) 

and 0.05% Triton X-100. Oxygen consumption initiated through the external NADH 

DHs was measured in the presence of NADH (1 mM), CaCl2 (0.1 mM), the complex I 

inhibitor rotenone (5 mM) and ADP (0.5 mM). Oxygen consumption initiated through 

the internal NADH DHs was measured in reaction medium at pH 6.8. Electron transport

was initiated by addition of glutamate (10 mM), malate (10 mM), coenzyme A (CoA;

12 μM), thiamine pyrophosphate (TPP; 0.2 mM), NAD+ (2 mM) and ADP (0.5 mM). 

Inhibition of respiration in all assays was performed by addition of one or both of the 
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alternative oxidase inhibitor n-PG (0.5 mM) and/or the cytochrome c oxidase inhibitor 

KCN (1 mM).

2.4.3 Isolated Yeast Mitochondria

Isolated yeast mitochondria containing either the LeAox1a or LeAox1b (20μl, 

corresponding to ~100-159 μg protein) were suspended in 1 ml reaction oxygen 

electrode medium at 25°C. Respiration through the alternative pathway was measured 

in the presence of NADH (2 mM), ATP (1 mM), myxothiazol (2.5 μM), DTT (5 mM), 

pyruvate (10 mM) and succinate (10 mM). Respiration was finally inhibited by the 

addition of n-PG (0.5 mM).
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Table 2.3. Standard concentrations of substrate, inhibitor and effector additions to 

measure respiration by oxygen electrode.

Compound Final Concentration

Substrates

Succinate 10 mM

NADH 2 mM

Pyruvate 10 mM

Ascorbate 20 mM

Glutamate 10 mM

Malate 10 mM

Inhibitors

KCN 1 mM

n-PG 0.5 mM

Rotenone 5 mM

Myxothiazol 2.5 μM

Effectors

CCCP 4 mM

ATP 0.5 mM

ADP 0.5 mM

CaCl2 0.1 mM

Pyruvate 5 mM

Succinate 10 mM

TMPD 0.1 mM

Cyt c 25 μM

Triton 0.05%

DTT 5 mM

CoA 12 μM

TPP 0.2 mM

NAD+ 2 mM
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2.5 Protein Separation and Detection

2.5.1 Protein Quantification

Protein estimation of samples was performed according to Bradford (Bradford, 

1976) using the Coomassie Plus™ Protein Assay Reagent (Pierce, Rockford, USA). 

Specifically, 0.5 ml of reagent was added to 0.5 ml water and equilibrated to room 

temperature for 5 mins. Reaction was initiated by addition of 0.5 – 1 μl of protein 

sample and left to proceed for 5 minutes. Absorbance was measured at 595 nm and 

protein concentration determined against a standard curve prepared from known 

concentrations of BSA.

2.5.2 Protein Electrophoresis

2.5.2.1 SDS-PAGE

SDS-PAGE was performed according to the protocol of Laemmli (1970). 

Mitochondrial samples (50 μg) and molecular mass marker proteins were diluted 1:2 

with 2X SDS-PAGE loading buffer (4% (w/v) SDS, 125 mM Tris-HCl, 20% (v/v) 

glycerol, 0.004% (w/v) bromophenol blue, 20% (v/v) β-mercaptoethanol, pH 6.8). 

Preparation of samples for Aox dimer detection omitted the β-mercaptoethanol from the 

buffer. Samples were heated at 95°C for 3 minutes and loaded onto polyacrylamide gels 

prepared in either Protean II (BioRad, Australia) or Hoefer (GE Health) systems. The 

gel consisted of a Tris-glycine stacking layer (0.1% (w/v) SDS, 4% (w/v) 

acrylamide:bis-acrylamide (29:1), 0.05% (w/v) ammonium persulfate, 0.1% (v/v) 

TEMED, 0.125 M Tris-HCl, pH 6.8) and a separating layer (12% (w/v) acrylamide:bis-

acrylamide (29:1), 0.1% (w/v) SDS, 0.05% (w/v) ammonium persulfate, 0.05% (v/v) 

TEMED, 375 mM Tris-HCl,  pH 8.8). The upper and lower tanks were filled with SDS-

PAGE running buffer (200 mM glycine, 1% (w/v) SDS, 25 mM Tris-HCl, pH 8.6). Gels 

were run at 20 mA/gel constant current with a voltage limit of 200 V until the dye front 

reached the end of the gel. Following electrophoresis gels were either stained with 

colloidal Coomassie or transferred to nitrocellulose membrane for western analysis.
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2.5.2.2 Diagonal-SDS-PAGE

The first dimension of diagonal-SDS-PAGE was performed as described in 

section 2.6.2.1. Samples (80 μg protein for western analysis, 100-300 µg protein for 

Coomassie staining) were treated with 100 mM diamide (for western blots) or 200 mM 

(for Coomassie staining) for 30 mins at room temperature. Following the first 

dimension being run, individual lanes were excised and incubated in 2X SDS-PAGE 

loading buffer containing 20 mM DTT for 1 hour at room temperature. The lanes were 

then placed horizontally on top of a second gel for SDS-PAGE. Molecular marker was 

placed on a small filter paper square, sealed with 0.5% (w/v) low melting temperature 

agarose in 1X running buffer, and placed next to the horizontally loaded lane. The gel 

and lanes were sealed with 0.5% (w/v) low melting temperature agarose in SDS-PAGE 

running buffer and the gel run under the same conditions as outlined in section 2.5.2.1.

Following electrophoresis gels were either stained with Coomassie or transferred to 

nitrocellulose membrane for western analysis.

2.5.2.3 IEF/SDS 2D Gel Electrophoresis

IEF/SDS-PAGE was performed using immobilised pH gradient strips 

(Immobiline DryStrips, GE Health, Sydney, Australia) of pH range 3-10NL (non linear; 

18 cm) or 4-7 (linear; 24 cm). Proteins were precipitated by addition of acetone to 

protein samples to a final concentration of 90% acetone. Samples were placed at -20°C 

overnight to allow precipitation of proteins. Precipitates were centrifuged at 20,800 g 

for 20 mins and solubilised in either 350 μl (3-10NL) or 450 μl (4-7) of IEF sample 

buffer (6 M urea, 2 M thiourea, 2% (w/v) CHAPS, 2% (w/v) IPG buffer pH 3-10 (3-

10NL) or pH 4-7 (4-7)). 2 μl (3-10NL) or 2.6 μl (4-7) tributylphosphine (1:9 in IEF 

sample buffer) was added to each sample. Samples were then used to re-hydrate either 

pH 3-10NL DryStrips, or pH 4-7 DryStrips overnight at room temperature. Isoelectric 

focussing was performed using a flatbed electrophoresis unit (Multiphor II, GE Health, 

Sydney, Australia) at 20°C. Conditions for electrophoresis are shown in Table 2.4.
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Table 2.4. IEF electrophoresis parameters used for 3-10NL and 4-7 DryStrips.

Phase Voltage (V) Current (mA) Power (W) Volt Hours

3-10NL

1 500 1 5 1

2 500 1 5 2500

3 3500 1 5 10.0 k

4 3500 1 5 47.0 k

4-7

1 500 2 5 1

2 3500 2 5 3000

3 3500 2 5 50.0k

Following isoelectric focussing, strips were removed and incubated for 50 

minutes in IEF/SDS-PAGE transfer buffer (4 M urea, 20% (v/v) glycerol, 2% (w/v) 

SDS, trace bromophenol blue, 0.375 M Tris-HCl, pH 8.8). The second dimensions were 

run by placing the strips on top of 1 mm thick (25 cm x 18 cm) polyacrylamide gels 

(Ettan, Dalt 6, GE Health, Sydney, Australia). The strips were sealed to the second 

dimension gels with 0.5% (w/v) agarose dissolved in SDS-PAGE running buffer. The 

gel consisted of a Tris-glycine stacking layer (0.1% SDS, 4% acrylamide:bis-acrylamide 

(33:1), 0.05% (w/v) ammonium persulfate, 0.1% (v/v) TEMED, 0.125 M Tris-HCl, pH 

6.8) and a separating layer (0.1% SDS, 12% acrylamide:bis-acrylamide, 0.05% (w/v) 

ammonium persulfate, 0.05% (v/v) TEMED, 0.375 M Tris-HCl, pH 8.8). Both the 

upper and lower chambers of the tank were filled with SDS-PAGE running buffer. Gels 

were run at 2.5 W/gel for 30 min, followed by a total of 100 W until the dye front 

reached the end of the gel. The temperature of the system was maintained at 10°C by 

refrigerated water circulation.

2.5.2.4 Blue Native-PAGE

Blue Native-PAGE was performed based on the method by Schagger (1991). 

Mitochondrial samples (500 μg) were pelleted at 18,300 x g for 10 minutes at 4°C. The 

pellet was re-suspended in BN solubilisation buffer with digitonin (150 mM acetate, 

10% glycerol, 5% (w/v) digitonin, 30 mM HEPES, pH 7.4) at 10 μl per 100 μg protein, 
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to solubilised the membranes. Samples were incubated on ice for 20 minutes and then 

centrifuged at 18,300 x g for 10 minutes to remove unsolubilised material. The 

supernatant was then transferred to a new tube containing 5% Serva Blue G at 1 μl per 

20 μl solubilisation buffer. The first dimension separation was performed on 1.5 mm 

thick (16 cm x 11 cm) polyacrylamide gels using the Protean II system (BioRad, 

Sydney, Australia). The gel consisted of a stacking layer (0.25 M ε-amino caproic acid, 

4% (w/v) acrylamide:bis-acrylamide (33:1), 0.05% (w/v) ammonium persulfate, 0.1% 

(v/v) TEMED, 25 mM Bis-Tris-HCl, pH 7.0) and a gradient separating layer (0.25 M ε-

amino caproic acid, 4.5-16% (w/v) acrylamide:bis-acrylamide (33:1), 0.05% (w/v) 

ammonium persulfate, 0.1% (v/v) TEMED, 25 mM Bis-Tris-HCl, pH 7.0). The gels 

were run with a cathode buffer (50 mM tricine, 0.02% (w/v) Coomassie 250G, 15 mM 

Bis-Tris-HCl, pH 7.0) in the upper chamber and an anode buffer in the lower chamber 

(50 mM Bis-Tris-HCl, pH 7.0) of the gel tank. The gel was run initially at a constant of 

100 V for 45 minutes, and thereafter with a constant current of 15 mA per gel, with 

voltage limited at 500 V, for 10 hours. Gel runs containing samples used for in-gel 

assay analysis were paused after 3 hours of electrophoresis and the upper cathode buffer 

exchanged for cathode buffer minus colloidal to allow for a clearer background on the 

gel. Gels were stained with colloidal Coomassie, prepared for in-gel enzymatic analysis 

or prepared for second dimension SDS-PAGE.

2.5.2.5 Blue Native/SDS 2D Gel Electrophoresis

Following Blue Native separation, individual lanes were incubated in a solution

containing 1% SDS and 1% β-mercaptoethanol for 1 hour at room temperature. The 

lanes were then rinsed briefly twice with water to remove the β-mercaptoethanol which 

would inhibit polymerisation of the second dimension gel. The lanes were placed near 

the top of the smaller glass plate and the plates assembled for casting of the second 

dimension. Casting of the second dimension was performed by carefully pouring the gel 

layer solutions down the edge of the plates, along the spacer. The gel consisted of a 

standard stacking and separating layer as described by standard SDS-PAGE (section 

2.5.2.1). The upper and lower tanks were filled with SDS running buffer and gels run at 

20 mM per gel constant current with a voltage limit of 500 V until the dye front reached 
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the bottom of the gel. Gels were then either stained with colloidal Coomassie or 

transferred to a nitrocellulose membrane for western analysis.

2.5.2.6 2D-Differential In-Gel Electrophoresis (DIGE)

2D-DIGE was performed using immobilised pH gradient strips (Immobiline 

DryStrips, GE Health, Sydney, Australia) of pH range 3-10NL (non linear; 18 cm), to 

allow comparison of two different samples on one gel. The samples on each gel are 

referred to as a “set”. Proteins were precipitated by addition of acetone to protein

samples to a final concentration of 90% acetone. Samples were placed at -20°C 

overnight to allow precipitation of proteins. Precipitates were centrifuged at 20,800 g 

for 20 mins and the pellets were re-suspended in 10 μl DIGE lysis buffer (8 M urea, 4% 

CHAPS, 40 mM Tris, pH 8.5). Samples were centrifuged at 20,000 x g for 10 minutes 

at 4°C to remove unsolubilised material. 1 µl (400 nM) of a Cy-dye was added to each 

sample. Each sample was labelled with a different Cy-dye (there exist 3 different dyes) 

within each experimental set (i.e. 2 samples per gel, each labelled with a different dye). 

Samples were vortexed briefly and incubated on ice, in the dark, for 30 minutes. The 

reaction was stopped by addition of 1 μl of 10 mM lysine solution and incubated on ice, 

in the dark, for 10 minutes. 12 μl of DIGE lysis buffer plus DTT (8 M urea, 4% 

CHAPS, 22 mM DTT, 40 mM Tris, pH 8.5) was added to each sample, and all the 

samples of a set were combined. Rehydration buffer (8M urea, 4% CHAPS, 0.5% 3-10 

IPG-buffer, 18 mM DTT, trace bromophenol blue) was added to give a final volume of 

340 μl. Each sample was added to a strip holder (GE Health) and a 3-10NL IPG 

DryStrip was placed on top, gel side down. Rehydration of the strips and the first IEF 

dimension separation of the proteins were performed using an IPGphor system (GE 

Health), with the parameters outlined in Table 2.5.
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Table 2.5. 2D-DIGE rehydration and IEF parameters.

Phase Step/Gradient Voltage (V) Time (hours)

1 n/a (active rehydration) 30 12
2 Step 500 1

3 Gradient 1000 1

4 Gradient 3000 1

5 Gradient 8000 2

6 Step 8000 5

Step/Gradient: form of increase in voltage increments between phases.

Following isoelectric focussing, strips were incubated in equilibration buffer 

containing DTT (6 M urea, 2% SDS, 26% glycerol, 65 mM DTT, trace bromophenol 

blue, 50 mM Tris-HCl, pH 8.8) for 15 minutes and then transferred to equilibration 

buffer containing iodoacetamide instead of DTT (6 M urea, 2% SDS, 26% glycerol, 135 

mM iodoacetamide, trace bromophenol blue, 50 mM Tris-HCl, pH 8.8) for 15 minutes.

Following equilibration, strips were rinsed briefly in 1.5 M Tris-HCl, pH 8.8 containing 

1% SDS. Strips were placed on top of a standard 12% acrylamide gel minus a stacking 

layer and fixed to the gel using IPG fixing solution (0.5% agarose, 1% SDS, trace 

bromophenol blue, 0.375 M Tris-HCl, pH 8.8). Plates used for second dimension 

separation of proteins were low-fluorescent glass plates designed for DIGE analysis

(GE Health). Gels were run in the dark to avoid bleaching of the fluorophores at 45 mA 

per gel until the dye front reached the bottom of the gel. Following separation gels were 

scanned using the Typhoon trio Variable mode Imager (GE Health) and visualised using 

Typhoon Scanner Control software (v5.0, GE Health).

2.5.3 Protein Staining

Gels were stained overnight on a rocker at room temperature in a colloidal 

Coomassie stain (17% ammonium sulfate, 34% methanol, 3% phosphoric acid, 0.1% 

(w/v) Coomassie brilliant blue G-250) prepared the day before and stirred overnight to 

ensure the Coomassie is dissolved. Gels were then destained with 0.5% phosphoric acid 

until background colour was removed.
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2.5.4 Western Blotting

Proteins were transferred from polyacrylamide gels to Hybond™-C extra 

nitrocellulose blotting membrane according to the method of Towbin et al. (1979) using 

a Hoefer SemiPhor (GE Health) transfer system. Following SDS-PAGE, the gel was 

soaked in transfer buffer (40 mM glycine, 0.0375% (w/v) SDS, 20% (v/v) methanol, 50 

mM Tris-HCl, pH 8.3) for 1 hour. Whatman filter paper (10 squares) and a membrane 

cut to exactly the same size as the gel were soaked in transfer buffer for 15 mins. The 

transfer set up was 5 pieces of Whatman filter paper positioned on top of each other 

followed by the membrane, the gel and finally the remaining 5 Whatman filter squares.

Transfer was performed for 1 hour at a current of 0.8 mA per cm2 with the voltage 

limited to 100 V. Efficiency of transfer and location of molecular weight markers and 

protein spots was visualised by brief staining with Ponceau stain (0.2% (w/v) Ponceau 

S, 1% (v/v) acetic acid) followed by de-staining with TBS-Tween (0.1% (v/v) Tween-

20, 0.15 M NaCl, 10 mM Tris-HCl, pH 7.4).

2.5.5 Immunodetection

Following western blotting, the membrane was incubated in 1% blocking 

solution (Roche) either for 1 hour at room temperature on a rocker, or overnight at 4°C 

without rocking, to block non-specific binding of the antibody. Following a brief rinse 

in TBS-Tween the membrane was incubated with the appropriately diluted primary 

antibody (see Table 2.1) for 1 hour at room temperature, or in the case of the polyclonal 

HNE-adduct antibody, overnight at 4°C, with gentle rocking. The membrane was 

washed by 3 quick rinses, a 15 min and two 5 min washes with TBS-Tween. The 

membrane was then incubated with a 1:20 000 dilution of an appropriate horseradish 

peroxidase-conjugated secondary antibody (see Table 2.2) in 1% western blocking 

reagent for 1 hour at room temperature with gentle shaking. The membrane was washed 

as before and incubated for 1 minute in chemiluminescent substrate (BM 

chemiluminescence blotting substrate (POD) kit; Roche, Sydney, Australia) or for 1 

minute with chemiluminescent substrate (GE Health). Excess solution was drained from 

the membrane and quantifiable images of the membrane were obtained using a LAS 100 
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(Fuji, Tokyo, Japan) digital camera. The intensities of the chemiluminescent reactions 

were determined using Image Gauge software, version 3.0 (Fuji, Tokyo, Japan).

Protocol of western blotting using PVDF membrane as opposed to nitrocellulose 

is the same except that the membrane required a 10 second exposure to 100% methanol 

prior to use, to overcome the hydrophobicity of the membrane. All other steps of 

western blotting are as described above.

2.5.6 Protein Identification From Gels

Gel spots of interest were excised from colloidal Coomassie stained diagonal-

PAGE or 2D gels, placed into wells of 96-well PCR plates and frozen at -80°C until 

analysed. Gel spots were thawed and destained twice with de-stain solution (50% (v/v) 

acetonitrile, 25 mM NH4HCO3) for 45 mins each time on an orbital shaker. Gel spots 

were then dried at 50°C for 1 hour and digested overnight with digestion solution (12.5

μg/ml trypsin, 25 mM NH4HCO3, 0.00125% (v/v) trifluoroacetic acid) at 37°C. Peptides 

were extracted by incubation with 12 μL 100% acetonitrile for 15 minutes on an orbital 

shaker. The supernatant from each sample was placed into a clean well of a new 96-well 

PCR plate. Each gel spot was incubated further with 10 μl of a solution containing 50% 

acetonitrile and 5% formic acid for 15 mins with shaking. The supernatant was taken 

and placed with the previously extracted supernatant, and the previous 15 min 

incubation was repeated. Samples were dried down in a speedy Vac and re-suspended in 

15 μl of re-suspension solution (5% acetonitrile, 0.1% formic acid) immediately prior to 

mass spectrometry. Samples were analysed using either an Applied Biosystems QSTAR 

Pulsar i LC/MS/MS system or an XCT Ultra (3D Ion Trap) from Agilent Technologies.

2.5.6.1 QSTAR (Q-ToF)

Samples were analysed using an Agilent 1100 series capillary LC system and an 

Applied Biosystems QSTAR Pulsar i LC/MS/MS system equipped with the IonSpray 

source running Analyst QS software (v1.1) with the instrument in positive ion mode. 

Each extracted peptide sample was loaded in turn with the Agilent 1100 series capillary 

LC system onto a 0.5 x 50 mm C18 (5 μm 100 Å) reverse phase column (Higgins 
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Analytical) with a C18 OPTI-GUARD guard column (Optimize Technologies) at 16 

μl/min equilibrated with 5% acetonitrile and 0.1% formic acid. Peptides were eluted 

from the C18 reverse phase column into the QSTAR Pulsar i by a 7 minute acetonitrile 

gradient (5-80%) at 16 μl/min under constant formic acid concentrations of 0.1%. 

During the period of ion detection, eluted peptides were analysed by the mass 

spectrometer at 8 μl/min. The method used to analyse eluted ions employed the 

Information Dependent Acquisition (IDA) capabilities of Analyst QS and the rolling 

collision energy feature for automated collision energy determination based on the ions 

m/z (Sciex/AB). The method employed a 1 second TOF-MS scan which automatically 

switched (using IDA) to a 2 second Product Ion scan (MS/MS) when a target ion 

reached an intensity of greater than 30 counts and its charge state was identified as 2+, 

3+ or 4+. TOF-MS scanning was undertaken in the m/z range of 400-1600 m/z using a 

Q2 transmission window of 380 amu (100%). 

2.5.6.2 XCT Ultra (IonTrap)

Samples were analysed using an Agilent 1100 series capillary LC system and an 

Agilent Technologies XCT Ultra IonTrap equipped with an ESI source equipped with a 

low flow nebuliser in positive mode controlled by Chemstation (Rev B.01.03 [204]: 

Agilent Technologies) and MSD Trap Control v6.0 Build 38.15 (Bruker Daltonik 

GmbH) software. Each extracted peptide sample was loaded in turn with the Agilent 

1100 series capillary LC system onto a 0.5 x 50 mm C18 (5 μm 100 Å) reverse phase 

column (Higgins Analytical) with a C18 OPTI-GUARD guard column (Optimize 

Technologies) at 10 μl/min equilibrated with 5% acetonitrile and 0.1% formic acid 

under a regulated temperature of 50˚C. Peptides were eluted from the C18 reverse phase 

column into the XCT Ultra by a 9 minute acetonitrile gradient (5-60%) under constant 

formic acid concentrations of 0.1%. The method used for initial ion detection utilized a 

mass range of 200 – 1400 m/z with scan mode set to Standard (8100 m/z per sec) and a 

Ion Charge Control (ICC) conditions set at 250000 and 3 Averages taken per scan. 

Smart mode parameter settings were employed using a Target of 800 m/z, a Compound 

Stability factor of 90%, a Trap Drive Level of 80% and Optimize set to Normal. Ions 

were selected for MS/MS after reaching an intensity of 80000 cps and two precursor 

ions were selected from the initial MS scan. MS/MS conditions employed SmartFrag 
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for ion fragmentation, a scan range of 70 - 2200 m/z using an average of 3 scans, the 

exclusion of singly charged ions option and ICC conditions set to 200000 in Ultra scan 

mode (26000 m/z per sec).

2.5.6.3 Protein Search with Mascot

Data produced by these methods were used to search the Mascot search engine 

(Matrix Biosciences, UK) for protein identification. Search parameters at Mascot 

employed a peptide tolerance of ±1.2 Da and a MS/MS tolerance of ± 0.6 Da, with the 

use of the variable modifications: oxidised methionine (oxidation M) and HNE (CHK). 

Searches were performed against the TAIR6 Arabidopsis database.

2.6 Biochemical Assays

2.6.1 TBARS assay

Levels of MDA equivalents were measured using a modified TBARS assay 

(Hodges et al., 1999). Samples were weighed and 80% ethanol in a ratio of 1 g fresh 

weight (FW):25 ml ethanol was added to each sample. Samples in ethanol were 

homogenised in a mortar and pestle with inert sand and centrifuged at 3000 x g for 10 

mins at 4°C to remove debris. Six volumes of 1 ml of each sample was added to 

separate cryovials and 975 μl of –TBA solution (20% (w/v) trichloroacetic acid, 0.01% 

(w/v) butylated hydroxytoluene) was added to three tubes and +TBA solution (0.65% 

(w/v) thiobarbituric acid, 20% (w/v) trichloroacetic acid, 0.01% (w/v) butylated 

hydroxytoluene) was added to the other three tubes. The samples were vortexed and 

incubated at 95°C for 25 mins followed by cooling on ice for 10 mins. Samples were 

then centrifuged at 3000 x g for 10 mins and absorbances measured at 440 nm, 532 nm 

and 600 nm using a Cary 300Bio spectrophotometer (Varian Inc., Perth, Australia). The 

amount of MDA equivalents was calculated as in Equation 1.



Chapter 2 – Materials and Methods

53

Equation 1.

MDA equivalents (nmol/ml) = (A-B/ε)*106

Where: A = [(A532+TBA)-(A600+TBA)-(A532-TBA-A600-TBA)]

B = [(A440+TBA-A600+TBA)*0.0571]

ε = 157000 M-1 cm-1 for MDA

2.6.2 Hydroxyalkenal (HAE) Assay

Analysis of free hydroxyalkenals (HAEs) in samples was performed using the 

commercially available Bioxytech HAE-586 assay kit (OXIS research). Samples (5 ml

cell culture) were ground in liquid N2 using a mortar and pestle and poured into a glass 

tube sitting in liquid N2. Once the liquid N2 had evaporated, 4 ml of dichloromethane 

(DCM), 4 ml of water and 2.5 mM butylated hydroxytoluenes were added and the tube 

stoppered tightly. Tubes were vortexed at maximum speed for 3 x 30 seconds with 30 

seconds on ice between each cycle. The tubes were then centrifuged at 3000 x g for 15 

mins at 4˚C to separate phases. Triplicates of 400 μl aliquots of the DCM (lower) phase 

were placed into clean glass culture tubes (Kimax), dried at room temperature under a 

stream of nitrogen gas, and re-suspended in 200 μl water. HNE standards (0 μM – 4 

μM) were also prepared using the stock HNE provided in the kit. To each sample and 

standard tube 650 μl of diluted R1 reagent (N-methyl-2-phenylindole in acetonitrile) 

was added, mixed briefly by vortexing, and 150 μl of the R2 reagent (methanesulfonic 

acid) added. Samples was mixed well and incubated at 45˚C for 60 mins. Sample 

absorbances were measured at 586 nm. Final HAE concentration in samples was 

determined by equation 2.
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Equation 2.

HAE (μM/g FW) = [((X*sample vol)/FW)*1000]

Where:X = [((A586 – b)/a)*df]/1000

FW = fresh weight

And: a = regression coefficient

b = intercept

df = dilution factor

2.6.3 Cysteine Synthase Spectrophotometric Assay

Cysteine synthase activity was measured according to the method described by 

Kuske et al. (1994). Reaction mixture (20 mM O-acetylserine, 1 mM Na2S, 100 mM 

Tris-HCl, pH 7.6) was pre-incubated at 34°C for 2 minutes. The reaction was started by 

the addition of 10 μl (100-200 μg) protein to 1 ml of reaction mixture. Samples were 

incubated at 34°C for exactly 10 mins, and the reaction stopped by addition of 200 μl of 

1.5 M TCA. Proteins were precipitated by centrifugation for 5 minutes in a 

microcentrifuge and 1 ml of supernatant added to 1 ml acid ninhydrin reagent (250 mg 

ninhydrin in 10 ml of 3:2 acetic acid:HCl). Samples were heated in a boiling water bath 

for 5 minutes and then cooled on ice for 5 minutes. 2 ml of ice cold 100% ethanol was 

added to each sample, mixed well, and absorbance measured at 546 nm. Concentration 

of Cys in each sample was calculated against a standard curve prepared with known Cys

concentrations.

2.6.4 Complex II Spectrophotometric Assay

Succinate dehydrogenase (complex II of the respiratory chain) was measured 

using a protocol modified from Singer et al. (1973). 200 μg protein was added to 1 ml 

of succinate dehydrogenase reaction mixture (60 μM 2,6-dichloroindophenol, 0.03% 

(w/v) phenazine methosulfate, 1 mM KCN, 1 mM n-PG, 50 mM KH2PO4, pH 7.6). The

reaction was started by the addition of 40 mM succinate to the mixture. Succinate 

dehydrogenase activity was measured as DCPIP oxidation at 600 nm. Calculation of 

amount of DCPIP oxidized was performed using ε = 15700 M-1 cm-1.
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2.6.5 In-Gel Activity Assay of Complex I

Measurement of complex I activity was performed based on the method 

described in Zerbetto et al. (1997). Plant mitochondria also contain alternative NADH 

DHs which are also visible by this assay. Following Blue Native separation of 

mitochondrial protein gels were washed 4 times for 5 minutes each with ddH2O and 

incubated in 50 ml per 5 lanes of NADH DH assay mixture (0.14 mM NADH, 1 mg/ml 

nitro tetrazolium blue, 0.1 M Tris-HCl, pH 7.4) until the stained complex was visible 

(10 minutes to 1 hour). The reaction was stopped by rinsing the gel in water and 

transferring the gel to fixing solution (40% methanol, 10% acetic acid).

2.7 Densitometry

All densitometry performed in this work was carried out using Image Gauge 

(Fujifilm, Tokyo, Japan).

2.8 Statistical Analysis

Results presented in this thesis are expressed as the average of multiple 

independently performed experiments (n=3, or as indicated in the text) ± standard error 

(SE). ANOVA analysis and t-tests have been performed where appropriate.
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CHAPTER 3

EFFECT OF HNE ON RESPIRATION
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3.1 Introduction

Unlike its animal counterpart, the plant mitochondrial respiratory electron 

transport chain contains two terminal oxidases, the Cox and an Aox. Electron transport 

through the two pathways is regulated by the redox state of the UQ pool and the 

activation status of the Aox protein, with the cytochrome pathway being the ‘default’, 

more active pathway. Aox exists as a dimer and branches from the cytochrome pathway 

at UQ, where it accepts electrons from UQH2, with the concomitant reduction of 

molecular oxygen to water. In contrast to the cytochrome pathway, the alternative 

pathway is non-phosphorylating and therefore does not contribute directly to OxPHOS. 

As this alternative pathway has the potential to decrease the efficiency of respiration, 

Aox is tightly regulated by two mechanisms. It is active as a non-covalently linked 

dimer, and inactive when covalently linked via disulfide bonds (Umbach and Siedow, 

1993), but also requires α-keto acids, such as pyruvate, to be fully active (Millar et al., 

1993). It is generally assumed that the Aox pathway can serve to protect the plant 

during periods of stress (Yip and Vanlerberghe, 2001; Zhang et al., 2003). Evidence for 

this protective role of Aox includes increase in Aox gene expression and protein levels 

in plants exposed to oxidative stress (Vanlerberghe and McIntosh, 1992b), and decrease 

of ROS production in cells over-expressing Aox (Umbach et al., 2005). Although, it has 

also been shown that an increase in Aox protein level during stress is not necessarily 

reflected in a corresponding increase in enzyme capacity (Taylor et al., 2002).

A wide range of biotic and abiotic stresses have been shown to cause an increase 

in the levels of ROS in plants due to perturbations in chloroplastic and mitochondrial 

activities (Van Camp et al., 1998). Mitochondrial ROS is produced by respiratory 

electron transfer directly to O2, primarily at complexes I and III. The polyunsaturated 

fatty acids of membrane lipids are susceptible to ROS, where ROS induce a sequence of 

oxidation reactions which yield various aldehydes, alkenals and hydroxyalkenals. 

Mammalian studies have suggested one of the most prominent, and cytotoxic 

hydroxyalkenals produced via oxidation of membrane lipids, is HNE (Esterbauer et al., 

1991). The reactivity of HNE resides at its highly electrophilic C3 atom, which can 

form Michael-adducts with the sulfhydryl group of Cys residues, the imidazole group of 
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His residues and the εamino group of Lys residues of proteins (Esterbauer et al., 1991).

Lys is also susceptible to Schiff base addition and pentylpyrrole adduct formation with 

HNE (Sayre et al., 1993). Recently, it has also been proposed that HNE can also form a 

pentylpyrrole adduct with Arg (Isom et al., 2004). HNE can also react with the 

sulfhydryl groups of lipoic acid moieties on proteins (Millar and Leaver, 2000; Taylor et 

al., 2002). A number of lipoic acid-containing plant mitochondrial proteins have already 

been identified that are inactivated by HNE, including the acyltransferase subunits (E2 

subunits) of the TCA cycle α-KGDHC and PDC (Millar and Leaver, 2000), and the H-

protein of the mitochondrial GDC (Taylor et al., 2002). Investigations of the effect of 

HNE on mammalian mitochondrial respiratory electron transport chain components 

suggests that it inhibits Cox (complex IV) activity in a dose dependent manner (Chen et 

al., 2001), predominantly by binding to subunit VIII of the complex (Musatov et al., 

2002). In addition, the TCA cycle enzyme α-KGDHC has been shown to be inhibited by 

HNE, resulting in a dose dependent decrease in respiratory capacity (Humphries et al., 

1998).

The aim of this chapter was to characterise the effect of HNE on the respiratory 

capacity of plant mitochondria, with particular focus on the two terminal oxidases, Cox 

and Aox. Determination of the presence and production of HNE in plant cells following 

exposure to oxidative stress was also examined and implications for biological functions 

of the terminal oxidases are discussed.
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3.2 Results

3.2.1 Effect of HNE on Respiration of Isolated Arabidopsis Mitochondria 

In order to ascertain whether HNE had an inhibitory effect on the Aox or Cox 

pathways of respiration, a high concentration of exogenous HNE (700 μM) was added

to mitochondria purified from Arabidopsis cell cultures. While this concentration of 

HNE is likely to be higher than a physiological concentration, it will maximise

inhibition should the pathways be sensitive, to ensure detection of the inhibition by 

activity assays. Following a 20 minute incubation of isolated mitochondria with or 

without HNE, succinate-dependent oxygen consumption through the cytochrome and 

the alternative pathways was examined. Aox capacity was measured in the presence of 

the complex III inhibitor myxothiazol (5 µM), to inhibit the cytochrome pathway, and 

DTT (5 mM) plus pyruvate (5 mM) to activate Aox (Fig. 3.1A). The Aox inhibitor n-

PG (0.5 mM) was added to measure respiration through the Cox pathway (Fig. 3.1B). 

Respiration through the alternative pathway was completely inhibited by incubation 

with 700 μM HNE (Fig. 3.1C), while respiration through the cytochrome pathway 

showed no decrease in capacity in the presence of HNE (Fig. 3.1D). The sensitivity of 

Aox to HNE was further examined by titration through additions of 0-700 μM HNE to 

isolated mitochondria. Total respiration and respiration through the Cox pathway was 

not significantly affected by HNE treatment (Fig. 3.1E). However, electron transport 

through Aox was severely inhibited, with an observed 50% inhibition at approximately 

150 µM HNE, and a total inhibition of Aox-mediated respiration observed at 400 µM 

HNE (Fig. 3.1E).
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Figure 3.1. Effect of increasing concentration of HNE on respiratory capacity in 
mitochondria isolated from Arabidopsis cell culture. Mitochondria were incubated 
with either 0 μM HNE (A, B) or 700 μM HNE (C, D) for 20 mins. Total respiration was 
measured in the presence of 10 mM succinate and 0.5 mM ATP. Respiratory capacity of 
the alternative pathway (A, C) was determined in the presence of 2.5 μM myxothiazol, 
5 mM DTT and 5 mM pyruvate. Respiratory capacity of the cytochrome pathway (B, D) 
was determined in the presence 0.5 mM n-PG. Electron transport was completely 
inhibited by the final addition of 0.5 mM n-PG (alternative pathway) or 1 mM KCN 
(cytochrome pathway). Numbers refer to rates of O2 consumption in nmoles O2/min/mg 
protein. Traces shown are representative of at least 3 independent replicates (A-D). E –
HNE titration effect on total respiration (green), alternative pathway (blue) and 
cytochrome pathway (red). SE bars are shown (n ≥ 3).
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As the activity of Cox was unlikely to be the rate limiting enzyme of the 

cytochrome pathway using succinate as the single substrate (adding another substrate 

stimulates oxygen uptake: results not shown), maximum Cox activity was measured 

using exogenously applied cyt c and the electron donors TMPD and ascorbate. This 

allows for electron donation directly from cyt c to complex IV, bypassing the earlier

enzymes of the cytochrome pathway. A moderate inhibition of complex IV capacity in 

the presence of HNE was observed (Fig. 3.2), however higher concentrations of HNE

were required before inhibition could be seen compared to the concentrations used to 

inhibit Aox (Fig. 3.2 ♦ vs. ■). Electron transport through complex IV was inhibited by 

25% in the presence of 700 µM HNE, whereas Aox was completely inhibited by this 

concentration of HNE.

These results show that, in contrast to observations in mammalian mitochondria, 

the plant Cox has a relatively low susceptibility to inactivation by HNE. Interestingly, 

the putative stress-protective Aox enzyme appears to be more sensitive to inhibition by 

HNE than complex IV.
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Figure 3.2. Effect of increasing concentrations of HNE on Cox enzyme capacity. 
Mitochondria were isolated from 7 day old Arabidopsis cell cultures and incubated with 
increasing concentrations of HNE (0 – 700 μM) for 20 mins. Respiratory capacity of the 
Cox (complex IV) was determined in the presence of 25 μM cyt c, 0.1 mM TMPD and 
5 mM asc (♦). Electron transport was completely inhibited by the final addition of 1 
mM KCN. Values are expressed as a percentage of control, and shown relative to Aox 
capacity (■). SE bars are shown (n ≥ 3).
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3.2.2 Aox Dimerisation of HNE-Treated Mitochondria

Aox is active as a reduced dimer (Umbach and Siedow, 1993) and is inactivated 

when a highly conserved Cys residue (termed Cys1) (Berthold et al., 2000) is oxidised to 

covalently link the enzyme (Djajanegara et al., 1999). To determine whether 

modification of this Cys1 residue is responsible for the inhibition of Aox by HNE, 

dimerisation of Aox was examined by immunodetection with a monoclonal Aox 

antibody. Two bands were evident on the immunoblots; a 35 kDa band representing the 

reduced Aox monomer in the DTT-treated mitochondria and a 70 kDa band 

representing the oxidised Aox dimer in the diamide-treated mitochondria (Fig. 3.3). In 

mitochondria isolated from Arabidopsis cell cultures, Aox typically exists as a mixture 

of the oxidised and reduced protein (Fig. 3.3). Prior incubation of mitochondria with 

HNE had no effect on the relative distribution of Aox protein between the oxidised and 

reduced forms in denatured but non-reduced mitochondrial samples (Fig. 3.3).

Mitochondria incubated with increasing concentrations of HNE (0, 50, 200 or 700 µM) 

were also separated by SDS-PAGE and Aox proteins detected via western blotting with 

the Aox antibody (Fig. 3.3). Prior to separation, mitochondrial samples were incubated 

with either the reductant DTT (to break disulfides between Aox monomers) or the 

oxidant diamide (to induce covalent dimerisation of Aox). While DTT is apparently 

able to reduce all the Aox protein (Fig. 3.3 +DTT), diamide is unable to fully reduce all 

Aox protein (Fig. 3.3 +Diamide), even using higher concentrations of diamide (data not 

shown). Increasing the concentration of HNE results in a concomitant decrease in the 

ability of Aox to form a covalently-linked dimer. At 50 μM HNE only 62% of Aox 

could be dimerised compared to 88% in the control, and at 700 μM HNE only 27% of 

Aox could be dimerised (Fig. 3.3). This result implies that HNE can interact with Aox, 

causing an inability of Aox to form the covalently-linked dimer. It is therefore proposed 

that the regulatory Cys1 residue of Aox is a likely target for HNE modification in 

Arabidopsis mitochondria.
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Figure 3.3. Immunodetection of Aox proteins from HNE-treated mitochondria of 
Arabidopsis cell cultures. Isolated mitochondria from 7 day old Arabidopsis cell 
cultures were incubated for 20 mins in the presence of HNE (0, 50, 200 or 700 μM) at 
22°C. Samples (50μg) were either untreated (non-reducing), or treated with either 20 
mM DTT or 200 mM diamide for 30 mins at room temperature immediately prior to 
separation. Following separation by SDS-PAGE, proteins were transferred to a 
nitrocellulose membrane and probed with an anti-Aox antibody. The positions of the 70 
kDa and 35 kDa molecular mass markers are indicated on the left. Numbers 
corresponding to relative percentage intensities are shown under relevant bands.
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3.2.3 Identification of HNE-Modified Aox Peptides by Mass Spectrometry

Addition of HNE to a residue will increase the observed mass of the residue by 

156 Da (mass of HNE). Utilising this information, the pattern matching program Mascot

(Matrix Sciences, UK) can be used to detect peptide masses including this 156 Da as a 

variable modification. Using this approach, it was therefore interesting to determine 

whether HNE-modification of specific peptides and residues of Aox could be directly 

observed. 

In order to visualise and isolate Aox for mass spectrometry analysis, separation 

of mitochondrial proteins by diagonal-SDS-PAGE was undertaken. Diagonal-SDS-

PAGE is a type of two-dimensional gel for the separation of proteins. Each dimensional 

is performed in the presence of SDS but under different conditions. For example, 

diagonal-SDS-PAGE has been utilised to identify divalent metal cation binding proteins 

by use of either or both CaCl2 and EDTA in the first and second dimensions (Herald et 

al., 2003), and also to determine dimerisation capability of various Aox proteins by use 

of diamide/DTT in the first/second dimensions, respectively (Holtzapffel et al., 2003). 

As isolation of Aox was required in this study, diagonal-SDS-PAGE was undertaken to 

separate proteins utilising the oxidation/reduction of disulfide bonds as shown by

Holtzapffel et al. (2003). In this analysis, proteins were separated in the first dimension 

in the presence of an oxidant (diamide) and in the second dimension in the presence of a 

reductant (DTT). Incubation with diamide resulted in the formation of the disulfide-

linked Aox dimer, which would migrate to 70 kDa in the first dimension. Incubation of 

the lane from the first dimension with DTT would cause reduction of the Cys residues 

involved in the disulfide bond, and when separated in the second dimension, Aox would

migrate to 35 kDa, the size of the monomer protein. Therefore, following separation by 

diagonal-SDS-PAGE, Aox would appear as a spot at 35 kDa, located vertically below 

the 70 kDa region of the diagonal (Fig. 3.4) (Holtzapffel et al., 2003).
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Figure 3.4. Schematic representation of oxidant/reductant diagonal-SDS-PAGE.
Proteins are separated in two dimensions. Initially, proteins are incubated with the 
oxidant diamide to induce disulfide bridge formation, and separated by standard SDS-
PAGE (first dimension). The lane is then excised and incubated in the reductant DTT, 
thereby reducing the disulfides, dissociating monomers (second dimension). Proteins 
containing Cys residues involved in disulfide linkages move off the diagonal in the 
second dimension. Diamide is unable to oxidise all Cys residues on a given protein 
therefore un-dimerised protein will be present on the diagonal. The combination of DTT 
and the reducing nature of SDS gels results in reduction of all Cys residues of a given 
protein therefore it is unlikely any will remain dimerised on the diagonal. Locations of 
Aox in the first and second dimensions, as well as Aox that never dimerised are shown. 
Molecular mass markers are indicated.
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In this experiment, diagonal-SDS-PAGE allowed isolation of “unmodified” 

protein (off the diagonal) and “HNE-modified” protein (on the diagonal), which can 

then be used for mass spectrometry analysis for HNE-modified peptides of Aox. This 

technique is more practical for this purpose than standard 1D separation as higher 

protein amounts in the separation with diagonal-SDS-PAGE (up to 300 μg) can be used 

without increasing the complexity (especially around 35 kDa) that would occur with 

standard 1D separation. 

Mitochondria were incubated in the presence of diamide for 30 mins prior to 

protein separation in the first dimension. Following the first dimension SDS-PAGE,

lanes were excised and incubated in 20 mM DTT for 1 hour prior to separation in the 

second dimension. Following the second dimension SDS-PAGE, proteins were 

visualised using colloidal Coomassie. A number of proteins migrated below the 

diagonal (Fig. 3.5A), however for the purposes of this investigation the focus was solely 

on Aox. Diagonal-SDS-PAGE was carried out with both control mitochondria and 

mitochondria treated with 200 μM HNE (Fig. 3.5B, C). This concentration of HNE was 

used in this study, as it is known from 1D western analysis that at 200 μM about two 

thirds of the Aox is unable to dimerise while about one third of the protein is still able to 

dimerise (Fig. 3.3). This allowed for investigation of the peptides of the putative 

“unmodified” Aox in HNE-treated mitochondria (35 kDa off the diagonal), to determine 

whether it was possible to see HNE-modification in the dimerised form of Aox. 

Localisation of Aox was undertaken by immuno-detection with the Aox antibody. In 

both control and HNE-treated mitochondria no Aox was detected at 70 kDa in the 

second dimension (data not shown). However, immuno-reactivity corresponding to the 

Aox protein was found at 35 kDa off the diagonal in the second dimension from a 70 

kDa dimer in the first dimension for both treatment sample types (Fig. 3.5D, E). This 

protein corresponded to Aox that was covalently dimerised in the first dimension 

conditions and reduced to monomers in the second dimension conditions. Aox protein 

was also found at 35 kDa on the diagonal in both samples (Fig. 3.5 D, E). This 

represented protein that was not dimerised with the diamide treatment prior to 

separation in the first dimension. As was seen from the 1D analysis of Aox 

dimerisation, not all of the Aox protein was able to be dimerised with diamide (Fig. 
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3.3). Both Coomassie and western analysis showed treatment of mitochondria with 

HNE resulted in a decrease of the amount of Aox that is able to be dimerised by

diamide (Aox below the diagonal; Fig. 3.5D vs. E). There was also an apparent increase 

in the relative amount of Aox at 35 kDa on the diagonal after HNE treatment (Fig. 3.5D 

vs. E). This increase corresponded to a diminished capacity of Aox to form the 

covalently-linked dimer in the presence of diamide in the first dimension after HNE 

treatment.



Chapter 3 – Effect of HNE on Respiration

69

Figure 3.5. Identification of Aox proteins by oxidant/reductant diagonal-SDS-
PAGE. Proteins from control mitochondria (A, B) or HNE-treated mitochondria (C) 
were separated by oxidant/reductant 2 dimensional diagonal-SDS-PAGE and were 
visualised by colloidal Coomassie staining. Alternatively, proteins were transferred to 
nitrocellulose membranes and probed with the Aox monoclonal antibody. Control 
mitochondria (D), and HNE-treated mitochondria (E).
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The locations of Aox proteins in Coomassie-stained gels were determined by 

using an overlay with the Aox antibody blots (Fig. 3.5D, E). Spots were then taken of 

the 35 kDa Aox monomers, both off the diagonal (Fig. 3.5A(1)) and on the diagonal

(Fig. 3.5A(2)), in order to identify peptides of Aox and visualise modification by HNE 

using mass spectrometry. Protein spots were excised, digested with trypsin and analysed 

by MS/MS. An example of identification of a peptide is shown in Figure 3.6. The Total 

Ion Chromatogram (TIC) shows the progression of the mass spectrometry analysis of 

the digested protein (Fig. 3.6A). Total ion count at any particular point in time is

comprised of a series of peptide ions with a range of calculated m/z. In the example 

presented in Figure 3.6, the Time Of Flight (TOF) spectrum for a peptide ion eluting 

from the mass spectrometer at 14.022 minutes is shown (Fig. 3.6B). This spectrum

reveals a doubly charged peptide (based on a 0.5 m/z spacing of the isotope series) with 

an m/z of 587.2830. This peak was then selected for collision induced dissociation 

(CID) analysis (Fig. 3.6C). The spectrum derived from 587.3 contained an array of 

singly charged ions from 100 m/z to nearly 1000 m/z. The product ion masses were used 

to search the TAIR6 database of Arabidopsis proteins for peptide matches and protein 

identification using Mascot (Matrix Sciences, UK). Figure 3.6D shows the b- and y- ion 

series matches to the experimental data and the mass differences in y-series are 

annotated as the corresponding amino acid residues of the matched sequence 

ALLEEAENER. Identification of the 35 kDa spots on and off the diagonal was 

performed by this method. Variable modifications oxidation (Oxidation of Met; mass 

increase of 16) and HNE (CHK; mass increase of 156) were selected for in the Mascot 

(Matrix Biosciences, UK) search window in order to match relevant peptides. Sample 

preparation for mass spectrometry often results in an oxidation of Met, hence inclusion 

of this variable modification. A list of the peptide identifications are shown in Table 3.1. 

Analysis of the spot corresponding to the 35 kDa Aox that came off the diagonal at 70 

kDa (spot 1), recognised by the Aox antibody, revealed 3 peptides matching to Aox1a, 

and 2 peptides matching to Aox1b. The two peptides matching to Aox1b also matched 

to Aox 1a. Three Aox isoforms were identified from the spot taken on the diagonal at 35 

kDa (spot 2). Eleven peptides to Aox1a, 6 peptides to Aox 1b, and 6 peptides to Aox1c

were found (Table 3.1). The peptides that were matched to Aox1c and Aox1b were also 

found in Aox1a. As the score assigned to Aox1a was higher than the other two, and as 
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five additional peptides were matched to the Aox1a protein, it is likely that the primary 

Aox isoform present in this spot is Aox1a. Analysis of both of these spots included the 

variable modification HNE (CHK; Cys, His, Lys). However, Mascot (Matrix 

Biosciences, UK) was unable to detect any specific HNE modified amino acids. Closer 

examination of the protein sequences of the three Aox isoforms identified revealed the 

peptides that were matched did not include the region containing the conserved 

regulatory Cys residues (Fig. 3.7). This could be due to the fact that the peptide that 

would be produced through tryptic digestion of this area would result in peptides of 4-5 

amino acid residues (~500-600 Da – doubly charged ~250-300 m/z), which are too 

small to be detected by the mass spectrometer in this experiment (MS/MS range of 400-

1200 m/z) (Fig. 3.7 yellow arrows). Of course, it is expected that other Lys, His or Arg

residues in the protein could be targeted for modification by HNE. As it stands, no

HNE-modified Aox peptides were identified in this experiment.
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Peptide – ALLEEAENER – from At3g22370.1

Figure 3.6. Analysis of CID spectra from a trypsin digested protein. A, TIC of 
digested protein; B, TOF spectra at 14.022 mins; C, CID spectrum of 587.3 product; D, 
CID spectrum interpretation by Mascot (Matrix Biosciences, UK). The Arabidopsis 
peptide sequence matched by Mascot is shown below the bottom panel.
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Aox1a           MMITRGGAKAAKSLLVAAGPRLFSTVRTVSSHEALSASHILKPGVTSAWIWTRAPTIGGM 60
Aox1b           MMMSR-----------RYGAKLMETAVTHSHLLNPRVPLVT--------ENIRVPAMGVV 41
Aox1c           -MITT-----------LLRRSLLDASKQATSINGILFHQLAPA------KYFRVPAVGGL 42 

*::                 *:.:    :         :         *.*::* :

Aox1a           RFASTITLGEKTPMKEEDANQKKTENESTGGDAAGGNNKGDKGIASYWGVEPNKITKEDG 120
Aox1b           RVFSKMTFEKKKTTEEKGSSGG---KADQG-------NKGEQLIVSYWGVKPMKITKEDG 91
Aox1c           RDFSKMTFEKKKTSEEEEGSGDGVKVNDQG-------NKGEQLIVSYWGVKPMKITKEDG 95

*  *.:*: :*.. :*: ..       . *       ***:: *.*****:* *******

Aox1a           SEWKWNCFRPWETYKADITIDLKKHHVPTTFLDRIAYWTVKSLRWPTDLFFQRRYGCRAM 180
Aox1b           TEWKWSCFRPWETYKSDLTIDLKKHHVPSTLPDKLAYWTVKSLRWPTDLFFQRRYGCRAM 151
Aox1c           TEWKWSCFRPWETYKADLTIDLKKHHVPSTLPDKIAYWMVKSLRWPTDLFFQRRYGCRAI 155

:****.*********:*:**********:*: *::*** ********************:

Aox1a           MLETVAAVPGMVGGMLLHCKSLRRFEQSGGWIKALLEEAENERMHLMTFMEVAKPKWYER 240
Aox1b           MLETVAAVPGMVGGMLVHCKSLRRFEQSGGWIKALLEEAENERMHLMTFMEVAKPNWYER 211
Aox1c           MLETVAAVPGMVGGMLMHFKSLRRFEQSGGWIKALLEEAENERMHLMTFMEVAKPKWYER 215

****************:* ************************************:****

Aox1a           ALVITVQGVFFNAYFLGYLISPKFAHRMVGYLEEEAIHSYTEFLKELDKGNIENVPAPAI 300
Aox1b           ALVIAVQGIFFNAYFLGYLISPKFAHRMVGYLEEEAIHSYTEFLKELDNGNIENVPAPAI 271
Aox1c           ALVISVQGVFFNAYLIGYIISPKFAHRMVGYLEEEAIHSYTEFLKELDNGNIENVPAPAI 275

****:***:*****::**:*****************************:***********

Aox1a           AIDYWRLPADATLRDVVMVVRADEAHHRDVNHFASDIHYQGRELKEAPAPIGYH 354
Aox1b           AIDYWRLEADATLRDVVMVVRADEAHHRDVNHYASDIHYQGRELKEAPAPIGYH 325
Aox1c           AVDYWRLEADATLRDVVMVVRADEAHHRDVNHYASDIHYQGHELKEAPAPIGYH 329

*:***** ************************:********:************ 

Aox1a           MMITRGGAKAAKSLLVAAGPRLFSTVRTVSSHEALSASHILKPGVTSAWIWTRAPTIGGM 60
Aox1b           MMMSR-----------RYGAKLMETAVTHSHLLNPRVPLVT--------ENIRVPAMGVV 41
Aox1c           -MITT-----------LLRRSLLDASKQATSINGILFHQLAPA------KYFRVPAVGGL 42 

*::                 *:.:    :         :         *.*::* :

Aox1a           RFASTITLGEKTPMKEEDANQKKTENESTGGDAAGGNNKGDKGIASYWGVEPNKITKEDG 120
Aox1b           RVFSKMTFEKKKTTEEKGSSGG---KADQG-------NKGEQLIVSYWGVKPMKITKEDG 91
Aox1c           RDFSKMTFEKKKTSEEEEGSGDGVKVNDQG-------NKGEQLIVSYWGVKPMKITKEDG 95

*  *.:*: :*.. :*: ..       . *       ***:: *.*****:* *******

Aox1a           SEWKWNCFRPWETYKADITIDLKKHHVPTTFLDRIAYWTVKSLRWPTDLFFQRRYGCRAM 180
Aox1b           TEWKWSCFRPWETYKSDLTIDLKKHHVPSTLPDKLAYWTVKSLRWPTDLFFQRRYGCRAM 151
Aox1c           TEWKWSCFRPWETYKADLTIDLKKHHVPSTLPDKIAYWMVKSLRWPTDLFFQRRYGCRAI 155

:****.*********:*:**********:*: *::*** ********************:

Aox1a           MLETVAAVPGMVGGMLLHCKSLRRFEQSGGWIKALLEEAENERMHLMTFMEVAKPKWYER 240
Aox1b           MLETVAAVPGMVGGMLVHCKSLRRFEQSGGWIKALLEEAENERMHLMTFMEVAKPNWYER 211
Aox1c           MLETVAAVPGMVGGMLMHFKSLRRFEQSGGWIKALLEEAENERMHLMTFMEVAKPKWYER 215

****************:* ************************************:****

Aox1a           ALVITVQGVFFNAYFLGYLISPKFAHRMVGYLEEEAIHSYTEFLKELDKGNIENVPAPAI 300
Aox1b           ALVIAVQGIFFNAYFLGYLISPKFAHRMVGYLEEEAIHSYTEFLKELDNGNIENVPAPAI 271
Aox1c           ALVISVQGVFFNAYLIGYIISPKFAHRMVGYLEEEAIHSYTEFLKELDNGNIENVPAPAI 275

****:***:*****::**:*****************************:***********

Aox1a           AIDYWRLPADATLRDVVMVVRADEAHHRDVNHFASDIHYQGRELKEAPAPIGYH 354
Aox1b           AIDYWRLEADATLRDVVMVVRADEAHHRDVNHYASDIHYQGRELKEAPAPIGYH 325
Aox1c           AVDYWRLEADATLRDVVMVVRADEAHHRDVNHYASDIHYQGHELKEAPAPIGYH 329

*:***** ************************:********:************ 

Figure 3.7. Alignment of Arabidopsis Aox1a, Aox1b and Aox1c. Aox1a, 1b and 1c 
were aligned using Clustal. Peptides identified from spot 1 (green) and spot 2 (blue and 
underlined) outlined in Figure 3.5, are shown. The 2 conserved Cys residues are boxed 
in red. Cleavage sites from trypic digestion of the area containing the conserved Cys 
residues is shown as yellow arrows.
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3.2.4 Effect of HNE on an Aox Isoform Lacking Cys1

The fact that a decrease in Aox activity occurs in the presence of HNE in 

conjunction with a decrease in the capacity to form a covalently linked dimer raises the 

question of whether Cys1 is required for HNE inhibition of Aox activity. Previous work 

has shown that cold-treated tomato fruit contain two isoforms of Aox: LeAox1a, which 

contains the highly conserved Cys1, and LeAox1b, in which Cys1 is replaced by a Ser

residue (Fig. 3.8A) (Holtzapffel et al., 2003). When expressed in Saccharomyces 

cerevisiae, LeAox1b dimers can not be covalently linked or inactivated by oxidants 

(Holtzapffel et al., 2003). As Cys1 is responsible for activation of Aox by pyruvate, 

LeAox1b is therefore regulated not by pyruvate, but instead it appeared to be regulated

by succinate (Holtzapffel et al., 2003). Analysis to determine the effect of HNE on the 

inhibition of Aox via Cys1 was undertaken here utilising the tomato Aox isoforms 

LeAox1a and LeAox1b expressed in S. cerevisiae.

Isolated yeast mitochondria containing either LeAox1a or LeAox1b, were 

incubated for 10 min with increasing concentrations of HNE (0 - 200 µM) and 

respiration through Aox measured with NADH as a substrate and in the presence of the 

complex III inhibitor myxothiazol (Fig. 3.8B). NADH, as opposed to succinate, was 

used as the substrate for these experiments due to the fact that LeAox1b is activated by 

succinate therefore use of succinate would bias results comparing the two Aox isoforms.

Oxygen uptake via both LeAox1a and LeAox1b was inhibited by HNE, with 50% 

inhibition of electron transport seen at 70 µM and 15 µM, respectively (Fig. 3.8B).

Inhibition of LeAox1b by HNE suggests that there exist other sites for modification of 

Aox by HNE, in addition to the regulatory Cys1, and that inhibition of Aox activity is

most likely due to HNE interaction at these other sites.
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Figure 3.8. Effect of increasing concentrations of HNE on respiratory capacities of 
LeAox1a and LeAox1b. Sequence alignment of LeAox1a and LeAox1b is shown (A). 
The 2 regulatory Cys residues are boxed, with Cys1 to Ser substitution shown in red. 
Mitochondria were isolated from yeast transformed with either LeAox1a (black) or 
LeAox1b (red), suspended in reaction medium and incubated with increasing 
concentrations of HNE (0 – 200 μM) for 10 mins. Respiration was initiated by the 
addition of 2 mM NADH and 1 mM ADP. Electron transport via the alternative 
pathway was measured in the presence of 2.5 μM myxothiazol, 10 mM pyruvate, 2.5 
mM dithiothreitol and 10 mM succinate (B). Addition of 0.5 mM n-PG inhibited 
respiration completely. Oxygen consumption is shown as percentage compared to 
control rate. SE bars are shown (n ≥ 3).
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3.2.5 Oxidative Stress Treatments in Cell Cultures

A major consequence of oxidative stress in cells is the generation of lipid 

peroxidation products, such as HNE. Having shown that Aox is susceptible to 

inactivation by HNE, it was then interesting to investigate respiratory responses in cells 

that have been subjected to an oxidative damage-inducing treatment. Arabidopsis cell 

cultures were incubated with 400 µM menadione, 25 µM antimycin A or 88 mM H2O2. 

These treatments were previously shown to cause detectable oxidative stress without 

dramatic cell death in these cell cultures (Sweetlove et al., 2002). Cell growth, assessed 

by way of fresh and dry weights, was measured over a 24 hour time period for all the 

treatments. No significant decrease in fresh weight was seen with H2O2 or antimycin A 

treatments 24 hours following treatment (Fig. 3.9A). However, an approximately 20% 

decrease in fresh weight was seen 24 hours after treatment of cells with menadione (Fig. 

3.9B). A decrease of approximately 30% in dry weight was observed 24 hours 

following treatment with all three effectors (Fig. 3.9B, C). The discrepancy between 

apparently unaffected fresh weights and diminished dry weights could be due to a 

decrease in protein and stored carbohydrate or lipid in the treated cells, while cell 

number and volume remains unchanged.

3.2.5.1 Whole Cell Respiration

While respiration was initially reduced dramatically in H2O2 (Fig. 3.10A) and 

antimycin (Fig. 3.10B) treated cells (0.5-8 hours), respiratory capacity began to return to 

control levels after 24 hours. In the H2O2 treated cells, both Aox and Cox contributed to 

the recovered respiration (Fig. 3.10A), while in the antimycin A treated cells, the 

recovered respiration was entirely due to a dramatic increase in Aox activity over the 

time course of the experiment (Fig. 3.10B). Data for respiration of cells treated with 

menadione for 30 mins, 1 hour and 2 hours, are not shown (Fig. 3.10C). This is because

oxygen consumption that was seen in these assays was unable to be inhibited by 

addition of n-PG and KCN. Respiration could be inhibited again by n-PG and KCN

only 8 hours following treatment with menadione, therefore respiratory data for this 

treatment exists solely for 8 and 24 hour time points (Fig. 3.10C). Respiratory capacity 

24 hours after treatment with menadione resembled control levels, with both Aox and 
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Cox contributing to respiration in similar relative degrees to that observed in control 

cells (Fig 3.10C).

The un-inhibitable respiration in the presence of menadione, seen at time points 

0.5 to 8 hours, was investigated further. Figure 3.11A shows that 1 hour following 

treatment of cell culture with menadione, respiration was unable to be inhibited by the 

traditional terminal oxidase inhibitors n-PG and KCN. To determine whether this was 

due to some other oxygen consuming pathway that may be induced in response to 

menadione, the effect of addition of menadione to control cells was undertaken. 

Addition of n-PG and KCN to control cells inhibited oxygen consumption (Fig. 3.11B). 

Addition of menadione (1 mM) to the reaction resulted in an immediate increase in 

oxygen consumption, presumably not by the terminal oxidases (Fig. 3.11B). To 

determine whether this oxygen consumption was biological, control cells were boiled 

for 5 minutes prior to addition to the oxygen electrode chamber (Fig. 3.11C). While 

some oxygen consumption capacity was retained, addition of menadione to the cells 

resulted in an increase in oxygen consumption. This increase could be further stimulated 

by subsequent additions of n-PG and KCN to the reaction (Fig. 3.11C). Finally to 

examine whether some constituent of the cell was responsible for this menadione-

dependent oxygen uptake, menadione was added to an oxygen electrode chamber 

containing only the oxygen electrode media (Fig. 3.11D). Again, menadione appeared 

to stimulate oxygen uptake. Addition of n-PG appeared to slightly inhibit this rate of 

oxygen consumption, but the subsequent addition of KCN increased the rate more than 

menadione alone. The results presented here suggest a non-biological mechanism for 

oxygen consumption by menadione. This is an important observation, as menadione is 

sometimes utilised in oxygen electrode investigations of mitochondrial respiration

(Shneyvays et al., 2005), and any data observing changes in oxygen consumption in the 

presence of menadione need to be carefully evaluated.
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Figure 3.9. Fresh and dry weights of cells following oxidative stress. Cell cultures 
were untreated (blue bars), or treated with 88 mM H2O2 (yellow bars), 25 μM 
Antimycin A (red bars) or 400 μM menadione (green bars) for the specified periods of 
time. A time-course of fresh weight (A) or dry weight (B) of cells 0 to 24 hours 
following treatment was performed. Percentage change in dry weight of cells 8 hours 
following stress treatment is shown in C. SE bars are shown (n = 3).
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Figure 3.10. Whole cell respiration of Arabidopsis cell cultures exposed to 
oxidative stress treatments. Cell cultures were treated with 88 mM H2O2 (A), 25 μM 
antimycin A (B) or 400 μM menadione (C). Eight hours following application of 
treatment, respiration of whole cells was measured in the presence of 2 mM of the 
uncoupler CCCP. Total respiration (green bars), and respiration through the alternative 
(blue bars) and the cytochrome (red bars) pathways were measured in the presence of 1 
mM KCN or 0.5 mM n-PG, respectively. Analysis of 0.5, 1 and 2 hour samples of 
menadione treated cells was not possible (nd). SE bars are shown (n ≥ 3)
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Figure 3.11. Menadione-dependent oxygen consumption in the presence of 
respiratory inhibitors. The ability of menadione to initiate oxygen consumption was 
investigated under various conditions. A, cell culture treated for 1 hour with menadione; 
B, control cell culture; C, control cell culture boiled for 5 mins; D, media only. 
Additions to the oxygen electrode chamber are indicated. 2 mM CCCP, 0.5 mM n-PG, 1 
mM KCN and 1 mM menadione. Numbers correspond to nmol O2/min; scales of the 
axes are different for each trace shown to allow clearer visualisation.
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3.2.5.2 Respiration of Isolated Mitochondria

Respiration of whole cells provided information on the viability of the cells 

following oxidative stress. However due to the measurement being in whole cells, a 

number of factors other than mitochondrial integrity can affect results. Therefore, it was

necessary to characterise the respiratory capacity of isolated mitochondria. In this study, 

mitochondria were isolated from cell cultures incubated for 8 hours with the respective 

treatments. This time point was chosen as it represents the stage at which the respiratory 

damage the stress treatments imposed, across all treatments, appeared to substantially 

recover (Fig. 3.10). As 24 hours following treatment cells appeared to recover 

respiration to almost control levels, and as the interest of this research is on lipid 

peroxidation products and their presence, production and effect, examination of cells 

beyond 8 hours may have resulted in missing the effect of lipid peroxidation and HNE.  

Mitochondria were isolated from cell cultures 8 hours following exposure to each 

oxidative treatment and capacities of both the terminal oxidases (Aox and Cox) was 

examined, as was capacities of the external and internal NADH DHs (Fig. 3.12A).

Respiratory analysis of internal NADH DH is complicated as measurements are 

performed via the TCA cycle. Substrates glutamate and malate are added to the reaction 

as they can be transported into the matrix. Malate enters the TCA cycle which produces 

NADH which then donates electrons to the electron transport chain at complex I and the 

internal NADH DH. The activity of internal NADH DHs can be isolated from complex 

I as they are rotenone-insensitive, therefore in the presence of rotenone it is assumed 

NADH-dependent oxygen consumption is through the internal NADH DHs, albeit via 

the TCA cycle. Inhibition of components of the TCA cycle will therefore affect analysis 

of this pathway of respiratory electron transport. However, to date this is a standard 

technique to measure activity of the internal NADH DHs. In addition, this experiment 

involved determination of activities of various components of the respiratory electron 

transport chain in mitochondria from oxidative damaged cells. As can be seen in Figure 

3.12A, treatment of cell cultures results in a lower total respiration rate, likely due to the 

damage imposed. Therefore in order to analyse comparatively across the treatments 

(stress and HNE) and control, a percentage rate was calculated, with each rate relative to 

the total rate of the respective treatment sample type (Fig. 3.12B).
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Figure 3.12. Respiratory capacities of mitochondria isolated from oxidative 
damaged cell cultures. Mitochondria were isolated from control cell cultures (blue 
bars), treated with 700 μM HNE (purple bars), or isolated from cell cultures treated for 
8 hours with 88 mM H2O2 (orange bars), 25 μM antimycin A (red bars) or 400 μM 
menadione (green bars). Total respiration was measured in the presence of 10 mM 
succinate and 0.5 mM ATP. Aox capacity was measured in the presence of 2.5 μM 
myxothiazol, 5 mM pyruvate and 5 mM DTT. Cox capacity was measured in the 
presence of 0.5 mM n-PG. Respiration was completely inhibited with addition of 0.5 
mM n-PG (Aox) or 1 mM KCN (Cox). External NADH DH activity was measured in 
the presence of 1 mM NADH, 0.1 mM CaCl2, 5mM rotenone and 0.5 mM ADP. 
Internal NADH DH activity, via the TCA cycle, was measured in the presence of 10 
mM glutamate, 10 mM malate, 12 μM CoA, 0.2 mM TPP, 2 mM NAD+ and 0.5 mM 
ADP. External and internal NADH DH activities were completely inhibited with 
addition of 0.5 mM n-PG and 1 mM KCN. A, rate of oxygen consumption 
(nmol/min/mg protein); B, rate of each assay as a percentage of total respiration for 
each treatment sample type (succinate + ATP). SE bars are shown (n ≥ 3).
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As had already been shown, 700 μM HNE severely inhibited Aox activity while 

it had a relatively minimal effect on Cox capacity. This was further confirmed here with 

Aox activity inhibited by 700 μM HNE (1.2% of the total rate compared to 137.9% in 

control mitochondria) while having no inhibitory effect on the cytochrome pathway 

(93.7% and 95.3% in HNE treated and control mitochondria, respectively). In the 

presence of HNE, electron transfer via the external NADH DH had a rate 59.4% of the 

total respiratory rate of these mitochondria, compared to 151.5% in control 

mitochondria. Internal NADH DH rate was 39.9% of the total rate, compared to 76.8% 

in control mitochondria. Treatment of cell cultures with H2O2 resulted in an Aox 

capacity 96.4% of the total, Cox capacity of 58.8% and external and internal NADH DH

rates similar to those seen in control mitochondria (131.4% and 130.4%, respectively).

Treatment of cell cultures with antimycin A resulted in an Aox capacity 255% of the 

total respiratory rate, and a Cox capacity of only 7.6% of the total rate. Antimycin A 

treatment appears to inhibit the external NADH DH (70.2% compared to 151.5% in 

control) and stimulated an increase in capacity of the internal NADH DH (207.6% 

compared to 76.8% in control). Menadione treatment of cell cultures resulted in an Aox 

capacity of 94% of the total rate and a Cox capacity of 110% of the total rate, and an 

increase capacity of both the external and internal NADH DHs to 228.5% and 178.3%, 

respectively. Lack of replication of menadione data was due to difficulties experienced 

obtaining coupled mitochondria from these cells. In order to gain an accurate model of 

menadione effects on plant respiration, these experiments require replication. 

Respiratory data presented here shows that respiratory responses to oxidative damage 

are dependent on the oxidative stress imposed. Aox capacity was inhibited in HNE-

treated mitochondria and cell cultures treated with H2O2 and menadione, but was 

increased in cells treated with the complex III inhibitor antimycin A. Cox capacity was 

relatively unaffected in HNE-treated mitochondria or by treatment of cell cultures with 

H2O2 or menadione, however was severely inhibited, as expected, by treatment of cell 

cultures with antimycin A. The external NADH DH capacity was unaffected by 

treatment of cell cultures with H2O2, inhibited severely by treatment of isolated 

mitochondria with HNE and treatment of cell cultures with antimycin A, and up-

regulated by treatment of cell cultures with menadione. Internal NADH DH capacity 

was also unaffected by H2O2 treatment of cell cultures. HNE treatment of isolated 
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mitochondria resulted in a decrease in capacity of the internal NADH DH, while cell 

cultures treated with antimycin A and menadione exhibited an increase in internal 

NADH DH capacity. As mentioned above, measurements of the capacity of the internal 

NADH DH are complicated as this assay does not clearly measure the enzymes activity 

directly. In this experiment, internal NADH DH activity was measured via the TCA 

cycle, with the substrates glutamate and malate provided to initiate the TCA cycle. This 

is because no transporter exists which allows exogenously added NADH to enter the 

matrix, but there are transporters for glutamate and malate. Therefore, inhibition of 

capacity of the internal NADH DH also encompasses the possibility of inhibition of 

enzymes of the TCA cycle or the transporters.

3.2.5.3 Lipid Peroxidation Products in Cells Exposed to Oxidative Stress

Having established that HNE is a powerful inhibitor of Aox and potentially a 

partial inhibitor of the external NADH DH, investigation of the initiation of lipid 

peroxidation in vivo was performed to explore the biological significance of HNE. 

Whole cells, treated with either H2O2, antimycin A or menadione, were analysed for the 

presence of lipid peroxidation products by measuring the production of MDA 

equivalents by use of the TBARS assay, at 0.5, 1, 2, 8 and 24 hours after addition of 

each treatment (Fig. 3.13A). A basal level for MDA equivalents of 8 nmol/g FW was

seen in control cells. Cell content of MDA equivalents increased after addition of all 

three treatments, reaching a maximum of 21, 23 and 26 nmol/g FW for H2O2, antimycin 

A and menadione, respectively, 1 hour after addition. Thereafter, MDA content began to 

decrease, with control levels being reached after 24 h for cell cultures treated with H2O2

and antimycin A. Menadione treated cells retained high levels of MDA equivalents (19

nmol/g FW), even 24 hours following treatment. These results show an increase of lipid 

peroxidation during oxidative stress. These results also show an ability of the cell to 

cope with the increase in lipid peroxidation presumably by activation of scavenging and 

defensive responses. Differences in response seen between the treatments reflect the 

different modes of action of inducing oxidative stress by these chemicals. Hydrogen 

peroxide is itself considered a reactive oxygen species although it is relatively 

innocuous. Hydrogen peroxide is able to oxidise proteins, predominantly at Cys

residues (Foyer and Noctor, 2005) as well as react with free Fe2+ and, through the 
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Fenton reaction, generate OH., which is considered the most toxic of the ROS. 

Antimycin A inhibits complex III and therefore exacerbates the production of the ROS,

O2
-, within the mitochondria. Menadione acts to induce the generation of intracellular 

O2
- in a variety of membrane systems, therefore acting on more of a cellular level than

antimycin A. The different modes of action of these chemicals are likely responsible for

difference of responses within the cell and therefore difference in impact on

mitochondria.

The TBARS assay is a standard method for determination of lipid peroxidation 

in cells. Recently it has been shown that this assay is very non-specific for measuring 

MDA and its equivalents in plants due to interferences with sugars (Johnston,  in press).

However, as the research presented in this thesis is primarily interested in the presence 

and production of the specific lipid peroxidation product HNE, an assay measuring 

HAEs, of which HNE is considered the most prominent (Esterbauer et al., 1991; 

Schneider et al., 2001), was utilised to more directly measure HNE. A basal level for 

HAE of approximately 4 μM/g FW could be detected in untreated cells (Fig. 3.13B). 

This level increased upon treatment with all three treatments (Fig. 3.13B). Maximum 

levels of HAE measured in cells treated with H2O2 and antimycin A was 16.5 μM/g FW 

and 13 μM/g FW, respectively. Levels of HAE began to return towards control levels 24 

hours following these treatments. Treatment of cell cultures with 400 μM menadione 

however, resulted in a sustained increase in HAE production/presence with maximum 

levels of 23 μM/g FW detected 24 hours following treatment. These results show that 

HAEs are produced in plant cells following oxidative stress, with menadione generating 

the highest levels of lipid peroxidation and HAEs and also exhibiting a longer period at 

high lipid peroxidation levels compared to H2O2 and antimycin A treatments.
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Figure 3.13. Time Course Analysis of Lipid Peroxidation in Arabidopsis Cell 
Cultures Exposed to Oxidative Stress. Seven day old Arabidopsis cell cultures were 
treated with 88 mM H2O2 (orange bars), 25 μM antimycin A (red bars) or 400 μM 
menadione (green bars). Cells were analysed for presence of MDA equivalents (A) or 
HAEs (B) at indicated time points following addition of the treatment. SE bars are 
shown (n ≥3).
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3.2.6 Immunodetection of HNE-Modified Proteins

The purpose of the work presented in this thesis was to investigate the effects of 

the lipid peroxidation product HNE on mitochondrial function. Therefore it was 

important to examine the effect of the observed increases in whole cell lipid 

peroxidation and HAE production on mitochondrial proteins. To investigate the 

presence of HNE modification of mitochondrial proteins two commercially available 

antibodies, a monoclonal HNE-His-adduct antibody and polyclonal HNE-adduct 

antibodies were utilised. Isolated mitochondria treated with increasing concentrations of 

HNE showed increased reactivity with both the monoclonal (Fig. 3.14A) and the 

polyclonal (Fig. 3.14B) antibodies, with strongest cross-reactivity seen with the 

polyclonal antibodies. This is likely due to the greater range of targets of these

antibodies (putatively all HNE-adducts cf. HNE-His only). Reactivity with the 

polyclonal antibodies was observed not only in the HNE-treated mitochondria, but also 

in the control. These results showed that exogenously added HNE can modify a range of 

mitochondrial proteins and that these modifications occur at His residues as well as

additional sites such as Lys, Cys and Arg residues as well as lipoic acid moieties. It also 

suggests that even in mitochondria from control samples, HNE is still present and able 

to modify proteins.
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Figure 3.14. Immunodetection of HNE-modified proteins in Arabidopsis
mitochondria treated with increasing concentrations of HNE. Isolated Arabidopsis
mitochondria were treated with 0, 50, 200 or 700 μM HNE for 20 mins. Proteins were 
separated by SDS-PAGE and transferred to nitrocellulose. Membranes were probed 
with either a monoclonal HNE-His adduct antibody (A) or polyclonal HNE-adduct 
antibodies (B). Molecular mass markers are indicated.
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Modification of mitochondrial proteins by endogenously produced HNE was 

then examined in mitochondria isolated from cell cultures 8 hours following treatment

with 88 mM H2O2, 25 μM antimycin A or 400 μM menadione. HNE-modified proteins 

were visualized by use of the polyclonal HNE-adduct antibodies (Fig. 3.15A) as 

opposed to the monoclonal HNE-His adduct antibody because the polyclonal antibodies 

allowed visualisation of a wider selection of HNE modifications. Mitochondrial protein 

loading and profiles were similar across samples as visualised by Coomassie staining 

(Fig. 3.15B). As before, some immuno-reactivity was observed in control mitochondria 

but a dramatic increase in immuno-reactive protein bands was seen when isolated 

mitochondria were treated directly with HNE (Fig. 3.15A, lane C and lane 1). 

Mitochondria isolated from cell cultures treated with H2O2 (Fig. 3.15A lane 3), 

antimycin A (Fig. 3.15A lane 4) and menadione (Fig. 3.15A lane 4) also showed 

stronger reactivity with some proteins than mitochondria from control untreated cells.

Treatment of cell cultures with antimycin A resulted in increased relative immuno-

reactivity and in modification of more proteins, compared to treatment with H2O2 and 

menadione. Hydrogen peroxide treatment of cell cultures seemed to have relatively little 

effect on levels of HNE modification of mitochondrial proteins as similar intensities and 

immuno-reactive profile to control mitochondria was observed. A specific set of 

proteins appeared to be susceptible to endogenous HNE. These proteins were seen as 

bands at 70 kDa, 45 kDa, 40 kDa, 35 kDa, 22 kDa, 15 kDa and 14 kDa. These results 

suggest that sufficient HNE accumulates in vivo, under the stresses imposed, to modify 

specific mitochondrial proteins. This is consistent with the observed increases in HAE 

and MDA levels during periods of oxidative stress (Fig. 3.13). Clearly, these stresses 

can induce lipid peroxidation, producing HNE which can then modify selective 

mitochondrial proteins.
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Figure 3.15. Detection of HNE-modified mitochondrial proteins from cell cultures 
treated with oxidative stress inducers. Mitochondria were isolated from either control 
cells (C), treated with HNE (1), or isolated from cell cultures treated for 8 hours with 
either 88 mM H2O2 (2), 25 μM antimycin A (3) or 400 μM menadione (4). Proteins 
were separated by SDS-PAGE and either transferred to a nitrocellulose membrane and 
probed with polyclonal HNE-adduct antibodies (A) or stained with Coomassie (B). 
Molecular mass markers are indicated on the left of the blot; masses of major immuno-
reactive proteins are indicated on the right of the blot.
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3.3 Discussion

There is still relatively little evidence in the literature for the endogenous 

presence and production of HNE in plant cells. It has been previously shown that 

exogenously added HNE has an inhibitory effect on mitochondrial proteins, including 

the TCA cycle enzyme α-KGDHC, PDC (Millar and Leaver, 2000), as well as the 

photorespiratory enzyme GDC (Taylor et al., 2002). Results presented in this chapter

provide direct evidence that Arabidopsis cells produce HAEs upon exposure to 

oxidative stress inducing treatments such as H2O2, antimycin A and menadione. Use of 

HNE-adduct antibodies show increased immuno-reaction to a range of mitochondrial 

proteins when HNE was applied directly to isolated organelles or produced 

endogenously during stress. HNE appears to be present in control cells at a steady state 

level (Fig. 3.13B), and HNE modification of some proteins appears to occur under 

control conditions in these cells (Fig. 3.15). Work presented in this chapter shows that 

the respiratory capacities of the Aox and to some degree the external and internal 

NADH DHs are inhibited by HNE, while the cytochrome pathway, specifically Cox, is

relatively unaffected by HNE.

3.3.1 Alternative Oxidase Capacity

Aox is generally believed to play a protective role against oxidative stress in 

plants by minimising ROS formation from the electron transport chain (Maxwell et al., 

1999; Umbach et al., 2005). However, data presented here shows that Aox was severely 

inhibited by HNE, while complex IV was relatively unaffected. The work presented in 

this chapter suggests that HNE interacts with, at least, the regulatory Cys residue (Cys1) 

involved in dimerisation and activation of Aox. This is shown by immunodetection of 

Aox under conditions which favour dimerisation of the protein (Fig. 3.3; Fig 3.5). It 

seems reasonable to postulate that inhibition of Aox at this site by HNE could have been 

responsible for the inactivation of activity as this site is also involved in protein 

activation by the introduction of pyruvate. However, in a naturally occurring Aox 

isoform containing a substitution of Ser for this Cys residue (LeAox1b), HNE is still 

able to cause a significant decrease in Aox capacity (Fig. 3.8). In fact, LeAox1b appears 

to be more sensitive to HNE than the Cys-containing LeAox1a. It could be that HNE is 
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able to modify the CysII residue. Modification of this residue could account for 

inhibition of LeAox1b in the presence of HNE as this residue is necessary for activation 

of the protein by succinate. If this is true, then the inability of the Arabidopsis Aox to 

dimerise in the presence of HNE may simply be a consequence of HNE modification of 

CysI and not the reason Aox is inactivated. If pyruvate is unable to interact with the Cys

residue then Aox activity will certainly be diminished, although perhaps not completely 

abolished as was seen. The Cys1 to Ser substitution of LeAox1b is not the only sequence 

difference between these two tomato Aox isoforms (Holtzapffel et al., 2003), therefore 

perhaps additional residues susceptible to HNE modification vary between the isoforms, 

rendering LeAox1b more inactive. Without knowledge of specific sites of HNE 

modification, it is not possible to know what conformational changes are induced or 

what important sites on the protein are modified. Much of the sequence difference 

between the two isoforms occurs at the amino terminal end of the protein, prior to Cys1. 

The rest of the protein has a higher percentage of similarity. This amino terminal of the 

protein is believed to be located in the matrix (Albury et al., 2002). These results 

suggest that the site of HNE modification responsible for inactivation of Aox activity is 

not the Cys residues but another residue(s) on the protein. As HNE reacts with not only 

Cys residues but also His and Lys residues of proteins (Esterbauer et al., 1991), there 

exist a number of putative sites for inhibition in Aox, including the His residue involved 

in the binding of the di-iron centre (Andersson and Nordlund, 1999). An understanding 

of the structure of Aox would allow an insight into potential sites for HNE modification 

and which residues may be responsible for inactivation of the enzyme by HNE. 

However as the structure of Aox is not well understood, and modification of Aox 

peptides remains elusive (Table 3.1), the mode of HNE inhibition of Aox is still

unknown. Based on the results presented in this chapter, putative residues of Aox 

susceptible to HNE modification are presented (Fig. 3.17).
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Figure 3.17. Putative sites for HNE modification of Arabidopsis Aox. Based on 
evidence provided in chapter 3, three putative sites of modification by HNE are 
suggested (green arrows). Structure of Aox is based on the model proposed by 
Andersson and Nordlund (Andersson and Nordlund, 1999).
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3.3.2 Oxidative Stress and HNE

Oxidative stress was induced by addition of one of three chemicals, H2O2, 

antimycin A or menadione. These three chemicals induce oxidative damage in different

ways. H2O2 is itself considered a ROS, albeit a relatively innocuous one. In addition to 

its role in ROS reactions, H2O2 has also been shown to be a very important signalling 

molecule in cells (Kovtun et al., 2000). The potential lethality of H2O2 comes from its 

ability to react with Fe2+ via the Fenton reaction, generating OH., the most reactive of 

the ROS. Extensive research into the effect of H2O2 in both mammalian and plant cells 

has been undertaken. In plant studies typical H2O2 concentrations used are between 5 

mM and 100 mM, depending on plant species and plant system (whole plants, liquid 

cultures, cell cultures) under investigation (Foyer et al., 1997; Desikan et al., 2000).

Under periods of oxidative stress, plant cells have a variety of mechanisms in place to 

scavenge free radicals, generally converting them to non-toxic products (Moller, 2001). 

Previous work performed in this group has shown that optimum H2O2 concentrations 

necessary to induce a significant oxidative damage without causing extensive cell death 

in our Arabidopsis cell cultures is 88 mM (Sweetlove et al., 2002). While this 

concentration is certainly at the upper limit of concentrations used in plant cell culture

research, our cell cultures exhibit extremely high levels of catalase activity. Catalase is 

responsible for the detoxification of H2O2 in vivo, reacting two molecules of H2O2 to 

produce O2 and water. The other two oxidative stress inducers are not themselves ROS 

but their addition to cell cultures induces the production of ROS. Antimycin A is a 

commonly used stress inducer in plant mitochondrial studies as it inhibits complex III, 

therefore inhibiting electron transport through the cytochrome pathway. Antimycin A is 

commonly used to investigate control and activation of the alternative pathway 

(Vanlerberghe and McIntosh, 1992b) and has been shown to decrease the capacity of 

the internal NADH DH (Geisler et al., 2004). Menadione acts in a more global way than 

antimycin A by inducing the generation of intracellular O2
- in cell membranes 

(Winterbourn et al., 1979).

Our data show treatment of cell cultures with H2O2 and antimycin A cause an 

initial burst of lipid peroxidation, seen as increases in MDA equivalents and HAE 

concentration, following induction of oxidative stress in Arabidopsis cells (Fig. 3.13). 
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This burst occurred over the initial 2-8 hours, after which MDA and HAE levels 

declined, reaching steady state levels after 24 hours. Cell respiration rates showed 

corresponding changes over this period, being severely inhibited initially and then 

recovering over 24 h. This decline in lipid peroxidation over time presumably is due to 

activation of defence and detoxification mechanisms, which will remove ROS, thereby 

limiting further lipid peroxidation, and breakdown of lipid aldehydes. While cell 

cultures treated with menadione also show this recovery of respiration 24 hours 

following treatment, this did not correspond to a decrease in levels of lipid peroxidation 

products. Menadione appears to still be present in the cell cultures at least 2 hours 

following treatment (Fig. 3.10, Fig. 3.11). The fact that menadione is not rapidly 

degraded or neutralised, and is able to generate such potent oxidative damage, may help 

explain the presence of elevated levels of lipid peroxidation products even 24 hours 

following stress. That the cell is able to restore respiratory capacity in this time period 

suggests that the damaged proteins are replaced and apparently protected from further 

damage. Alternatively, susceptible proteins may be constantly replaced by increased 

rates of translation.

Nonetheless, the initial burst of lipid peroxidation does cause protein 

modification and potentially inactivation of mitochondrial respiratory proteins, 

especially Aox. Although the amounts of HAE measured in these cells were rather low 

compared with those added in vitro (Fig. 3.13) it should be remembered that HAEs may 

be concentrated at their site of generation within the cell and exposure times in vivo

were greater than those imposed in vitro. ROS generation, and thereby lipid 

peroxidation, is an unavoidable consequence of respiration. Understanding the 

biological consequences of lipid peroxidation requires identification of susceptible 

proteins and examination of enzyme capacities following HNE modification.
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CHAPTER 4

IDENTIFICATION OF PROTEIN TARGETS 

OF HNE



Chapter 4 – Identification of Protein Targets of HNE

98

4.1 Introduction

Elevated levels of HNE have been implicated in pathologies of numerous human 

diseases, particularly Alzheimers and diabetes (Lashin et al., 2006), as well as in aging. 

HNE has been shown to covalently modify several mitochondrial proteins involved in 

the respiratory electron transfer pathway. Cyt c was shown to be modified by HNE and 

that this modification resulted in an acidic shift of the pI of the protein, as visualised by 

isoelectric focussing (Isom et al., 2004), suggesting a modification of a charged amino 

acid. The flavoprotein subunit of the succinate dehydrogenase was shown to be 

susceptible to HNE-modification and this modification caused a decrease in capacity of 

the complex (Lashin et al., 2006). Cox has also been shown to be susceptible to 

modification by HNE and the modification has been proposed to be responsible for the 

decrease in activity of the enzyme (Chen et al., 1998; Chen et al., 2001; Musatov et al., 

2002). Choksi et al. (2004) found a number of mitochondrial proteins to be modified by 

HNE, identified by 2D Blue Native/SDS-PAGE and mass spectrometry. These proteins 

included subunits of complex I, complex III, complex IV and complex V. Other

mammalian proteins have also been shown to be susceptible to modification by HNE. 

These proteins include the mitochondrial located ANT (Vieira et al., 2001; Choksi et al., 

2004) and the voltage-dependent anion channel (VDAC), also called porin (Choksi et 

al., 2004), heat-shock protein 70 (Perluigi et al., 2005) and acetylated histones (Drake et 

al., 2004).

As has been shown in the previous chapter, HNE is generated in plant cells 

following oxidative stress treatment (Fig. 3.13), and this HNE is able to differentially 

modify mitochondrial proteins (Fig. 3.15). Plant mitochondrial proteins that have been 

suggested to be modified by HNE include the TCA cycle enzymes α-KGDHC and PDC

(Millar and Leaver, 2000) as well as the photorespiratory enzyme GDC (Taylor et al., 

2002). All 3 of these matrix-located proteins contain lipoic acid moieties and are 

proposed to be targets of HNE due to the disappearance of immuno-reactivity with an 

anti-lipoic acid antibodies following incubation of the mitochondria with HNE. While 

the disappearance of immuno-reactivity of these proteins following HNE treatment 
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suggests HNE is having an effect on these proteins, whether it is a direct effect or a 

downstream effect is unclear.

Due to the involvement of HNE in the pathology of many disease states, 

oxidative stress and aging, determination of proteins modified by HNE is essential to 

enable a deeper understanding of its modes of action. Further, it is important to identify 

which amino acids within a protein are modified by HNE. Elucidation of these exact 

sites of HNE modification allows speculation as to whether the modification will affect 

protein function (i.e. active site inactivation) as well as providing important information 

for potential remedies of these modifications. Identification of HNE-modified proteins 

can by pursued by use of commercially available HNE-adduct antibodies. A monoclonal 

HNE-His adduct antibodies has been developed by the group lead by Uchida in Japan 

(Toyokuni et al., 1995). This antibodies allows visualisation of proteins in which HNE 

has specifically modified His residues, showing significantly lower affinity for HNE-

Lys and HNE-Cys adducts and not cross-reacting with proteins modified by other 

aldehydes (Toyokuni et al., 1995). In addition to this monoclonal HNE-His adduct 

antibodies, polyclonal HNE-adduct antibodies are commercially available

(Calbiochem). These polyclonal antibodies allow detection of HNE adducted to 

proteins, regardless of which amino acid/moiety it is linked to. Use of these antibodies

will allow a greater spectrum of HNE-modified proteins to be observed. Western 

analysis can provide information as to which proteins are modified by HNE although it

is unable to give information about which particular amino acid(s) are the targets of the 

modification. While use of the monoclonal antibodies will suggest a modified His

residue, which His(s) is the actual target can only be speculative, polyclonal antibodies

will react, in theory, with any HNE-adducted protein.

Recently, mass spectrometry technology in conjunction with western blot 

detection has been employed in the analysis of HNE-modification of peptides in a 

variety of animal cell types and diseases (Carini et al., 2004; Perluigi et al., 2005). It has 

been shown that HNE modification of a residue results in a mass increase of 156 Da 

(size of HNE) of that particular residue. For example an HNE-His adduct is 293 Da (His

alone is 137 Da), HNE-Lys adduct is 284 Da (Lys alone is 128 Da) and HNE-Cys is 
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259 Da (Cys alone is 103 Da). It has also been observed that an HNE-modified His

residue gives two typical fragment ions, m/z 139 and 266 (Fenaille et al., 2003). The

139 fragment ion corresponds to a dehydrated, protonated HNE, while the 266 fragment 

ion corresponds to an immonium ion of HNE modified His.

Mass spectrometry analysis has allowed determination of an increase in 

molecular mass of HNE-treated cyt c, consistent with an addition of 4 HNE molecules 

(Isom et al., 2004). These increases in molecular masses due to HNE (increase of 156

Da) allowed determination of which amino acids were modified. Inspection of the b-

and y-series ions from tandem mass spectra allowed dissection of each peptide, giving 

mass information for each amino acid. Interestingly, in addition to modification of Lys

and His residues, Isom et al. (2004) propose modification of an Arg. While HNE-Arg

adducts had not been previously identified, Arg has the potential to be a target of HNE 

due to its nucleophilic nature, along with the classical His, Lys and Cys targets (Isom et 

al., 2004). Other proteins analysed for identification of HNE-modification sites include:

human serum albumin, in which 11 different HNE-adducts were identified, all His, Lys

or Cys (Giancarlo Aldini, 2006); actin, where a modified Cys residue was identified

(Aldini et al., 2005); and Cox, in which a number of modifications at different sites in 6 

subunits of the protein were identified (Musatov et al., 2002). These experiments 

highlight the potential usefulness of mass spectrometry in gaining an in depth

understanding of protein modifications.

Ion spectra generated by mass spectrometry can be analysed by the pattern 

matching program Mascot (Matrix Sciences, UK), which allows prediction of protein 

identification on the basis of ion masses. Recently, Mascot (Matrix Sciences, UK) has

included in its search page, an option for a variable modification for HNE. Specifically, 

on activation of this variable modification, Mascot will allow masses of Cys, His and 

Lys + 156 Da to be included in its hits (i.e. 259 Da, 293 Da and 284 Da, respectively). 

Inclusion of this option in the Mascot search allows an initial, simple search for HNE 

modified peptides.
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The research presented in this chapter aims to provide information on which

plant mitochondrial proteins are susceptible to modification by HNE, with initial work 

aimed to identify the exact sites of modification by HNE. Characterisation of the targets 

of HNE will provide a deeper insight into the function of mitochondria during oxidative 

stress and potentially aid in the engineering of oxidative stress tolerant metabolic 

enzymes.
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4.2 Results

4.2.1 Comparative Analysis of the Mitochondrial Proteome Following Oxidative 

Stress

Oxidative stress results in a myriad of changes both at the level of gene

expression and the level of protein abundance and function. Such changes include 

induction of gene expression of defence proteins (Noctor and Foyer, 1998), replacement 

of proteins damaged by the stress, up-regulation of defence proteins via post-

translational modifications and degradation of damaged proteins (reviewed in (Halliwell 

and Gutteridge, 1999). Identifying perturbations in the mitochondrial proteome 

following oxidative stress will aid in an understanding of the response of mitochondria 

to stress. In order to identify changes at the protein level, separation of proteins by 2 

dimensional (2D) gel electrophoresis is a useful tool as it allows a closer examination of 

changes of individual proteins within a proteome compared to 1D protein separation

(Fig. 3.15). Previous work has shown changes did in fact occur in the Arabidopsis 

mitochondrial proteome following stress treatment of cell cultures (Sweetlove et al., 

2002). Proteins have been identified that show an increase or decrease in abundance 

compared to the control, as well as identification of proteins that are specifically 

degraded following oxidative stress (Sweetlove et al., 2002). The initial work presented 

here was undertaken in order to determine whether direct treatment of isolated 

mitochondria with HNE resulted in either pI shifts or changes in molecular weights of 

susceptible mitochondrial proteins. 

Isolated mitochondria, either control or HNE-treated, were separated by 2D 

IEF/SDS-PAGE within the pI range 3-10. Proteins were then stained with colloidal 

Coomassie stain and shifts in pI or mass were investigated by comparison of the HNE-

treated samples with control samples (Fig. 4.1). Comparisons between the gels was 

visualised by overlaying a grid over the gels and shifts determined relative to positions 

of spots within areas of the grid by eye. All experiments were performed in triplicate

from independent mitochondrial isolations and separate HNE treatments. A shift in pI or 

mass is claimed to occur only if it was seen in at least 2 gel comparisons. The only 

reproducible shift visualised by this method was a protein spot of approximately 75 
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kDa. This spot appeared to undergo an acidic pI shift of approximately 0.2 pI units in 

HNE-treated mitochondria (Fig. 4.1 green arrows) compared to control mitochondria

(Fig. 4.1 blue arrows). This protein spot was then excised from the gel, digested with 

trypsin and analysed by MS/MS, ultimately producing a series of CID spectra. The CID

spectra from the protein spots were then used to search the TAIR6 database of 

Arabidopsis proteins for peptide matches and protein identification using Mascot 

(Matrix Sciences, UK). The protein was identified as the 75 kDa subunit of the NADH-

ubiquinone oxidoreductase (At5g37510.1; Table 4.1). 

Cross-comparison between 2D IEF/SDS gels is inherently complicated as the 

potential for experimental variances are high due to multiple steps in the experiment as 

well as differences in protein separation on SDS gels. In order to overcome many of the 

experimental variances, a recently developed technique termed Differential In-Gel 

Electrophoresis (DIGE) was performed. DIGE allows in-gel comparisons of up to 3 

different treatments per gel, hence eliminating running variances between different gels. 

Isolated mitochondria, either control or HNE-treated, were incubated with different Cy-

Dyes, and samples combined prior to isoelectric focussing (IEF). The IEF strip, now 

containing differentially stained control and HNE-treated mitochondria, was placed on 

top of a standard SDS gel and proteins separated according to mass. Visualisation of the 

proteins was performed in a Typhoon Trio Variable Mode Imager (GE Health). The 

Typhoon allows visualisation of proteins from the control and from the HNE-treated 

samples independently by using different wavelengths of light, specific for the 

excitation of each dye. The result is visualisation of comparable mitochondrial 

proteomes of control mitochondria (Fig. 4.2A) and HNE treated mitochondria (Fig. 

4.2B). An overlay of the samples is thereby possible, allowing clear visualisation of pI 

and mass shifts between the samples (Fig. 4.3).
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Figure 4.1. Arabidopsis mitochondrial proteins separated by 3-10NL 2-
dimensional IEF/SDS-PAGE. Proteins (500 μg) from isolated mitochondria (control) 
and mitochondria treated with 700 μM HNE (HNE) were separated by 2D IEF/SDS-
PAGE using 3-10NL Drystrips in the first dimension. Proteins were visualised by 
staining with colloidal Coomassie. Shifts in pI or mass were investigated by use of a 
grid. A reproducible shift of a protein spot at 75 kDa and pI 6.5 was seen as indicated by 
arrows. Blue arrows represent the location of the protein spot in control mitochondria;
the green arrows represent the location of the protein spot in HNE-treated mitochondria. 
(n ≥ 3).
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Table 4.1. Identification of protein spots identified by 2D IEF/SDS-PAGE as 
shifting pI following treatment of mitochondria with HNE. MS/MS spectra derived 
from trypsinated proteins were matched at Mascot (Matrix Biosciences, UK) against the 
Arabidopsis TAIR6 database.

Putative ID
Mr 

(expt)
Delta 
Mr

Peptide 
Score

Peptide

Spot 1
NADH:Ubiquinone Oxidoreductase 810.44 0.03 22 FTEMKR

(At5g37510.1) 1630.94 0.07 63 FASEVAGVQDLGILGR

1267.66 0.06 42 GSGEEIGTYVEK

1646.87 0.06 72 ATETIDVSDAVGSNIR  

1860.96 0.07 34 LNEDINEEWISDKTR  

830.46 0.03 39 LSDPMIR  

959.53 0.04 26 VEAAMVNAR  

975.52 0.04 23 VEAAMVNAR  

1037.61 0.06 23 HLGTGPDTLK  

1340.8 0.04 42 NPAIIVGAGLFNR  

1939.08 0.11 17 FVYLMGADDVNVDKIPK  

1471.74 0.05 13 DAFVVYQGHHGDK 

1359.8 0.06 35 ANVILPASAFTEK  

2017.19 0.1 64 ALSEVSGVKLPYNSIEGVR  

1336.74 0.06 24 SVAPNLVHTDER

Spot 2

NADH:Ubiquinone Oxidoreductase 985.62 0.04 23 IKTDTPIAK  

(At5g37510.1) 1267.66 0.06 33 GSGEEIGTYVEK  

830.46 0.03 23 LSDPMIR  

846.48 0.06 21 LSDPMIR  

823.43 0.05 21 DSDGRFK  

959.53 0.04 44 VEAAMVNAR  

975.52 0.04 14 VEAAMVNAR  

1037.61 0.06 22 HLGTGPDTLK  

1471.77 0.07 16 DAFVVYQGHHGDK  

1359.8 0.06 29 ANVILPASAFTEK  

1336.74 0.06 18 SVAPNLVHTDER  

Table headings: Putative Id, protein identification from TAIR6 database of matched 
proteins; Mr (expt), experimental molecular mass; Delta Mr, difference between the 
mass of the experimental identified peptides and the matched peptide theoretical mass; 
Peptide Score, score of peptide assigned by Mascot; Peptide, peptide sequence assigned 
by Mascot.
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Figure 4.2. Individual channels of 2D-DIGE separation of the Arabidopsis 
mitochondrial proteome following treatment with HNE.  Proteins (50 μg) from 
isolated control mitochondria (A) and the same mitochondria treated with 700 μM HNE 
(B) were separated together by 2D-DIGE. Molecular mass and pI are indicated on the 
axes.
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Figure 4.3. DIGE analysis of the Arabidopsis mitochondrial proteome following 
treatment with HNE. Overlay of the two samples shown in Figure 4.2 is shown. Red 
spots correspond to proteins that were present in equal amounts in both samples, purple 
spots (indicated by blue arrows) correspond to proteins that are present at a higher level 
in the control and yellow spots (indicated by green arrows) correspond to spots that are 
present at a higher level in the HNE-treated mitochondria. Molecular mass and pI are 
indicated on the axes.
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It is possible here to see protein spots that are present in the control sample and 

have disappeared following treatment with HNE (9 blue arrows). In addition, protein 

spots appear in HNE-treated mitochondria that are not present in control mitochondria 

(16 green arrows). These disappearing/appearing spots may represent a pI or mass shift 

of a protein modified by HNE or an HNE-dependent by-product. The 75 kDa subunit of 

complex I was not observed as a shifting protein in this assay. However, as this is a 

single replicate, it is possible that in this particular case the shift was not visible. Further 

replicates to confirm this experiment are required. The DIGE technique only became 

available for my research in the final couple of months of my work; hence the results 

presented here are from a single experiment and the identity of the spots was not 

examined. Confirmation by replication of these experiments is necessary to gain an 

accurate understanding of effects of HNE on the mitochondrial protein profile, followed 

by characterisation of the shifted proteins by mass spectrometry. However, this initial 

experiment demonstrated that HNE has the potential to induce shifts of protein spots on 

2D gels, and that DIGE is a superior technique to investigate these changes than gel to 

gel comparisons (Fig. 4.1).

4.2.2 Identification of HNE-Modified Mitochondrial Proteins by 3-10NL

It has been shown in chapter 3 that polyclonal anti-HNE-adduct antibodies show

increased reactivity with mitochondria isolated from cells exposed to oxidative stress 

compared to control mitochondria (Fig. 3.15). It is inherently difficult to identify the 

proteins responsible for this immuno-reactivity from 1D gels, therefore 2D separation of 

proteins on the basis of pI and molecular mass was performed in order to gain a superior 

separation of proteins, allowing for more confident identification of immuno-reactive 

spots. In addition, as HNE is known to covalently modify His, Lys and Cys residues as 

well as lipoic acid moieties, the polyclonal HNE-adduct antibodies, as opposed to the 

monoclonal HNE-His adduct antibody, was employed for the remaining experiments 

presented in this thesis.

Western analysis of the 2D gels using the polyclonal HNE-adduct antibodies

proved problematic. Initial experiments revealed apparently blank membranes following 

even long exposure times. To check that the western visualisation protocol employed 
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was viable with 2D gel separation of proteins, an antibody raised against lipoic-acid 

moieties on proteins was used to probe a membrane. This experiment resulted in the 

clear visualisation of 7 spots from Arabidopsis mitochondria (data not shown), all which 

have been shown to correspond to lipoic-acid containing proteins (Taylor et al., 2004). 

The next step to optimise the assay with the HNE-adduct polyclonal antibodies involved

increasing the primary antibodies concentration (1/1000 to 1/2000). This resulted in a 

high background of the membrane following exposure using a FujiFilm Lumi-imager 

(Fuji, Japan). Filtering of the primary antibodies prior to incubation with the membrane 

was trialled with no change in the appearance of the blot. New primary and secondary 

antibodies lots were purchased to determine whether the background on the blots were 

due to the particular lot of antibodies being utilised. All combinations of new and old 

stocks of both the primary and secondary antibodies were trialled. No marked difference 

was seen in this trial (data not shown). Blocking solution was also added to both 

primary and secondary antibodies in an attempt to eliminate non-specific binding of the 

antibodies to the membrane (data not shown). Again, no difference was observed in the 

appearance of the blots. An alternative method for exposing the membranes directly 

onto Hyperfilm ECL photographic film (GE Health) was performed to determine 

whether the exposure process was responsible for the less than optimal blots. However, 

similar background was seen on membranes exposed in this manner. Transfer of 

proteins to PVDF membranes instead of nitrocellulose was performed to investigate 

whether the non-specific background was due to the nitrocellulose membrane. Blotting 

on either of these different membranes had no effect on producing a clearer

visualisation of the blot (data not shown). An alternative chemiluminescence developing 

system was employed in a hope to increase the sensitivity of visualisation (GE Health). 

The use of this detection kit made no difference to the exposure of the blots, either with 

nitrocellulose or PVDF (data not shown). A combination of various primary and 

secondary concentrations was trialled, along with various incubation times, on both 

membrane types to determine which relative concentrations allowed visualisation of 

proteins with minimal background noise. From this trial it was found that regardless of 

the membrane, an optimal primary antibodies concentration of 1:2000, incubated at 4°C 

overnight with shaking, in combination with a secondary antibodies concentration of 

1:7500, incubated at room temperature for 1 hour, produced blots with relatively clear
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background and visible cross-reactivity of proteins with the antibodies. Additional 

washes and increased washing times were trialled in an attempt to clean the membranes 

further. It was observed that additional washing steps following primary and secondary 

antibodies incubations aided in producing a cleaner image. Taking all of the above 

optimisation parameters into account, a western detection technique involving optimal 

antibodies concentrations and additional washings of the membrane following 

antibodies incubations was developed that allowed for maximal protein cross-reactivity 

visualisation with minimal non-specific binding (Table 2.1). As the type of membrane 

made no difference to the result of western detection in this system and due to 

availability, the membrane utilised for the rest of this thesis was nitrocellulose. The 

method employed in this research allows for visualisation of proteins that cross-react 

with the primary antibodies with minimal background noise, although the background 

was not able to be completely removed in all blots.

Initial examination of proteins that cross-react with the HNE-adduct antibodies

was carried out, comparing control mitochondria with mitochondria treated with 700 

μM HNE. Mitochondrial proteins were separated by 2D IEF/SDS-PAGE. The first 

dimension involved separation on the basis of pI using 18 cm Immobiline™ Drystrips 

in the range 3-10NL. Following separation by pI, proteins were further separated 

according to molecular weight using standard SDS-PAGE. Proteins were then stained 

with Coomassie (Fig. 4.4A, B) or transferred to a nitrocellulose membrane and probed 

with polyclonal HNE-adduct antibodies (Fig. 4.4C, D). The profile of proteins that 

cross-react with the HNE-adduct antibodies appeared to be differential as only a small 

proportion of the proteins detected by Coomassie staining showed reactivity with the 

antibodies. An increase in number of immuno-reactive proteins together with an 

increase in intensity of immuno-reaction for spots apparent in control mitochondria was 

seen in mitochondria treated with HNE (Fig. 4.4C vs. D).
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Figure 4.4. Immunodetection of HNE-modified proteins separated by IEF/SDS 2D 
electrophoresis (3-10NL). Mitochondrial proteins (control or HNE treated) were 
separated by 2D electrophoresis, with the first dimension separation on 3-10NL, 18 cm 
Immobiline™ Drystrips followed by SDS-PAGE second dimension. Proteins were 
either stained with colloidal Coomassie (A, B) or transferred to nitrocellulose membrane 
and probed with the polyclonal HNE-adduct antibodies (C, D). Molecular mass and the 
pI gradient are indicated.
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Western analysis of both the control and HNE-treated mitochondria was 

undertaken in triplicate from independent mitochondrial isolations and separate HNE 

treatments. It must be noted here that there existed some variability in immuno-

reactivity patterns within replicates of a treatment. Western analysis in this experiment 

could not give a measure of quantitation as, due to the sizes of the membranes (20 cm x 

18.5 cm), each blot had to be processed and visualised individually by the Fujifilm 

Lumi-imager (Fuji, Japan). This, of course, introduces the presence of experimental 

errors in processing such as incubation times; antibodies sample variances and exposure 

differences. In addition, there were variances of which proteins cross-react with the 

antibodies within replicates. For example, spot A may react with the antibodies in one 

replicate and not in the other two. In this study, a spot is considered to cross-react with 

the HNE-adduct antibodies if it was seen at least twice across all the samples analysed 

(control and HNE), even if it was observed in only 1 replicate per sample. Although in 

these cases it is not possible to infer whether the treatment itself is the cause of the 

reaction, it is reasonable to propose that the cross-reactivity seen by a particular protein 

is worthy of further investigation.

Identification of the proteins that cross-reacted with the HNE-adduct antibodies

was undertaken by excision of spots from the colloidal Coomassie stained gels 

corresponding to the spots that cross-reacted with the antibodies (Fig. 4.5). A significant 

amount of the spots cross-reacting with the antibodies fall in the pI range 5-7 and 

molecular weight range 65-40 kDa. Unfortunately this area of the 3-10NL IEF/SDS gel 

also contains a large quantity of proteins lying in close proximity to one another. 

Identification of Coomassie stained spots that corresponded to the spots visualised by 

immunodetection was difficult to determine confidently in some cases. Therefore, not 

all immuno-reactive spots were taken through for identification. Those spots that could 

be identified confidently were excised, digested with trypsin and analysed by MS/MS, 

ultimately producing CID spectra for a range of peptide ions. These CID spectra from 

each protein spot were then used to search the TAIR6 database of Arabidopsis proteins 

for peptide matches and protein identification using Mascot (Matrix Sciences, UK). In 

total, 18 spots were analysed, resulting in identification of 13 different proteins/protein 

subunits. These proteins can be grouped according to primary function within the 
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mitochondria (Table 4.2). These groups are proteins involved in oxidative 

phosphorylation (spots 1, 2, 3, 4, 8, 9), the TCA cycle (spots 10, 12, 13, 5, 15) and other 

mitochondrial functions (spots 7, 11, 16, 17, 18, 14). Two spots that showed cross-

reactivity with the antibodies were likely breakdown products (spots 6 and 5) based on

the observation that the matched proteins were predicted to be significantly larger than 

the spots excised from the gel for analysis. It is interesting to note here that the 

approximate molecular masses of the proteins showing cross-reactivity with the 

antibodies in this analysis fall within the 70 kDa to 35 kDa range, and show a similar 

mass profile to the 1D westerns performed in chapter 3 (Fig. 3.15 Lane 1).
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Figure 4.5. Two-dimensional separation of Arabidopsis mitochondrial proteins (pI 
3-10NL). Protein spots showing immuno-reactivity with polyclonal HNE-adduct 
antibodies were excised, digested and analysed by MS-ToF to yield a peptide mass 
fingerprint, allowing analysis for analysis of peptides and protein identification. 
Numbers represent spot number for comparison with text and Table 4.2. Molecular 
mass and the pI gradient are indicated.
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4.2.2.1 Oxidative Phosphorylation (pI 3-10NL)

While 6 spots are listed in this section, they correspond to only 3 different

proteins. This is because of multiple spots corresponding to one protein. While 

generally there is one primary spot on a 2D IEF/SDS gel corresponding to a particular 

protein, post-translational modifications can affect the pI of a protein, and hence less 

intense, alternative spots can exist for many proteins. The three proteins of the electron 

transport chain that were identified to cross-react with the HNE antibodies were the α 

subunit of the succinate dehydrogenase (complex II; spots 1, 2, 3), the electron transfer 

flavoprotein ubiquinone oxidoreductase (ETFQO; spot 4) and the 75 kDa subunit of the 

NADH-ubiquinone oxidoreductase (NADH DH or complex I; spots 8 and 9). While the 

succinate dehydrogenase α subunit showed reproducible reactivity in both the control 

and HNE-treated mitochondrial samples, the ETFQO and the 75 kDa subunit of the 

NADH DH had more reproducible cross-reactivity with HNE-treated mitochondria. All 

three of these proteins identified as being susceptible to modification by HNE act as 

electron donors to the respiratory chain. That is complex I donates electrons to the UQ 

pool via the oxidation of NADH, complex II donates electrons to the UQ pool via the 

oxidation of succinate through the actions of the TCA cycle, and ETFQO provides 

electrons to the UQ pool through the accepting of electrons from a variety of matrix 

flavoprotein dehydrogenases (Ishizaki et al., 2005). In addition to its role in respiratory 

electron transport, EFTQO has also been shown to play a role in amino acid catabolism, 

primarily of Leu (Ishizaki et al., 2005; Ishizaki et al., 2006). Unlike its mammalian 

counterpart, the plant EFTQO is proposed not to be involved in the β-oxidation of fatty 

acids (Ishizaki et al., 2005). To our knowledge, this is the first example of the EFTQO 

protein being identified from gels in Arabidopsis mitochondria.

4.2.2.2 TCA Cycle (pI 3-10NL)

Five protein spots corresponding to spots cross-reacting with the HNE 

antibodies were identified as enzymes involved in the TCA cycle. Both the E2 and E1 β

subunits of the PDC (spots 10 and 12, 13, respectively) were identified. The E2 subunit 

showed no reactivity in the control mitochondria however it was consistently visualised 

in the HNE-treated mitochondria. Cross-reactivity was seen by the E1 β subunit in the 
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control although a higher level of reproducibility was seen in HNE-treated 

mitochondria. The α subunit of the succinyl-CoA synthetase (spot 5) was also seen to 

cross-react with the HNE-adduct antibodies although this reactivity was seen only in the 

control. Isocitrate dehydrogenase (spot 15) was cross-reactive repeatedly in both control 

and HNE-treated mitochondria. Of course the respiratory enzyme succinate 

dehydrogenase, which has been mentioned in section 4.2.2.1 as a component of the 

electron transport chain, is also part of the TCA cycle. Therefore in total, 4 different

TCA cycle components were identified in this study as showing cross-reactivity with 

the HNE-adduct antibodies, thereby implying modification by HNE.

4.2.2.3 Other Functions (pI 3-10NL)

Six proteins spots were identified as being mitochondrial proteins involved in a 

range of “other” functions. Aspartate aminotransferase (spot 7) showed reactivity in 

both the control and HNE-treated samples. Protein spots corresponding to 

mercaptopyruvate sulfurtransferase (spot 11), the translational apparatus component 

elongation factor Tu (spots 16, 17, 18), and the chaperone protein 10 kDa heat shock 

protein (spot 14) also cross-reacted with the antibodies, predominantly in the HNE-

treated samples. Consequences of HNE modification of these proteins is discussed in 

section 4.3.

4.2.2.4 Breakdown Products (pI 3-10NL)

In addition to the full-length proteins identified a couple of breakdown products 

showed reactivity with the HNE antibodies. Breakdown products were identified as 

having experimental molecular masses significantly smaller than the predicted 

molecular mass. Predicted mass of a protein is determined by the mass of the translated 

protein product. Proteins targeted to the mitochondria contain a mitochondrial-targeting 

pre-sequence which is often cleaved once the protein has reached its intended 

destination. Determination of a significant decrease in expected size of breakdown

proteins took into account a potential discrepancy of 3-5 kDa in size which could be 

accountable for by removal of the pre-sequence. Therefore, proteins that appeared on 

the gel at a molecular mass less than expected were defined as breakdown products. 
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Breakdown products that showed cross-reactivity with the antibodies were the β subunit 

of ATP synthase (complex V; spot 6) and D-3-phosphoglycerate dehydrogenase (spot 

5), both of which showed cross-reactivity with the antibodies in only the control 

mitochondria. Examination of the peptide hits from Mascot (Matrix Sciences, UK) for

these two protein spots revealed an absence of peptides corresponding to N-terminal 

amino acids of the full length proteins. The decrease in molecular mass observed by 

these proteins on gels corresponds to the N-terminal region of the proteins that are 

missing peptide identities that are present in the corresponding full length protein 

identifications.

4.2.3 Identification of HNE-Modified Mitochondrial Proteins by 4-7

As noted above, the majority of the proteins that are susceptible to modification 

by HNE lie within the pI range of 5-7 and are difficult to accurately and confidently 

relate to a particular protein spot on a Coomassie stained gel. Therefore, separation of 

mitochondrial proteins in the first dimension using 24 cm Immobiline™ Drystrips of pI 

range 4-7 was utilised. These strips allow a greater separation of the proteins with a pI 

between 4-7, both due to the narrower range of pI, as well as the longer strip (24 cm 

compared to the 18 cm 3-10NL strip).

As before, separation of mitochondrial proteins from control mitochondria as 

well as mitochondria treated with 700 μM HNE was performed by IEF/SDS 2D 

electrophoresis, this time using the 4-7 IEF strips. Separation in the second dimension 

was again by standard SDS-PAGE. Proteins were then either stained with colloidal 

Coomassie or transferred to nitrocellulose membrane and probed with the polyclonal 

HNE-adduct antibodies (Fig. 4.6). Use of the Drystrips with pI range 4-7 allows a much 

greater separation of proteins, with individual proteins being more easily identifiable 

(Fig. 4.6A, B). Again an increase in immuno-reactivity is seen in the mitochondrial 

proteome of HNE-treated mitochondria compared to control mitochondria (Fig. 4.6C vs.

D), with more proteins showing cross-reactivity with the HNE-treated mitochondrial 

sample. And again, as with the 3-10NL separation, there appears to be a clustering of 

proteins in a similar molecular mass range to those observed in 1D gels in chapter 3 

(Fig. 3.15).
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Figure 4.6. Immunodetection of HNE-modified proteins separated by IEF/SDS 2D 
electrophoresis (4-7). Mitochondrial proteins (control or HNE treated) were separated 
by 2D electrophoresis, with the first dimension separation on 4-7, 24 cm Immobiline™ 
DryStrips followed by SDS-PAGE second dimension. Proteins were either stained with 
colloidal Coomassie (A, B) or transferred to nitrocellulose membrane and probed with 
the polyclonal HNE-adduct antibodies (C, D). Molecular mass and the pI gradient are 
indicated.
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As it was easier to ascertain which protein spots on the Coomassie-stained gels 

corresponded to the spots showing cross-reactivity with the antibodies on pI 4-7 

Drystrips, analysis of HNE-modified proteins in mitochondria isolated from stress

treated cell cultures was also performed (Fig. 4.7). Mitochondria isolated either from 

control cell cultures (Fig. 4.7A) or cell cultures treated with 88 mM H2O2 (Fig. 4.7B), 

25 µM antimycin A (Fig. 4.7C) or 400 µM menadione (Fig. 4.7D) were separated by 

IEF/SDS 2D electrophoresis using Drystrips pI 4-7, transferred to nitrocellulose 

membranes and probed with the HNE-adduct antibodies. Each treatment showed a 

slightly different profile of cross-reactivity, although there are a number of proteins that 

appear to be sensitive to HNE throughout all three treatments. Coomassie-stained gels

were used as a reference for investigation of the westerns (Fig. 4.7E). Western analysis 

of each of the 5 sample treatment types (control, HNE, H2O2, antimycin A and 

menadione) was performed in triplicate from independent cell culture treatments and 

mitochondrial isolations. As with the pI 3-10NL analysis, western analysis in this 

experiment could not give a measure of quantitation. A spot was considered to cross-

react with the HNE-adduct antibodies if it was seen at least twice across all the samples 

analysed (control, HNE, H2O2, antimycin A and menadione), even if it was only seen on 

one replicate per sample type. Although in these cases it is not possible to infer whether 

the treatment itself is the cause of the reaction, it is reasonable to propose that the cross-

reactivity seen by a particular protein is worthy of investigation, particularly as the 

molecular masses support those identified in chapter 3 (Fig. 3.15), supporting a specific 

profile of proteins susceptible to HNE.

Protein spots corresponding to proteins that cross-reacted with the antibodies

(Fig. 4.8) were excised, trypsinated, injected into the tandem mass spectrometer, and the 

CID spectra analysed by Mascot (Matrix Sciences, UK). Table 4.3 lists the protein 

identifications of the excised spots. For clarity, proteins are grouped into functions. The 

groupings are proteins involved in oxidative phosphorylation (spots 1, 29, 31, 2, 4, 5, 6, 

7, 8, 38, 18, 37), the TCA cycle (spots 15, 16, 25, 19, 33, 34, 30), antioxidant defence

(spots 26, 20, 21, 39), carbon metabolism (spots 23, 27, 3, 10, 14), other functions 

(spots 24, 28, 15, 9) and breakdown products (spots 41, 10, 11, 12, 35, 17, 40).



Chapter 4 – Identification of Protein Targets of HNE

121

Figure 4.7. Immunodetection of HNE-modified mitochondrial proteins following 
stress treatment separated by IEF/SDS 2D electrophoresis (4-7). Proteins from 
control mitochondria (A) or mitochondria isolated from cell cultures treated with either 
88 mM H2O2 (B), 25 μM antimycin A (C) or 400 μM menadione (D) were separated by 
2D electrophoresis. Proteins were separated in the first dimension on 4-7, 24 cm 
Immobiline™ Drystrips followed by a standard SDS-PAGE second dimension. Proteins 
were transferred to a nitrocellulose membrane and probed with polyclonal HNE-adduct 
antibodies. A Coomassie stained gel (control mitochondria) is shown as a reference (E). 
Molecular mass and the pI gradient are indicated on the axes.
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Figure 4.8. Two-dimensional separation of Arabidopsis mitochondrial proteins (pI 
4-7). Protein spots showing immuno-reactivity with the polyclonal HNE-adduct 
antibodies from control, HNE-treated, H2O2, antimycin A and menadione treated cells 
were excised, digested and analysed by MS-ToF to yield a peptide mass fingerprint, 
allowing for analysis of peptides and protein identification. Numbers represent spot 
number for comparison with text and Table 4.3. Molecular mass and the pI gradient are 
indicated on the axes.
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4.2.3.1 Oxidative Phosphorylation (pI 4-7)

This group contains 12 spots taken for identification, which correspond to 8 

different protein subunits from 3 different complexes involved in oxidative 

phosphorylation. Specifically the 3 complexes with HNE-sensitive subunits are complex 

I, complex II and complex V. Three subunits of complex I showed cross-reactivity with 

the antibodies, namely the 75 kDa subunit (spot 1), which showed cross-reactivity with 

all sample treatment types, the 23 kDa subunit (spot 29), which showed cross-reactivity 

with the control and HNE-treated mitochondria, and the B13 subunit (spot 31) which 

showed cross-reactivity with the control, H2O2 and menadione samples. One subunit of 

complex II cross-reacted with the antibodies repeatedly across all sample treatment 

types, the flavoprotein-containing succinate dehydrogenase α subunit (spot 2). Eight of 

the spots that cross-reacted with the antibodies corresponded to subunits of complex V. 

Five of the spots were identified as the β subunit of the ATP synthase (spots 4, 5, 6, 7, 

8), which showed cross-reactivity across all sample treatment types. Of these spots 

representing the β subunit, spot 5 corresponds to the primary spot for the β subunit. The 

other spots were less abundant spots of approximately the same molecular mass. These 

other spots are likely produced due to differing degrees of post-translational 

modifications. Another spot showing cross-reactivity to the antibodies corresponds to α 

subunit of the ATP synthase (spot 38), which cross-reacted across all sample treatment 

types. One spot was the Fad subunit of the ATP synthase (spot 18), which cross-reacted 

only in the HNE-treated mitochondria. The final spot was the δ subunit of the ATP 

synthase (spot 37) which showed cross-reactivity in antimycin A and menadione treated

samples.

4.2.3.2 TCA Cycle (pI 4-7)

Seven spots identified were proteins involved in the TCA cycle. These 7 spots 

correspond to 5 different proteins. Two spots were the PDC E1 β subunit (spots 15 and 

16) with spot 16 being the primary spot for the protein. Spot 15 was at a similar 

molecular mass although had a slight acidic shift in pI, potentially due to protein 

modification. Cross-reactivity of the E1 β subunit was seen repeatedly across all sample 

treatment types. Another spot corresponded to citrate synthase (spot 25), which showed
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repeated cross-reactivity across all sample treatment types except H2O2, in which no 

cross-reactivity was recorded. Malate dehydrogenase (spot 19) also showed cross-

reactivity with the antibodies across all sample treatment types. The glycine cleavage 

system H protein (spot 30) cross-reacted with the antibodies in the control, HNE-treated 

and menadione samples. Two spots were identified as aconitase (33 and 34). Spot 34 

seemed to be the primary spot for this protein and the acidic pI shift seen for spot 33 

was likely due to protein modification. Aconitase was immuno-reactive in all sample 

treatment types. Primary spot identifications are based on work performed by Millar et 

al. (2001b) involving the saturation mapping of the mitochondrial proteome on 2D gels 

by mass spectrometry.

4.2.3.3 Antioxidant Defence (pI 4-7)

Four of the proteins that cross-reacted with the antibodies were identified as 

proteins involved in the antioxidant defence system of mitochondria. These proteins 

were monodehydroascorbate reductase (spot 26), peroxiredoxin (spot 20), manganese 

superoxide dismutase (Mn-SOD; spot 21) and ALDH2 (spot 39). It is interesting to note 

here that none of these proteins showed cross-reactivity with the HNE-adduct antibodies

in the control mitochondria, while all proteins cross-reacted in the HNE-treated 

mitochondria. In the H2O2 sample treatment, monodehydroascorbate reductase and Mn-

SOD cross-reacted with the antibodies. In the antimycin A sample treatment, Mn-SOD 

and ALDH2 cross-reacted with the antibodies. In the menadione sample treatment,

monodehydroascorbate reductase, peroxiredoxin and Mn-SOD cross-reacted with the 

antibodies.

4.2.3.4 Carbon Metabolism (pI 4-7)

Five different proteins were identified as been involved in carbon metabolism. 

These proteins are glutamate dehydrogenase 2 (spot 23), SSADH (spot 27), D-3-

phosphoglycerate dehydrogenase (spot 3), aminomethyltransferase (spot 10) and 

mercaptopyruvate sulfurtransferase (spot 14). Glutamate dehydrogenase showed cross-

reactivity with the antibodies in HNE-treated, H2O2 and menadione sample treatment 

types. Succinate-semialdehyde dehydrogenase showed reactivity in all sample treatment 
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types except H2O2, with HNE-treated mitochondria having reproducible reactivity. D-3-

phosphoglycerate dehydrogenase cross-reacted with the antibodies in all sample 

treatment types with menadione being the treatment showing reactivity in triplicate

experiments. Aminomethyltransferase cross-reacted in HNE-treated, antimycin A and 

menadione samples, as did mercaptopyruvate sulfurtransfersase which also cross-

reacted in the H2O2 sample treatment.

4.2.3.5 Other Functions (pI 4-7)

Four proteins that cross-reacted with the antibodies were mitochondrial proteins 

with functions other than those outlined above. These proteins included the translational 

apparatus component protein elongation factor Tu (spot 24), an expressed protein with 

no known function (spot 28), the diaminopimelate epimerase (spot 15) and the α subunit 

of the mitochondrial processing peptidase (MPP; spot 9). MPP is associated with 

complex III and is responsible for cleavage of the mitochondrial targeting sequences of 

proteins following insertion into the mitochondria (Eubel et al., 2003). Both elongation 

factor Tu and MPP proteins cross-reacted to the antibodies repeatedly in all sample 

treatment types. The expressed protein showed reactivity in control, H2O2, antimycin A 

and menadione sample treatment types but not in the HNE-treated sample treatment. 

Diaminopimelate epimerase showed cross-reactivity in HNE-treated, H2O2, antimycin A 

and menadione sample treatment types.

4.2.3.6 Breakdown Products (pI 4-7)

Identification of 7 spots that cross-reacted with the HNE-adduct antibodies

corresponded to the breakdown products of 3 different proteins. These spots are 

considered breakdown products due to their molecular mass on the gel being smaller 

than that of the known mass. The basis for attributing these identifications as breakdown 

products is described in section 4.2.2.4. Spots 41, 10, 11, 12 and 35 are breakdown 

products of the β subunit of the ATP synthase, all of a similar size (approximately 45 

kDa). Closer inspection of the pI of these multiple spots suggest that spot 10 appeared to 

be a breakdown product of the parent spot (spot 5) retaining the same pI as the parent, 

while spots 41, 11, 12 and 35 appear to be breakdown products of ATP synthase that 
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have a different pI. Alignment of the peptides identified from these ATP synthase 

breakdown products revealed that no CID spectra corresponding to peptides within the 

first 150 amino acids at the N terminus were found. In contrast, this region of the 

protein contains CID spectra corresponding to a number of peptides in the full-length 

protein (spot 5). This N-terminal region of the protein in these breakdown ATP synthase 

products corresponded to approximately one sixth of the length of the protein, which in 

turn can be viewed as a decrease of one sixth of the mass of the intact protein on the 

gels (corresponding to a decrease of 10-15 kDa). These data provide further support for 

these spots being breakdown products of the ATP synthase β subunit. Spot 17 

corresponds to a breakdown product of cysteine synthase which showed reactivity in 

HNE-treated and menadione sample treatment types. Examination of the peptide hits 

from Mascot (Matrix Sciences, UK) revealed the first 100 amino acids of the full length 

protein did not contain any identified peptides. Spot 40 is a breakdown product of 

succinate dehydrogenase α subunit, which shows reactivity in HNE-treated and 

menadione sample treatment types. Examination of the peptide hits from Mascot

(Matrix Sciences, UK) revealed the first 230 amino acids of the full length protein

lacked any peptide identifications from spot 40 while a number were present in the 

parent spot (spot 3). While all these breakdown products were immuno-reactive in 

multiple samples it appeared that mitochondria isolated from cell cultures treated with 

menadione showed more reproducible reactivity with the HNE-adduct antibodies in all 

spots with the exception of cysteine synthase which was found to cross-react in the 

menadione sample treatment from only one replicate.

4.2.4 Identification of HNE-Modification of Respiratory Complexes

Generation of ROS in the inner membrane of mitochondria is an inevitable 

consequence of respiratory electron transport. ROS can react with proteins and lipids, 

therefore it is likely that one result of the generation of ROS is lipid peroxidation and 

therefore the generation of HNE in the inner membrane. As HNE is a highly reactive 

electrophile, it is reasonable to assume that the most susceptible proteins to HNE in the 

mitochondria could likely be the respiratory complexes that reside in the membrane or 

are closely associated with the membrane. Therefore it was interesting to investigate, 

more closely, the effects of HNE and oxidative stress on the respiratory complexes.
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Due to the hydrophobic nature of these respiratory complexes, conventional 2D 

IEF/SDS-PAGE separation is unsuitable to resolve many of the subunits of each 

complex. Therefore, in this investigation the 2D separation technique Blue Native/SDS-

PAGE was utilised. The first dimension, Blue Native PAGE, allows separation of intact 

membrane complexes and supercomplexes in their native state by solubilisation of 

membranes with detergents such as digitonin or dodecylmaltoside (DDM). This 

technique has been used extensively in studies examining the presence and relative 

levels of complexes, as well as in determination of supercomplex formation (Schagger, 

2001b; Eubel et al., 2004b). Additional separation of proteins in a standard SDS-PAGE 

second dimension allows visualisation of the subunits of each complex and any 

associated proteins (Eubel et al., 2005). Figure 4.9 outlines the technique of 2D 

BN/SDS-PAGE separation. Mitochondria are first solubilised with 5 g digitonin per 

gram of protein, and complexes/supercomplexes separated according to size on a 4.5-

16% Native gel, at 4°C (Fig. 4.9A). Solubilisation of the mitochondria by digitonin 

reveals a 3000 kDa supercomplex of dimeric complex I with a tetramer of complex III 

(I2 + III4), as well as a 1500 kDa supercomplex of complex I with a dimer of complex 

III (I + III2). Respiratory complexes I (1000 kDa), II (150 kDa), IV (270 kDa) and V 

(600 kDa) separate individually, and complex III resolves as a dimer (III2) of 500 kDa. 

In addition, the F1 component of complex V is visible at about 420 kDa. Assigning of 

the respiratory complexes and supercomplexes, as well as their molecular masses are 

according to Eubel et al. (2004a). For separation in the second dimension, lanes are 

excised, incubated in a solution containing mercaptoethanaol and placed on top of a 

12% SDS gel. Proteins are then separated as in standard SDS-PAGE. The result is a 

profile of the subunit composition of the respiratory complexes as well as membrane 

associated proteins (Fig. 4.9B). Studies utilising this technique with Arabidopsis 

mitochondria have identified approximately 30 subunits of complex I (Heazlewood et 

al., 2003a), 11 subunits of complex V (Heazlewood et al., 2003b), 10 subunits of

complex III (Eubel et al., 2003), 5 subunits of the F1 (Heazlewood et al., 2003b), 14 

subunits of complex IV (Millar et al., 2004) and 8 subunits of complex II (Millar et al., 

2004).
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Figure 4.9. Two-dimensional separation of Arabidopsis mitochondrial proteins by 
BN/SDS-PAGE. Mitochondrial proteins were solubilised by 5 g digitonin per g protein 
and separated in the first dimension according to mass by blue native electrophoresis 
(A). Lanes were then placed on top of a standard 12% SDS gel and separated according 
to mass under denaturing conditions (B). Gels were then stained with colloidal 
Coomassie. Molecular masses are indicated on the left of each panel. Identities of the 
protein complexes and supercomplexes are indicated either on the left of the gel (A) or 
above the gel (B).
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In this investigation two dimensional Blue Native/SDS-PAGE was performed on 

isolated mitochondria and mitochondria treated with HNE. Proteins were then stained 

with colloidal Coomassie (Fig. 4.10A, B). No difference in the complex profiles 

following treatment with HNE occurs, seen in colloidal Coomassie stained gels (Fig. 

4.10A vs. B). This infers that HNE doesn’t cause the dissociation of the subunits of the 

complexes or the disruption of interactions in the supercomplexes. Western analysis 

with the HNE-adduct antibodies reveals cross-reactivity with some proteins in control 

mitochondria (Fig. 4.10C) and an increase in immuno-reactivity with the antibodies in 

HNE-treated mitochondria (Fig. 4.10D). This increase in immuno-reactivity is reflected 

both as an increase in relative intensities of cross-reaction compared to the control, as 

well as cross-reaction of the antibodies with additional proteins not showing reactivity 

in the control.

Western analysis of HNE-modified proteins in mitochondria isolated from

control cells (Fig. 4.11A) cell cultures treated with H2O2 (Fig. 4.11B), antimycin A (Fig. 

4.11C) or menadione (Fig. 4.11D) was also performed to investigate the impact of 

endogenously produced HNE on the membrane associated proteins. A Coomassie-

stained gel was used as a reference for investigation of the westerns (Fig. 4.11E). 

Western analysis on each of the 5 samples (control, HNE, H2O2, antimycin A and 

menadione) was performed in triplicate from independently isolated mitochondria from 

independent cell culture batches.

Identification of proteins that showed cross-reactivity with the antibodies from 

all the treatments, as well as control and HNE-treated mitochondria was performed 

again by MS/MS and Mascot (Matrix Sciences, UK). In total, 22 proteins were taken for 

analysis as shown in Figure 4.12. These proteins are grouped according to primary 

function within the mitochondria (Table 4.4). These groups are proteins involved in 

electron transport (spots 1, 12, 20, 21, 11, 19, 13, 14, 15, 2, 3, 16), amino acid and 

carbon metabolism (spots 4, 5, 6), transporters (spots 17, 18) and proteins with other 

functions (spots 10, 22, 8, 7).
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Figure 4.10. Immunodetection of HNE-modified proteins separated by Blue 
native/SDS-PAGE 2D electrophoresis. Mitochondria (500 μg; control) and 
mitochondria treated with 700 μM HNE (4-hydroxy-2-nonenal) were solubilised with 
digitonin and proteins and protein complexes separated by Blue Native-PAGE. Lanes 
were excised and proteins separated further in a second dimension by standard SDS-
PAGE. Proteins were either stained with colloidal Coomassie (A, B) or transferred to 
nitrocellulose membrane and probed with polyclonal HNE-adduct antibodies (C, D). 
Complexes are indicated.
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Figure 4.11. Immunodetection of HNE-modified proteins following stress 
treatments separated by Blue Native/SDS-PAGE 2D electrophoresis. Mitochondria 
isolated from cell cultures with no treatment (control; A) or from cell cultures treated 
with either 88 mM H2O2 (B), 25 μM antimycin A (C) or 400 μM menadione (D) were 
solubilised with digitonin and proteins/protein complexes separated by Blue Native-
PAGE. Lanes were excised and proteins further separated in a second dimension by 
standard SDS-PAGE. Proteins were transferred to a nitrocellulose membrane and 
probed with the polyclonal HNE-adduct antibodies. A colloidal Coomassie stained gel 
(control mitochondria) is shown as a reference (E). Complexes are indicated.
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Figure 4.12. Identification of mitochondrial proteins showing cross-reactivity with 
the HNE-adduct antibodies following separation by Blue Native/SDS-PAGE. 
Proteins that cross-reacted with polyclonal HNE-adduct antibodies were excised, 
digested and analysed by MS-TOF to yield a peptide mass fingerprint, allowing analysis 
of peptides and protein identification. Numbers represent spot number for comparison 
with text and Table 4.4. Complexes are indicated.
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4.1.1.1 Oxidative Phosphorylation (BN-PAGE)

Five protein subunits from the complex I lane showed reactivity with the 

antibodies. These proteins were the matrix located, Fe/S cluster-containing 75 kDa (spot 

1) and 23 kDa subunits (spot 12), matrix facing B18 subunits (spot 21) and the 

molecular chaperone prohibitin. Prohibitin has been proposed to play a role in 

protection of plant cells against oxidative stress (Ahn et al., 2006). Analysis of spot 20 

resulted in identification of two possible candidates, the 20.9 kDa and the B8 subunits 

of the NADH DH. It was not possible to determine which of these two subunits the 

identification of this spot was. This was due to a similar number of identified peptides 

as well as similar masses for both protein identifications. Of the complex I 

subunits/associated protein, only the 75 kDa subunit was found to be immuno-reactive 

in all 5 mitochondrial sample treatment types. The 23 kDa subunit showed immuno-

reactivity only in the HNE-treated mitochondrial samples, while the 20.9/B8 and B18 

subunits showed reactivity with antimycin A and menadione sample treatment types but 

not with H2O2 or HNE treatments. Prohibitin cross-reacted with the antibodies in the 

HNE-treated, H2O2 and antimycin A sample treatment types, but no reactivity was 

observed in the control mitochondrial sample. The flavoprotein subunit of complex II, 

succinate dehydrogenase α subunit, showed reactivity with the antibodies (spot 19) in 

the control, HNE-treated and H2O2 samples. Both the α (spots 14, 15) and β (spot 13) 

subunits of the complex III-associated MPP protein showed reactivity with the 

antibodies in all treatments as well as in the control mitochondria and HNE-treated 

mitochondria, although reactivity appeared to be more reproducible with the HNE 

treatment. In plant mitochondria MPP is involved in the processing of nuclear-encoded 

mitochondrial proteins following import into the matrix. From complex V, the β (spots 

2, 16) and the γ (spot 3) subunits showed reactivity with the antibodies in all 

mitochondrial sample treatment types examined. The γ subunit of the chloroplastic ATP 

synthase contains 4 Cys residues that are proposed to be highly conserved among ATP 

synthases (Miki et al., 1988). It has also been proposed in E. coli that a Lys residue (K9 

in E. coli) is involved in the catalytic activity of the subunit (Lowry and Frasch, 2005).

Therefore it may be that the mitochondrial ATP synthase also contains these sites which 

suggest a putative target for modification by HNE.
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4.1.1.2 Amino acid and Carbon Metabolism (BN-PAGE)

Two proteins were identified that are involved in amino acid catabolism. 

Glutamate dehydrogenase (spot 4), which is involved in the conversion of glutamate to 

α-ketoglutarate, showed cross-reactivity across all sample treatment types. Alanine-

glyoxylate aminotransferase (spot 5), which catalyses the formation of glycine from 

glyoxylate, with the concomitant deamination of alanine to pyruvate, showed cross-

reactivity with the antibodies following treatment with HNE.

4.1.1.3 Transporters (BN-PAGE)

Two transporters were identified as cross-reacting with the HNE-adduct 

antibodies. The VDAC (spot 17) showed cross-reactivity in the HNE-treated and H2O2

sample types, and the ANT (spot 18) showed reactivity in all sample types except 

antimycin A. Mascot (Matrix Sciences, UK) searching resulted in a possible match with 

2 different VDACs for spot 18. It was not possible to discern which particular gene 

product is the correct identification as all possible proteins from these homologous 

genes have similar masses, identified peptides and percentage coverage. Both VDAC 

and ANT have been shown to cross-react with the HNE antibodies in mammalian 

mitochondrial studies (Vieira et al., 2001; Choksi et al., 2004), and VDAC has been 

shown to be degraded following exposure to oxidative stress in plant mitochondria 

(Sweetlove et al., 2002).

4.1.1.4 Other Functions (BN-PAGE)

Immuno-reactive proteins that have functions other than those listed above are 

discussed here. The SSADH (spot 6) shows reactivity with the antibodies in control, 

HNE-treated and H2O2 samples. It has been suggested that SSADH plays a role in 

protection of plants against oxidative stress by preventing the accumulation of ROS. 

Another protein involved in protection against oxidative stress, Mn-SOD, also showed 

cross-reactivity with the HNE-adduct antibodies (spot 10) in control, HNE-treated and 

H2O2 samples. Spot 22 corresponds to the glycolytic protein glyceraldehyde-3-

phosphate dehydrogenase (GAPDH). This protein is a cytosolic protein however it has 

been shown to be attached to the outside of mitochondria following the isolation process 
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(Giege et al., 2003), therefore its presence in these experiments is not unexpected. It has 

been proposed that this protein has a role in ROS signalling in plants (Hancock et al., 

2005). It has also been shown in mammalian research that a modified Cys residue 

within GAPDH causes inactivation of its normal function and induces a conformational 

change that allows for a different protein-protein interaction to occur (Kim et al., 2003). 

Formate dehydrogenase (spot 8) showed reactivity with the antibodies in control, HNE-

treated and antimycin A samples. It has been shown previously that formate 

dehydrogenase plays a role in protection against oxidative stress (Hourton-Cabassa et 

al., 1998). Spot 7 corresponds to the dihydrolipoamide dehydrogenase protein. 

Dihydrolipoamide dehydrogenase exists as a homodimer and is the E3 component of the 

PDC, the α-KGDHC and the branched chain keto acid dehydrogenase complexes and is 

also the L protein of the GDC. The E3 component catalyzes the re-oxidation of the 

covalently bound lipoamide cofactor of E2 or the H protein of GDC. E3 is involved in 

reduction of NAD+ to NADH and interacts with lipoic acid moiety attached to the E2 

component of the complexes. With respect to the E2 interaction, electrons are passed 

from the dihydrolipoamide to the catalytic Cys residues of one dihydrolipoamide 

dehydrogenase subunit. Data presented in this chapter has revealed HNE susceptibility 

of the E1, E2 and E3 components of the PDC, an important regulatory point of the TCA 

cycle and hence the entry of reductant into the respiratory electron transport chain. 

Modification of this enzyme has severe implications for the maintenance of 

mitochondrial and cellular homeostasis due to its impact on respiratory activity.

4.1.2 Identification of Specific Amino Acids Modified by HNE

As has been mentioned previously, the Mascot (Matrix Sciences, UK) search 

engine contains an option for identification of HNE modified peptides with the MS/MS 

spectra. The basis for this modification comes from previous investigations showing the 

presence of a mass increase of 156 Da of the amino acid His following modification by 

HNE (Fenaille et al., 2003). The Mascot (Matrix Biosciences, UK) HNE modification 

search includes allowances for the addition of 156 Da to the amino acids Cys, His and 

Lys, known targets of HNE (Arg is a recently identified target therefore not included by 

Mascot in this modification search).
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All protein identification searches executed in this work were performed with 

the inclusion of allowances for HNE modification of Cys, His and Lys. In total, 8 

individual protein searches matched to predicted HNE-modified peptides of the protein 

of interest (Table 4.5). Two proteins from the 3-10NL IEF/SDS analysis were identified 

as putatively containing HNE-modified peptides, namely the aspartate aminotransferase 

and elongation factor Tu. Four proteins from the 4-7 IEF/SDS analysis were identified 

as putatively containing HNE-modified peptides, namely citrate synthase, Mn-SOD, 

elongation factor Tu and the ATP synthase β subunit. Two proteins from the BN/SDS 

analysis were identified as putatively containing HNE-modified peptides, namely MPP 

β subunit and alanine-glyoxylate aminotransferase. Alignment of the putatively 

modified peptide with the protein sequence allowed characterisation of the specific 

amino acid of the protein which contains the modification. Two amino acids, K145 and 

K123, of the aspartate aminotransferase were proposed to contain an addition of 156

Da, representing the attachment of an HNE. Neither of these amino acids appears to be 

involved in active site formation of the protein (Wilkie et al., 1996). One amino acid 

was proposed to be modified in the protein elongation factor Tu, with both 3-10NL and 

4-7 searches predicting the same modification of K129. Again, this residue does not 

appear to have a role in the active site, although it is located just upstream (7 residues) 

of one of the sites believed to be involved in nucleotide binding of the enzyme (Seidler 

et al., 1987). Through 4-7 IEF/SDS analysis citrate synthase, Mn-SOD and ATP 

synthase β subunit were all proposed to contain one modification at K229, K211 and 

K187, respectively. It appears that none of these specific residues are important for 

function of the enzymes (Zhi et al., 1991; Jackson and Cooper, 1998; Greene and 

Frasch, 2003). MPP β subunit and alanine-glyoxylate aminotransferase were identified 

through BN/SDS analysis to have one modified amino acid each K73 and H394, 

respectively. Neither of these amino acids has been shown to be essential for activity of 

the enzymes (Nagao et al., 2000; Liepman and Olsen, 2001). It must be noted that the

structural characterisation of most of these enzymes is based on mammalian models as 

information regarding protein structures of proteins in plants is relatively scarce. Of all 

the proteins identified in this chapter as being putatively susceptible to modification by 

HNE, it is interesting that an exact site of modification of only elongation factor Tu was 
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observed on multiple occasions (3-10NL and 4-7). On both occasions, the same amino 

acid was predicted to contain an HNE addition (K129).

While none of these putative modifications occurred at the active site of the 

protein, there are a number of other sites on a protein that could result in perturbations 

of a proteins function or activity. Modification at other sites of a protein can influence 

the tertiary and quaternary structures of protein’s and protein complexes, therefore until 

further characterisation of important sites for function and structure in plants has been 

undertaken, the impact of HNE modifications at these particular sites remains elusive.
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4.1.3 Identification of a Characteristic HNE Signature Within Spectra

It has been shown that modification of a His residue in a protein by HNE results 

in a mass increase of 156 Da of the modified amino acid (Fenaille et al., 2003). In 

addition, it has been shown that an HNE-His adduct produces also a CID spectra with 

an ion of m/z 139, corresponding to a dehydrated, protonated HNE (Fenaille et al., 

2003). This m/z of 139 has been proposed to represent an HNE molecule that has been 

removed from its adducted amino acid through the process of mass spectrometry. To 

our knowledge, there is no available information on the production of this 139 peak of 

the once adducted HNE molecule for HNE-Lys or HNE-Cys modifications. Therefore, 

we were interested to investigate the presence of the 139 HNE fingerprint for HNE 

modification of Lys and Cys.

Synthetic peptides (1 pmol/µl) were used for this analysis which allowed 

investigation of the HNE signature for a specific amino acid (His, Lys or Cys; see 

review Uchida, 2003 for HNE-amino acid adduct structures). The amino acid sequences 

of the synthetic peptides are shown (Fig. 4.13). The peptides were incubated for 10 mins 

with HNE and then loaded onto the MS. The peptide containing the single Lys residue 

is that of the flagellin protein Flg22. The reason this peptide was employed here was 

simply due to its availability in our laboratory. The other 2 peptides were prepared with 

identical sequences except the His or Cys residue of interest. As the aim of this work 

was to identify the presence of the characteristic 139 peak following HNE modification, 

the sequence similarities of the peptides was not crucial. This experiment was instigated 

prior to our knowledge about the putative Arg residue modification by HNE (Isom et 

al., 2004), therefore these synthetic peptides also contain at least 1 Arg residue by 

default. It is noteworthy here that it is possible that with all these synthetic peptides, the 

amino-alpha may also be a potential site of HNE modification, although further work 

would be required to elucidate this.

This work included analysis of a characteristic HNE signature of modification at 

His even though its HNE signature has been proposed in the literature (Fenaille et al., 

2003). This allowed for a control in this experiment as it was expected to observe a 139 

peak following modification of this peptide.
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VNDNEEGFHSAR

M = 1374

VNDNEEGFCSAR

M = 1340

QRLSTGSRINSAKDDAAGLQIA

M = 2271

Figure 4.13. Synthetic peptides utilised for MS/MS analysis of a characteristic 
HNE signature. Amino acid sequences of the peptides used to examine the CID spectra 
of HNE-modified His, Cys and Lys. Respective amino acid residues are highlighted in 
red.
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4.1.3.1 Characterisation of HNE-modified His (H)

The CID spectrum for the first synthetic peptide containing a single His (H) 

residue is shown in Figure 4.14A. The mass of the peptide was 1374 and its 

corresponding spectra showed a peak at 687.8, representing a doubly charged ion. 

Modification of the His residue by HNE was achieved by incubating the peptide with 2

mM HNE for 4 hours at 37°C. Mass spectrometry analysis of the modified-peptide 

revealed the parent peptide peak at 687.8 as well as a peak at 765.8 (Fig. 4.14B) which 

corresponded to a mass increase due to addition of HNE (156, doubly charged). In 

addition, there was also a peak corresponding to an HNE-modified peptide minus water.

Investigation of the CID spectra of both the unmodified (Fig 4.15A) the modified (Fig. 

4.15B) peptides revealed a peak at m/z of 139.1 in the CID spectra of the modified 

peptide but not the unmodified peptide. According to the literature, HNE that was 

adducted to an amino acid and removed in the process of MS/MS analysis gives a peak 

at m/z 139, corresponding to a dehydrated, protonated HNE molecule (Fenaille et al., 

2003). It is therefore highly probable that the observed 139.1 peak seen in the CID 

spectra of the m/z 765.8 peptide corresponds to such an HNE molecule. In addition, a 

peak corresponding to the unmodified parent peptide could be seen in the CID spectra 

of the modified peptide. This peak may represent a once HNE modified peptide that had 

the HNE removed through CID detection. These results suggested modification of the 

peptide, presumably at the His residue.
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Figure 4.14. Spectra of the synthetic peptide containing a single His residue, 
following modification by HNE. The MS-TOF of the synthetic peptide (A) and the 
synthetic peptide modified with HNE (B) were analysed. The peak at m/z 687.8 (yellow 
arrows) corresponds to the doubly charged peptide (1374). HNE modification of the 
peptide can be seen as a peak at 765.8 (green arrow), corresponding to a mass increase 
of 78 corresponding to the addition of HNE (mass 156, doubly charged). In addition a 
peak corresponding to the modified peptide minus water can be seen (red arrow).
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Figure 4.15. Collision Induced Chromatogram of the His-containing peptide. The 
peaks corresponding to the unmodified (A) and HNE-modified (B) peptides identified 
in Figure 4.14 were selected for and the corresponding CID spectra analysed. The peak 
at 139.1 (*) corresponds to a dehydrated, protonated HNE molecule that has been 
removed from the His residue it was adducted to. This peak is missing in the 
unmodified peptide CID spectrum (*).
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4.1.3.2 Characterisation of HNE-modified Lys (K)

The CID spectrum for the synthetic peptide containing a single Lys (K) residue 

is shown in Figure 4.16A. The mass of the peptide was 2271 and its corresponding 

spectrum showed a peak at 758.3 representing a triply charged ion. As mentioned 

previously, modification of the Lys reside by HNE was achieved by incubating the 

peptide with 2 mM HNE for 4 hours at 37°C. Mass spectrometry analysis of the 

modified-peptide revealed the parent peptide peak at 758.3 as well as a peak at 810.4 

(Fig. 4.16B) which corresponded to a mass increase due to addition of HNE (156, triply 

charged). This 810.4 HNE-Lys peak was relatively low compared to the parent peptide 

and compared to the amount of modified peptide seen in the previous example (section 

4.2.6.1). This is potentially because HNE will not modify all of the peptide present, 

perhaps due to accessibility of HNE to the Lys residue or due to the size of the peptide 

(almost twice the size of the His-containing peptide). Investigation of the CID spectra of 

both the unmodified (Fig. 4.17A) the modified (Fig. 4.17B) peptides revealed a peak at 

m/z of 139.1 in the CID spectrum of the modified peptide but not the unmodified. A 

peak with an m/z corresponding to the parent peptide was again observed in the 

modified peptide CID spectrum. These results suggest HNE modification of the peptide, 

presumably at the Lys residue.
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Figure 4.16. Spectra of the synthetic peptide containing a single Lys residue, 
following modification by HNE. The MS-TOF of the synthetic peptide (A) and the 
synthetic peptide modified with HNE (B) were analysed. The peak at m/z 758.3 (yellow 
arrows) corresponds to the triply charged peptide (2271). HNE modification of the 
peptide can be seen as a peak at 810.4 (green arrow), corresponding to a mass increase 
of 52 corresponding to the addition of HNE (mass 156, triply charged).
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Figure 4.17. Collision Induced Chromatogram of the Lys-containing peptide. The 
peaks corresponding to the unmodified (A) and HNE-modified (B) peptides identified 
in Figure 4.16 were selected for and the corresponding CIDs analysed. The peak at 
139.1 (*) corresponds to a dehydrated, protonated HNE molecule that has been removed 
from the Lys residue it was adducted to. This peak is missing in the unmodified peptide 
CID spectra (*).
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4.1.3.3 Characterisation of HNE-modified Cys (C)

The CID spectrum for the synthetic peptide containing a single Cys (C) residue 

is shown in Figure 4.18A. The mass of the peptide was 1340 and its corresponding 

spectra show a peak at 670.8, representing a doubly charged ion. Modification of the 

Cys residue by HNE was performed as described previously. Mass spectrometry 

analysis of the modified-peptide revealed the parent peptide peak at 670.8 as well as a 

peak at 748.8 (Fig. 4.18B) which corresponded to a mass increase due to addition of 

HNE (156, doubly charged), and a peak corresponding to the modified peptide minus 

water. Investigation of the CID spectra of both the unmodified (Fig. 4.19A) and the 

modified (Fig. 4.19B) peptides revealed a peak at m/z of 139.1 in the CID spectra of the 

modified peptide but not the unmodified peptide. In addition, a peak corresponding to 

the parent peptide was observed in the unmodified peptide. These results suggest HNE 

modification of the peptide, presumably at the Cys residue.

It is interesting to observe that the fragmentation spectra of all the peptides 

following incubation with HNE are quite different to the CID spectra of the parent 

peptide, in particular with the peptide containing the Cys residue. This suggests that 

HNE modification of a protein/peptide does not simply affect the amino acid it interacts 

with, but also has the ability to alter the interactions and/or stability of the surrounding 

amino acids. This provides further evidence for the necessity in identifying exact sites 

of HNE modification as it will allow an insight into a potentially functional impact of 

the protein, both by modification of the site as well as in relation to the neighbouring 

amino acids.
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Figure 4.18. Spectra of the synthetic peptide containing a Cys residue, following 
modification by HNE. The MS-TOF of the synthetic peptide (A) and the synthetic 
peptide modified with HNE (B) were analysed. The peak at m/z 670.8 (yellow arrows) 
corresponds to the doubly charged peptide (1340). HNE modification of the peptide can 
be seen as a peak at 748.8 (green arrow), corresponding to a mass increase of 78
corresponding to the addition of HNE (mass 156, doubly charged). In addition a peak 
corresponding to the modified peptide minus water can be seen (red arrow).

A

B

m/z (atomic mass units)

In
te

n
si

ty
 (

co
u

n
ts

)

m/z (atomic mass units)

In
te

n
si

ty
 (

co
u

n
ts

)
670.8

748.8

670.8

78

A

B

m/z (atomic mass units)

In
te

n
si

ty
 (

co
u

n
ts

)

m/z (atomic mass units)

In
te

n
si

ty
 (

co
u

n
ts

)

m/z (atomic mass units)

In
te

n
si

ty
 (

co
u

n
ts

)

m/z (atomic mass units)

In
te

n
si

ty
 (

co
u

n
ts

)
670.8

748.8

670.8

78



Chapter 4 – Identification of Protein Targets of HNE

153

Figure 4.19. Collision Induced Chromatogram of the Cys-containing peptide. The 
peaks corresponding to the unmodified (A) and HNE-modified (B) peptides identified 
in Figure 4.18 were selected for and the corresponding CIDs analysed. The peak at 
139.1 (*) corresponds to a dehydrated, protonated HNE molecule that has been removed 
from the Cys residue it was adducted to. This peak is missing in the unmodified peptide 
CID spectrum (*).
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4.1.4 Investigation of HNE Modification in Identified Peptides

Having identified a characteristic 139.1 peak in the CID spectra of peptides 

modified with HNE at His, Lys and Cys residues, it was interesting to analyse further 

the peptides containing a putatively modified amino acid as determined by Mascot 

(Matrix Biosciences, UK) shown in Table 4.4. Analysis of the CID spectra for the 

aspartate aminotransferase peptide LFADFQK and LAYGDNSEFIKDK, and the 

elongation factor Tu peptide GITIATAHVEYETAK revealed no 139.1 peak 

representing a dehydrated, protonated HNE molecule that was once adducted to an 

amino acid. Analysis of the peptides shown to contain an HNE adducted to an amino 

acid from the separation techniques 4-7 IEF/SDS-PAGE and BN-SDS-PAGE were 

unable to be performed due to the type of mass spectrometer used to collect the data 

(IonTrap cf. Q-ToF). The process of peptide fragmentation by these two mass 

spectrometers is significantly different. The Q-ToF (QStar Pulsar I, Applied 

Biosystems) configuration produces fragmentation within a collision cell (q2) external 

to the mass analyser to produce a CID spectrum that covers the entire set mass range 

(Chernushevich et al., 2001). The IonTrap (XCT Ultra, Agilent Technologies) is a 3-

dimensional mass analyser and thus is affected by the “one third rule” of low mass cut-

off during ion fragmentation (Xia et al., 2003). Essentially during fragmentation, the 

bottom third of a parent mass is undetected, e.g. if the parent mass is 900 m/z, ions 

below 300 m/z will not be represented in the CID spectra. The IonTrap instrument was 

the principal system utilised for the collection of data from proteins separated by 4-7 

IEF-SDS-PAGE and BN-SDS-PAGE, therefore the peptide fragmentation data 

collected was unable to be examined for an ion at m/z of 139.1 representing the removed 

HNE. Unfortunately the choice of which instrument to use for the analysis performed in 

this thesis was dependent on its availability, and although the Q-ToF would have been 

the preferred system, it was not always accessible. Nonetheless, since the investigations 

presented in this chapter were primarily focussed on the identification of gel arrayed 

proteins, it did not seem appropriate to delay analysis based on instrument availability. 

Further investigations into the characterisation of peptides identified in this chapter 

putatively modified by HNE should utilise a mass spectrometer that can provide a full 

mass range of fragmentation spectra.
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As no m/z at 139.1 was observed in the CID spectra from the peptides in Table 

4.4, it was interesting to more closely evaluate the Mascot evidence for an HNE 

modification. A majority of the putative HNE-modified Lys assigned by Mascot were 

on the C-terminus of the peptide, as would be expected due to the cleavage 

characteristics of trypsin. However, it can be seen that the next amino acid in the protein 

sequence is an Arg, which is also a target for cleavage by trypsin. In addition, Arg has a 

molecular mass of 156 Da, the same mass as HNE. Therefore, it is not possible to 

distinguish between Mascot assigning an Y1 ion as containing a Lys-HNE or a mis-

cleave of Lys, where Y1 would actually be Lys-Arg, which be reflected as an Y1 ion of 

the same mass.
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Figure 4.20. CID spectra of putative HNE-modified peptides from Arabidopsis 
mitochondrial proteins. Peptides identified as containing HNE-modified amino acids 
from 3-10NL 2D IEF-SDS separation (Table 4.4) were analysed for the presence of the 
characteristic 139.1 peak corresponding to a dehydrated, protonated HNE molecule that 
was adducted to an amino acid. The complete CID spectra are shown on the left, with 
focus on 139.1 on the right. The m/z of 139.1 is indicated (red arrow). A, corresponds to 
the aspartate aminotransferase peptide LFADFQK; B, corresponds to the aspartate 
aminotransferase peptide LAYGDNSEFIKDK; C, corresponds to the elongation factor 
Tu peptide GITIATAHVEYETAK.
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4.2 Discussion

The current evidence for modification by HNE of plant mitochondrial proteins 

(Millar and Leaver, 2000; Taylor et al., 2002) is based on loss of reactivity to an anti-

lipoic acid antibodies. While this provides preliminary support for HNE targets, it is in 

itself, not direct evidence for modification by HNE, nor does it allow for detection of all 

targets of HNE, including Cys, His, Lys and Arg residues. Therefore, this research 

looked to present direct evidence for a wider profile of mitochondrial targets of protein 

modification by the lipid peroxidation product HNE. This analysis was performed by 

examining HNE-treated, as well as oxidative stressed, mitochondrial proteins, separated

by a range of 2D gel separation techniques, with detection by polyclonal HNE-adduct 

antibodies. These HNE-adduct antibodies detect proteins containing an HNE molecule 

bound to an amino acid, presumably Cys, His, Lys, Arg or lipoyl residues as inferred by 

the known reactivity of HNE. As effectively all proteins contain at least one of these 

amino acids, all proteins are putative targets for HNE modification, although the extent 

of modification will likely depend on protein abundance and relative number of reactive 

residues per protein. It was thus initially interesting to determine whether use of the 

antibodies would in fact reveal a selective profile of proteins or result in an immunoblot 

reminiscent of a colloidal Coomassie stained gel. Initial westerns revealed a selective 

profile of mitochondrial proteins that cross-reacted with the antibodies, suggesting that 

only a small number of proteins that contain susceptible amino acids are actually 

modified by HNE (Fig. 4.4). In addition, the profile of proteins showing immuno-

reactivity with the antibodies remained relatively constant across treatments applied and 

all separation techniques employed in this work, further supporting the idea that HNE 

does not modify all target amino acids, but that HNE modification of identified proteins

was selective.

The combined results of putative HNE-modified mitochondrial proteins 

presented in this chapter are shown in Table 4.6. Comparison of proteins listed in this 

table with the literature reveals a number of similarities in the mitochondrial protein 

targets of HNE between Arabidopsis and other organisms. These targets include 
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proteins involved in the respiratory electron transport pathway, OxPHOS, the TCA 

cycle and membrane transport.
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4.2.1 Oxidative Phosphorylation (OxPHOS)

Work presented here revealed HNE modification of a number of subunits from 4

of the OxPHOS complexes, namely complexes I, II, III and V, as well as the electron 

donating EFTQO. Evidence for HNE modification within these complexes in 

mammalian mitochondria has also been reported. Chosksi et al. (2004) identified a 

number of respiratory proteins that showed reactivity with HNE antibodies. These 

proteins included the 49.2 kDa, 39 kDa and 15.5 kDa subunits of complex I, cyt c1 (27.2 

kDa), core 1 (49.2 kDa) and core 2 (46.5 kDa) of complex III, and the β subunit of 

complex V (Choksi et al., 2004). Mammalian core 1 and core 2 of complex III are 

homologous to the plant MPP α and β subunits, respectively (Eriksson and Glaser, 

1992). The primary functional difference between mammals and plants is that the 

mammalian core 1/2 is unable to process the nuclear-encoded mitochondrial proteins. 

This process is performed by a matrix-located MPP (Ou et al., 1989), homologous to 

both core 1/2 and the plant MPP α and β subunits. The plant MPP is not involved in the 

catalytic activity of complex III in electron transport. In addition, the α subunit of 

complex II has also been shown to be modified by HNE in mammals (Lashin et al., 

2006). It is interesting to note here that no modification of any of the subunits from 

complex IV were detected in Arabidopsis. This is in contrast to existing evidence in 

mammalian research, which suggests complex IV to be susceptible to HNE 

modification and inactivation (Chen et al., 1998; Musatov et al., 2002; Choksi et al., 

2004). Subunits of complex IV shown to be susceptible to modification by HNE in 

mammals include II, IV, Vb, VIIa, VIIc and VIII (Musatov et al., 2002), and the V1b 

(10.2 kDa) subunit (Choksi et al., 2004).

Over-reduction of the UQ pool may occur as a result of damage to components 

of the electron transport chain upstream of complex III. Therefore it would seem 

reasonable that, in order to limit ROS generation at complexes I and III, electron 

transfer to complex III is restricted. In this light, it may be that the observed HNE 

modification of components of the respiratory chain responsible for the donation of 

electrons into the chain (complex I, II and EFTQO) would aid the cell by limiting

further ROS generation by restricting the rate of electrons entering the UQ pool. 
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4.2.2 The TCA Cycle

Figure 4.21 outlines the TCA cycle, highlighting enzymes that showed cross-

reactivity with the HNE antibodies in this study: PDC, citrate synthase, aconitase, 

succinyl-CoA synthetase, succinate dehydrogenase (also functions as complex II of the 

respiratory chain) and malate dehydrogenase.

A putative HNE-modified amino acid of citrate synthase (K229) was identified 

by Mascot (Table 4.4). Analysis of the protein sequence reveals no obvious information 

on a potential effect of modification at this site, however modification of any amino 

acid of a protein can result in a myriad of effects including conformational changes or 

simply blocking access of substrates. No other HNE modifications were observed by 

Mascot (Matrix Sciences, UK) analysis of the MS/MS spectra corresponding to TCA 

cycle intermediates. Determination of the exact sites of modification by HNE of each of 

these proteins is helpful to further understand the effect of HNE on the activity of the 

TCA cycle. The TCA is responsible for providing the substrates for respiratory electron 

transport in the form of NADH and succinate. Modulation of the activities of any of the 

enzymes involved in the TCA cycle is likely to have downstream implications for 

respiration and oxidative phosphorylation.
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Figure 4.21 Reaction sequence of the TCA cycle showing enzymes substrates and 
products. Enzymes of the TCA cycle are in blue. Enzymes that showed cross-reactivity 
with the HNE-adduct antibodies are boxed in red.
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4.2.3 Antioxidants

Mn-SOD is a metalloenzyme involved in the detoxification of O2
– in the 

mitochondria. Binding of the Mn ion to the centre of the protein involves the 

coordination to 3 His residues and an aspartic acid (Asp) (Borgstahl et al., 1992). 

Therefore there exist putative functionally disrupting targets for HNE modification of 

this protein. However, investigation of the CID spectrum from the peptide claimed to 

contain an adducted HNE molecule from a Mn-SOD protein spot revealed a putative 

modification of K211. While this amino acid residue is not known to be involved in 

regulation of the enzyme, modification at this site may result in perturbation of enzyme 

function or formation.

Peroxiredoxins (Prx) have been identified as having a triple function in plants as 

an antioxidant, a modulator of signalling pathways and as a redox sensor (Dietz et al., 

2002; Horling et al., 2003; Finkemeier et al., 2005; Dietz et al., 2006). All Prxs

sequenced to date contain a conserved Cys residue in their N-terminus which is oxidised 

during ROS scavenging (Seo et al., 2000) and shown to be essential for enzyme 

function (Rouhier et al., 2004b). Previous studies have shown an increase in Prx protein 

levels following stress treatment (Sweetlove et al., 2002), in agreement with an 

antioxidant role. The plant mitochondrial Prx identified in this research (PrxII F) 

contains 2 conserved Cys residues, which are proposed to be essential for regeneration 

of peroxiredoxin via disulfide bridge oxidation and reduction (Konig et al., 2003), much 

in the same way that Aox is regulated (Day and Wiskich, 1995). Although PrxII F 

exhibited cross-reactivity with the HNE antibodies, no specific HNE-modified peptides 

of PrxII F were identified by Mascot (Matrix Sciences, UK) in this research. However it 

is known that functionality of this Prx lies with its ability to form an intramolecular 

disulfide bond forming a dimer (Finkemeier et al., 2005). Therefore to further elucidate 

the putative site of HNE modification of this protein, determination of the capacity of 

PrxII F to form a dimer in the presence of HNE could be examined, as demonstrated 

with Aox in chapter 3, by use of a PrxII F antibodies (as designed by Finkemeier et al., 

2005).
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It has been shown in rat mitochondria that the mitochondrial ALDH2, or 

SSADH is the primary protein responsible for the detoxification of HNE, depending on 

tissue examined (Murphy et al., 2003b; Murphy et al., 2003a). Work presented in this 

Chapter revealed that the plant mitochondrial ALDH2 and SSADH cross-reacted with 

the HNE-adduct antibodies implying modification by HNE. This modification may 

imply an oxidation and co-ordination of HNE with ALDH2 or SSADH as a result of 

detoxification of the HNE by proteins. Alternatively, if indeed these 2 proteins have a 

role of detoxification in plant mitochondria it may be that the modification by HNE 

observed in this work does not inhibit the enzyme. HNE modification may simply be a 

consequence of susceptible amino acids being exposed and may not affect enzyme 

activity, or may act as a signal of stress, signaling for up-regulation of a detoxification 

pathway. Cytosolic ALDH3 have also been shown to oxidise HNE in rat cells (Muzio et 

al., 2001). In Arabidopsis it has been shown that ALDH3 is induced in response to 

stress and overexpression of ALDH3 results in improved tolerance to stress (Sunkar et 

al., 2003). It is possible that the plant mitochondrial ALDH2 also plays a role in the 

detoxification of HNE. In addition to ALDH, studies have identified a mitochondrial 

located aldose/aldehyde reductase that appears to play a role in the detoxification of 

HNE in plants (Oberschall et al., 2000). These results support the need to gain an 

understanding of the modifications imposed on a protein by HNE. Not all HNE 

modifications are necessarily detrimental to the cell, and in the case of ALDH2 and 

SSADH may in fact be a consequence of the cells detoxification system.

4.2.4 Carbon Metabolism

A number of proteins were identified that are involved in amino acid and carbon 

metabolism in plant mitochondria. For example, mercaptopyruvate sulfurtransfersase 

(MPST) is involved in the transfer of sulfur from a donor molecule to a thiophilic 

acceptor substrate. In Arabidopsis, MPST consists of 2 globular domains connected by a 

linker sequence. This linker sequence contains 5 Cys residues, of which Cys332 is 

responsible for catalytic activity and the other 4 Cys residues are believed to have a role 

in stability of the enzyme (Burow et al., 2002). Therefore there exist putative sites for 

HNE modification which may result in inactivation of the enzyme, either by binding 
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and blocking the active site or by binding to a Cys involved in stabilizing the enzyme 

hence causing dissociation of the domains.

Perturbation of levels and rates of amino acid and carbon metabolism in the 

mitochondria could have an impact on every facet of mitochondrial function. 

Metabolism of amino acids and carbon intermediates is essential for maintenance of 

regular mitochondrial function, and in some cases becomes especially important during 

periods of oxidative stress where the synthesis of certain amino acids is required for 

function of some antioxidant responses (Hesse and Altmann, 1995). For example

glutathione, which requires Cys, synthesised from Ser (by CS), which is synthesised by 

the action of D-3-phosphoglycerate. Interestingly both CS and D-3-phosphoglycerate 

were observed to cross-react with the HNE-adduct antibodies in this chapter (Table 4.6).

4.2.5 Other Functions

A number of proteins were identified as being putative targets for HNE that have

additional functions than those outlined above. These include the translational apparatus

protein elongation factor Tu, the stress-responsive protein heat shock protein 10, the 

complex III-associated MPP which is involved in cleaving of the mitochondrial 

targeting pre-sequence on proteins following incorporation of the protein into the 

mitochondria, the chaperone prohibitin, membrane transporter proteins VDAC and 

ANT, mitochondria-associated cytosolic protein GAPDH and stress-responsive protein 

formate dehydrogenase. All of these proteins have been identified as having a role in 

plant mitochondria during stress (see results for explanations). Modification of these 

proteins has implications for a wide range of functions related to modulation of protein 

processing ultimately reflected in maintenance of mitochondrial homeostasis.

4.2.6 Breakdown Products

A majority of the proteins listed in this section of the table as breakdown 

products, with the sole exception of cysteine synthase, have the corresponding full 

length protein also showing susceptibility to HNE modification. Therefore, it is not 

possible to draw conclusions as to the role of HNE in the formation of these breakdown 
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products. It is possible to speculate however, that modification by HNE of a particular 

amino acid of a protein could target that protein for directed degradation of that protein.

It has been shown that a distinct proteolytic pathway, which can preferentially degrade 

oxidatively-denatured proteins, exists in the rat mitochondrial matrix (Marcillat et al., 

1988). In addition, it has recently also been shown that the mammalian cytoplasmic 

protein degradation pathway involving the proteasome is actually inactivated by HNE 

(Farout et al., 2006). While current understanding of the process of degradation of 

oxidatively damaged proteins in plant mitochondria is unclear, it seems reasonable to 

assume that following modification of a protein by HNE that renders that protein 

inactive or with decreased capacity, removal of the damaged protein would be necessary 

to help maintain cellular homeostasis. Should such a mitochondrial proteolytic system 

exist, it would be expected that breakdown products of these HNE targeted proteins be 

observed in the studies performed in this chapter. While only breakdown products for a 

few HNE targeted proteins are observed, this doesn’t preclude the presence of such a 

system as other breakdown products may be too small to detect on the gels or the 

adducted HNE may itself be a target for degradation/detoxification. Gaining an insight 

into the mechanisms of protein degradation and of the signal for a protein to be 

degraded may help understand whether HNE modifications play a role in this process.

4.2.7 Putative Identifications of HNE-Modified Proteins from Chapter 3

Cross-referencing of the proteins identified from this chapter with the immuno-

reactive bands observed in chapter 3 (Fig. 3.15) allows for a putative identification of 

these bands. Two bands were observed to be strongly immuno-reactive following H2O2

treatment. These bands were at 22 kDa and 15 kDa. Analysis of proteins identified in 

chapter 4 at these masses did not reveal any obvious proteins which may correspond to 

these bands. This is possibly due to the fact that they are in the mass range which is not 

always clearly definable in SDS-PAGE. Six bands were observed to be strongly 

immuno-reactive following antimycin A treatment. These bands were located at 70 kDa, 

45 kDa, 40 kDa, 35 kDa, 22 kDa and 15 kDa. Putative identifications of the 70 kDa 

band, based on analysis of proteins identified in chapter 4, suggest this bands may 

represent the α subunit of succinate dehydrogenase. The 45 kDa band may correspond 

to glutamate dehydrogenase, citrate synthase, aminomethyltransferase or elongation 
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factor Tu. The 40 kDa band may correspond to the E1 β subunit of PDC, and the 35 

kDa band may represent the γ subunit of ATP synthase or GAPDH. Finally, the 22 kDa 

band may represent the δ subunit of ATP synthase. Three bands were observed to be 

strongly immuno-reactive following menadione treatment. These bands were at 45 kDa, 

40 kDa and 22 kDa. Analysis of proteins identified in chapter 4 at these masses suggest 

that the 45 kDa band may represent glutamate dehydrogenase, citrate synthase, 

aminomethyltransferase or elongation factor Tu. The 40 kDa band may correspond to 

ANT or the E1 β subunit of PDC, and the 22 kDa band may correspond to the δ subunit 

of ATP synthase or GDH2. As 1D immuno-analysis allows for a relatively more 

quantitative analysis of cross-reactivity between samples compared to the 2D techniques 

performed in chapter 4, identifying which proteins are likely responsible for the 

immuno-reactivity is useful for analysis between sample treatment types. 

4.2.8 Conclusions and Further Work

HNE levels and HNE-modified proteins have been shown to increase following 

exposure to stress in Arabidopsis cell culture (chapter 3). In the current chapter, 

identification of proteins that are modified by HNE has been performed by use of HNE 

antibodies. Results from this work reveal that not all mitochondrial proteins are 

modified by HNE, shown by the differential and apparently specific profile of proteins 

that cross-react with these antibodies. This is an interesting observation as HNE is 

known to be highly reactive (Esterbauer et al., 1991) and most proteins contain 

“susceptible” amino acids. Further characterization of the functional consequences of 

these modifications will potentially reveal an understanding as to the apparent 

selectivity of susceptible amino acids.
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CHAPTER 5

BIOLOGICAL CONSEQUENCES OF HNE
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5.1 Introduction

Data presented in chapters 3 and 4 have shown that HNE is formed in plant cells 

and is able to modify mitochondrial proteins. In fact it appears that many of these 

modifications are also present in mitochondria isolated from cells exposed to various 

oxidative stresses. These sections of work were stimulated by research carried out in 

mammalian mitochondria. As the body of evidence for a detrimental impact of HNE on 

mammalian mitochondrial function increases, it begs the question what the effects of 

this cytotoxic molecule are in the plant system.

HNE is primarily viewed as a molecule responsible for damage to proteins and 

other cellular components (lipids and DNA). While this indeed seems to be a 

predominant consequence of HNE, this lipid peroxidation product has also been shown 

to activate multistep signal transduction cascades in mammals (Nakashima et al., 2003). 

The role of HNE within a cell may be dependent on the sub-cellular location as well as

relative levels of the molecule. It is plausible that some of the proteins that demonstrate 

particular susceptibility to modification by HNE (identified in chapter 4) may be sinks 

for HNE due to a more exposed location on the protein. These “more” susceptible 

amino acids of a protein may result in the protection of regions of a protein that would 

have a more severe functional susceptibility to the modification. It may be that 

modification by HNE at these “more” susceptible sites results in no functional 

consequence for the protein and thus may have no overall detrimental effect on 

mitochondrial function. Support for this hypothesis comes from recent investigations 

that revealed that in aging rats an increase in HNE modification of the E2 subunit of the 

TCA cycle protein α-KGDHC does not result in inhibition of the enzyme (Moreau et al., 

2003). In fact, their data suggests a one-fold increase in activity of the enzyme in aged 

rat mitochondria due to a decreased Km for α-ketoglutarate, although the reason for the 

decreased Km was unknown.

A number of mammalian mitochondrial proteins have been shown to be 

modified by HNE, however investigations into the activity of many of these proteins 

have not been performed. Some of the respiratory proteins investigated for inhibition by 
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HNE include complex IV, which has been shown to be inhibited (Chen et al., 1998), 

and it has been proposed that the site of modification responsible for this inactivation is 

His36 of subunit VIII (Musatov et al., 2002). Also complex III and complex II are 

proposed to be inhibited by HNE (Picklo et al., 1999; Lashin et al., 2006). In contrast to 

the work by Moreau et al. (2003), the α-KGDHC has also been shown to be inhibited by 

HNE in (Humphries and Szweda, 1998). It is interesting to note that susceptibility to 

inhibition by HNE may be tissue specific, disease specific as well as species specific.

Current studies investigating HNE modified plant mitochondrial proteins have

suggested that primary inhibition occurs at the lipoyl-modified Lys, which is required 

for functional of a range of enzymes (Millar and Leaver, 2000; Taylor et al., 2002).

Interestingly, Millar et al. (2000) also found that the NAD-malic enzyme was inhibited 

by HNE although unlike the other enzymes, this inhibition was only partial, suggesting 

an alternative site of inhibition as this enzyme has no lipoic acid. Work presented in this 

thesis has revealed an inhibition of Aox and external NADH DH activities by HNE 

(chapter 3). As neither of these proteins have lipoyl domains, these inhibitions might be 

due to modification at another site. In addition, most of the proteins identified by the 

HNE antibodies in chapter 4 are not known to contain lipoic acid.

Biologically, each of the targets of HNE modification has a different role in 

tertiary and quaternary structures of proteins and protein complexes. Therefore it is 

reasonable to postulate that modification by HNE will result in potentially different 

biological consequences, depending on which target is modified. Cys residues often 

have a role of maintenance of the structure of proteins in that they can form disulfide 

bridges which link monomers of a complex or regulate activity within an active site

(Aslund and Beckwith, 1999). Modification by HNE at these Cys residues could restrict 

the ability of Cys to form disulfides thereby preventing regulation of the enzyme either 

by restricting access of molecules to the active site or by causing destabilisation of a 

protein or even dissociation of the monomeric units of a complex. His residues have 

been associated with metal ligand binding within a protein (Svensson et al., 2000). HNE 

modification of a His residue with this role could result in the loss of the bound metal, 

as generally these metals are located in the active site of a protein, or may result in 
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inactivation of the protein. Lipoic acid moieties are generally involved in the association 

of two components of a protein complex, for example in α-KGDHC the lipoyl-

containing E2 associates with the E3 subunit, producing an active enzyme (Millar et al., 

1999). Modification of these lipoyl-modified Lys residues may result in an inability of 

the components of these protein complexes to associate, thereby eliminating activity. In 

addition to these sites, the target amino acids exist throughout the protein structure. 

Modification of these amino acids can cause perturbations of protein function and 

activity by a number of mechanisms, not least of which is inactivation through the 

active site. Modification of structural amino acids may result in a conformational 

change of the protein which could impact upon its activity.  In addition modification of 

a residue at an allosteric site may result in a conformational change which restricts 

access to the active site or restricts interactions of an allosteric activator which may be 

required for active site accessibility, or may change the substrate specificity of the 

enzyme. There exist a number of potential biologically functional consequences of HNE 

modification of a protein. It is also completely feasible that some HNE modifications 

will have no impact on protein activity or substrate specificity. It is therefore essential to 

determine a biological consequence of the modifications of the proteins observed in the 

previous chapter.

Work presented so far in this thesis has followed two approaches for 

investigating the targets of HNE in the mitochondria. Firstly, a directed approach was 

taken that focussed solely on the impact of HNE on the respiratory electron transport 

chain, particularly the terminal oxidases (chapter 3). This work was based on the 

evidence presented in mammalian literature indicating a susceptibility of Cox to 

inhibition by HNE (Chen et al., 1998). This work also was interesting in view of the 

Aox which has been proposed to act as a survival pathway during periods of stress in 

plants (Purvis and Shewfelt, 1993; Day and Wiskich, 1995). Results from this work

revealed that in fact Cox appeared relatively uninhibited by HNE compared to Aox. 

Closer analysis into the site of modification was then undertaken to elucidate the 

mechanism of HNE inhibition of Aox. In contrast to this, a non-directed approach to 

identify HNE modified proteins was undertaken in chapter 4 which involved scanning 

the entire mitochondrial proteome for HNE modification. A number of different 
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separation techniques were performed in this evaluation to allow the greatest coverage 

of the proteome as possible. From these experiments 45 different protein subunits 

corresponding to 32 different proteins/protein complexes were identified as putative 

targets for HNE modification. Interestingly, it was not possible to observe Aox by any 

of these separation techniques due to its loss in preparative stages (IEF) or due to its 

relatively low abundance (BN/SDS) (Holtzapffel et al., 2003).

This chapter initially set out to identify plant mitochondrial proteins that contain 

Cys residues involved in dimerisation. As it is known that HNE is able to modify Cys 

residues, it is interesting to consider the spectrum of Cys-containing mitochondrial 

proteins to identify further putative targets of HNE that are likely to have impaired 

function. To date however, there exists no comprehensive list of the Cys-containing 

proteins of plant mitochondria. Work has been performed investigating mammalian 

cytosolic disulfide-containing proteins following oxidative stress (Cumming et al., 

2004). It was suggested that disulfide bond formation of cytoplasmic proteins is 

dependent on the nature of the oxidative insult and may provide a common mechanism 

used to control multiple physiological processes (Cumming et al., 2004).

Furthermore, this chapter begins to examine biologically functional 

consequences of HNE modification of proteins identified as being susceptible to HNE. 

Determination of the functional significance of HNE modification of these proteins will 

provide an insight into the role of HNE, as well as identify a subset of functional targets 

of HNE. Understanding the complex relationship of HNE with the mitochondrial 

proteome will allow an examination of the impact of HNE on mitochondrial 

homeostasis, and thereby the cells viability in the presence of elevated levels of HNE. 

Once primary targets for damage by HNE are identified it will provide a basis for 

directed research to identify the mechanism and degree of damage by HNE following 

exposure to oxidative stresses.
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5.2 Results

5.2.1 Identification of Mitochondrial Proteins Containing Disulfide Bonds

As mentioned in the introduction to this chapter, identification of mitochondrial 

proteins containing Cys residues involved in disulfide bridges will build the list of 

putative HNE targets as this residue is a known target of HNE. It has been shown in 

chapter 3 that it is possible to detect proteins that contain disulfide bonds by two-

dimensional oxidant/reductant diagonal-SDS-PAGE. In this analysis, proteins were

separated in the first dimension in the presence of an oxidant (diamide), which will 

induce disulfide formation, and in the second dimension in the presence of a reductant 

(DTT), which breaks the disulfides. Diagonal-SDS-PAGE allows visualisation of Cys

involved in disulfide bonds of multimeric proteins (such as Aox), as well as Cys

residues involved in internal disulfide bonds, forming localised hairpins or long-

distance connections in the primary sequence due to close proximity in the tertiary 

structure of a protein (Fig. 5.1). As described previously, proteins that come off the 

diagonal, below the diagonal, contain disulfide bonds between monomers or subunits of 

a protein complex (Fig. 5.1 4X, X, 2Y, Y). In addition, some proteins may migrate just 

off the diagonal, above or below (S-S, SH). These spots likely represent proteins that 

have internal disulfide bonds. Formation of the disulfides result in looped structures, 

following reduction of the disulfides, and release of the looped secondary structure, the 

protein can fully denature. This results in a slight retardation or acceleration of its 

migration through the gel in the second dimension, therefore migrating to just off the 

diagonal.
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Figure 5.1. Schematic diagram of two dimensional diagonal-SDS-PAGE separation 
of proteins. Proteins are separated in the first dimension in the presence of the oxidant 
diamide, inducing disulfide bond formation. The lane from the first dimension is then 
incubated with DTT which causes the reduction of the disulfides. Examples of diagonal-
SDS-PAGE separation of a tetramer (4X, X), a dimer (2Y, Y) and of a protein 
containing an internal disulfide (S-S, SH) are shown. Locations of proteins after the first 
dimension are indicated on the diagonal and locations after the second dimension are 
indicated in the relative area off the diagonal. Molecular mass markers are indicated for 
both dimensions of the gel.
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Cys residues play a critical role in the structure and active site formation in a 

number of proteins in the mitochondria (Day and Wiskich, 1995; Farres et al., 1995). As 

seen with Aox in chapter 3, modification by HNE at these Cys residues can result in an 

inability of the enzyme to dimerise. In addition, HNE may act to prevent the access of 

substrate to the active site or activation site, or HNE binding may induce a 

conformational change in the protein which restricts substrate access or access of 

compounds involved in regulation of the enzyme. In addition, HNE binding to Cys 

involved in disulfide bridge formation may result in the disassociation of subunits of an 

enzyme or restrict subunits interacting with each other. An unbiased determination of 

mitochondrial proteins that contain disulfide bonds will allow identification of targets 

for HNE modification that potentially effect the conformation of proteins.

Initial diagonal-SDS-PAGE experiments resulted in a number of discrete spots 

above and below the diagonal but also a large amount of smearing on the gels (Fig. 

5.2A). This smearing of proteins appeared exclusively within the region below the 

diagonal down to molecular mass of approximately 30 kDa in the second dimension. 

This smearing was not a result of DTT treatment as proteins run in the presence of DTT 

in both dimensions did not smear (Fig. 5.2B). Different protein amounts (300 – 30 μg)

were loaded on the first dimension to determine whether the smearing could be in part 

due to overloading of the gel (Fig. 5.3A-C). For clarity, only the relevant section of the 

gel (30 kDa/30 kDa, first dimension/second dimension) is shown in Figure 5.3. 

Separation of 300 μg protein resulted in strongly visible protein spots migrating below 

the diagonal in the second dimension (Fig. 5.3A). However, proteins above the diagonal 

were difficult to differentiate as the load of proteins on the diagonal was high, causing 

an intense band that was quite diffuse. As seen in Figure 5.2A, smearing of the proteins 

below the diagonal occurred. Separation of 100 μg protein resulted in a decrease in 

intensity of the diagonal band, although smearing under the diagonal was still visible 

(Fig. 5.3B). Protein spots migrating off the diagonal were still visible and proteins with

a retarded mobility in the second dimension, therefore migrating just above the 

diagonal, appeared more obvious compared to 300 μg protein. Separation of 30 μg 

protein resulted in a large decrease in the intensity of the diagonal band (Fig. 5.3C) as 

well as a decrease in the smearing under the diagonal. However intensities of protein 
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spots migrating off the diagonal were also less intense which was not desirable for this 

experiment as relative levels of these spots was under investigation. Together these 

results suggested the likely cause of smearing on these gels was due to the initial 

diamide treatment, performed prior to separation in the first dimension. Although the 

smearing on these gels was unable to be removed, it was determined that an optimal 

amount of protein for visualisation of proteins containing disulfide bonds by diagonal-

SDS-PAGE was 100 μg protein. This amount of protein allowed clear visualisation of 

protein spots that shifted off the diagonal, including those proteins that were retarded 

just above the diagonal (Fig. 5.3B). Protein spots on gels containing less protein than 

100 μg (Fig. 5.3C) were not as intense and therefore comparisons of relative amounts of 

these proteins may be difficult. The gel system used throughout the above experiments 

was the BioRad Protean II system (BioRad, Australia), using 1 mm gels. When the 

Hoefer (Hoefer Scientific Instruments, San Franscisco, California) 0.75 mm gel system 

was employed it resulted in a much clearer profile of proteins, especially those that 

shifted only slightly from the diagonal in the second dimension (Fig. 5.3D). Therefore 

optimisation of this experimental set-up resulted in 100 μg protein analysis on the 

Hoefer system.
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Figure 5.2. Separation of mitochondrial proteins by oxidant/reductant 2-
dimensional diagonal-SDS-PAGE. Mitochondrial proteins (300 μg) were incubated 
with either the oxidant diamide (A) or the reductant DTT (B) prior to first dimension 
separation by SDS-PAGE. Following separation, lanes were excised and incubated in 
the reductant DTT prior to second dimension separation by SDS-PAGE. Molecular 
mass markers are indicated for both dimensions.
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Figure 5.3. Optimisation of diagonal-SDS-PAGE analysis of mitochondrial 
disulfide-containing proteins. Decreasing concentrations of mitochondrial proteins 
were separated by oxidant/reductant diagonal-SDS-PAGE using the BioRad gel system,
and proteins visualised by staining with colloidal Coomassie (A-C). A, 300 μg protein; 
B, 100 μg protein; C, 30 μg protein. In order to further optimise visualisation of 
disulfide-containing proteins by this method, 100 μg protein was separated using the 
Hoefer gel system, and proteins visualised by staining with colloidal Coomassie (D). 
Molecular mass markers for the second dimension are indicated.
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Separation of mitochondrial proteins by oxidant/reductant diagonal-SDS-PAGE 

resulted in the visualisation of a number of discrete protein spots that appeared off the 

diagonal, both below and above the diagonal (Fig. 5.4). Many of these spots were 

associated with a smear, indicating diffusion or precipitation of the protein in the 

absence of reductant in the first dimension. Identification of these proteins was 

performed on spots that appeared at discrete sites on the smears. Identification of 

proteins that migrated off the diagonal in the second dimension was performed by 

excision of the spots, digestion with trypsin and analysis by MS/MS. CID spectra from 

each protein spot were then used to search the TAIR6 dataset of Arabidopsis proteins 

for peptide matches and protein identification using Mascot (Matrix Biosciences, UK). 

In total, 19 proteins produced spectra allowing for confident identification (Fig. 5.4). 

Results of the proteins which appeared off the diagonal following 2D oxidant/reductant 

SDS-PAGE are listed in Table 5.1. 
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Figure 5.4. Diagonal-SDS-PAGE analysis of mitochondrial proteins containing 
disulfide bonds. Proteins were separated by oxidant/reductant 2 dimensional diagonal-
SDS-PAGE and visualised by colloidal Coomassie staining. Proteins containing 
disulfide bonds involved in multimer formation separate in the second dimension below 
the diagonal (spots 1-12). Proteins containing internal disulfide bonds separate in the 
second dimension above the diagonal (spots 13-19). Molecular mass markers for both 
dimensions are indicated.
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Table 5.1. Identification of proteins migrating off the diagonal following 
oxidant/reductant two-dimensional separation. MS/MS spectra derived from 
trypsinated peptides of proteins that shifted off the diagonal of oxidant/reductant 
diagonal-SDS-PAGE were matched at Mascot against the Arabidopsis TAIR6 database.

Spot

Mass 
(kDa) 

(1st/2nd)
AGI 

accession Putative ID
Mass
(Da)

Mowse 
Score Peptides

Below Diagonal
1 60/32 At3g08580.1 Adenylate translocator 1 (ANT-1a) 41449 300 16

At3g08580.2 Adenylate translocator (ANT-1b) 41449 300 16
2 80/39 At2g33040.1 ATP synthase γ subunit 35426 26 1
3 70/39 At3g22370.1 Alternative oxidase 1a (Aox1a) 39954 34 1
4 80/40 At3g59760.1 Cysteine synthase 46086 108 4
5 120/53 At2g44350.1 Citrate synthase 52797 334 9
6 120/68 At5g08670.1 ATP synthase β subunit 59794 684 15
7 97/69 AtMg01190 ATP synthase α subunit 55219 934 22
8 70/70 At3g17240.1 Dihydrolipoamide dehydrogenase (E3-3a) 54192 419 12
9 68/65 At4g23100.1 γ-glutamylcysteine synthetase 58829 269 9

10 60/50 At2g44350.1 Citrate synthase 52797 244 7
11 50/50 At4g02930.1 Elongation factor Tu 49603 763 20

At2g20420.1 Succinyl-CoA synthetase β subunit 45509 426 12
At5g07440.1 Glutamate dehydrogenase 2 44847 335 7

12 36/36 At1g53240.1 Malate dehydrogenase (MDH-2) 35910 307 6
Above Diagonal
13 43/53 At2g44350.1 Citrate synthase 52797 31 1
14 40/50 At5g14780.1 Formate dehydrogenase 42383 217 11
15 36/46 At5g50850.1 Pyruvate dehydrogenase E1 β subunit 39295 197 5
16 32/36 At5g14040.1 Mitochondrial phosphate translocator 40064 393 19
17 30/39 At2g33040.1 ATP synthase γ subunit 35426 93 4
18 30/34 At5g63400.1 Adenylate kinase 26915 368 16
19 28/32 At5g50370.1 Adenylate kinase 27318 149 6

Table headings: Spot, spot number corresponding to spots in Figure 5.4; Mass (1st/2nd), 
mass of spot in first and second dimensions from gel; AGI accession, accession number 
from TAIR6 database of matched proteins; Putative ID, matched protein description; 
Mass, mass of the protein from the TAIR6 database of matched proteins; Mowse score, 
MOlecular Weight SEarch score derived by Mascot from the MS/MS search; Peptides, 
number of peptides matched in the TAIR6 database search.
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Twelve proteins were identified that migrated below the diagonal in the second 

dimension. The ANT (spot 1) migrates to about 32 kDa in the second dimension, 

coming off the diagonal at about 60 kDa. ANT, an ADP/ATP antiporter, exists as a 

homodimer (Majima et al., 1995) and catalyses exchange of ADP for ATP across the 

inner mitochondrial membrane. The α (spot 7), β (spot 6) and γ (spot 2) subunits of the 

F1 complex of ATP synthase were also identified as migrating off the diagonal in the 

second dimension at approximately 69 kDa, 68 kDa and 39 kDa, respectively. The plant 

F1 complex contains the 5 highly conserved subunits α, β, γ, δ and ε with the same 

stoichiometry of 3:3:1:1:1 as seen in both prokaryotes and eukaryotes (Velours et al., 

2000). All three of the identified ATP synthase subunits appear off the diagonal in the 

second dimension from a complex separated in the first dimension. While it is more 

difficult to ascertain the molecular mass in the first dimension of the α and β subunits 

due to the higher apparent molecular mass, it is likely that they separated as a dimer in 

the first dimension. The γ subunit appears to separate in the first dimension at 

approximately 80 kDa, a mass twice that of the spot identified in the second dimension, 

therefore supporting existence of a dimer in the first dimension. As shown in chapter 3, 

the homodimeric protein Aox also migrates below the diagonal from 70 kDa to 

approximately 35 kDa in the second dimension (spot 3). Cysteine synthase (spot 4) 

exists as a homodimer of 70 kDa, and is the enzyme responsible for the final step of 

cysteine synthesis in mitochondria (Kuske et al., 1996). This enzyme was observed to 

migrate below the diagonal from 70 kDa in the first dimension to approximately 35 kDa 

in the second dimension. The TCA cycle enzyme citrate synthase (spot 5, 10) has been 

shown to exist as a homodimer of approximately 100 kDa (Giege et al., 2003). The two 

spots identified as citrate synthase probably represent protein with different oxidant 

state in the first dimension as they are both seen at approximately 50 kDa in the second 

dimension but appear off the diagonal at different first dimension masses. Spot 5 seems 

to be the monomer reduced from a 100 kDa dimer in the first dimension, while spot 10 

may be simply monomeric citrate synthase in both dimensions as it migrates only just 

below the diagonal from approximately 50 kDa in the first dimension. 

Dihydrolipoamide dehydrogenase (spot 8) exists as a homodimer of approximately 120

kDa (Millar et al., 1998) and is the E3 component of the α-ketoacid dehydrogenase 

complexes including PDC, GDC and α-KGDHC. The separation profile of
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dihydrolipoamide dehydrogenase by oxidant/reductant diagonal-PAGE reveals that this 

protein migrated at approximately 70 kDa in both dimensions, although a protein spot 

was visible just below the diagonal in the second dimension. γ-glutamylcysteine 

synthetase (spot 9) comprises two structural domains: a catalytic domain and a smaller 

domain, linked through a disulfide bridge (Hibi et al., 2004). The separation profile of γ-

glutamylcysteine synthetase by oxidant/reductant diagonal-PAGE here revealed that this 

protein separated at approximately 65 kDa in both dimensions although in the second 

dimension it had a slightly increased mobility, migrating slightly below the diagonal at 

about 65 kDa. This slight decrease in apparent mass may be due to the fact that the 

oxidation/reduction of the disulfide bond caused different mobility rates of this protein.

Analysis of spot 11 resulted in the identification of three proteins, elongation factor Tu, 

succinyl-CoA synthetase β subunit and glutamate dehydrogenase. Due to the location of 

this protein spot, it is likely that there may be contaminating proteins from the diagonal 

taken with the plug of this spot, therefore the exact identification of this spot could not 

be confirmed. The TCA cycle enzyme malate dehydrogenase (MDH) is also found to 

migrate slightly below the diagonal (spot 12). MDH exists as a homodimer of 

approximately 72 kDa, however MDH is seen to migrate in the first dimension at its 

monomeric size of 36 kDa. As not all protein dimerisation and subunit associations are 

due to Cys residues forming disulfide bridges, in the case of MDH, perhaps the 

interaction between the monomers of the dimer are not via a disulfide bond.

Seven protein spots were identified that migrated above the diagonal in the 

second dimension. Spot 13 was identified as citrate synthase. This protein was also seen 

to migrate below the diagonal, both as a monomer from a dimer in the first dimension, 

and as a protein migrating just slightly below the diagonal. Spot 13 may be a form of the 

protein that migrated as a monomer in the first dimension and be retarded in the second 

dimension due to an internal disulfide bond. All three spots identified as citrate synthase 

in this experiment migrate at approximately 53 kDa in the second dimension, 

corresponding to the monomer. As was observed for citrate synthase, the γ subunit of 

ATP synthase also migrated above the diagonal (spot 17) in addition to below. In this 

case, the spot below the diagonal corresponded to a monomer (39 kDa) from a dimer 

(80 kDa) in the first dimension. The spot corresponding to the γ subunit migrating above 
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the diagonal showed the greatest retardation in migration of all the proteins above the 

diagonal (Fig. 5.4) migrating at approximately 30 kDa in the first dimension to 39 kDa 

in the second dimension. It has been shown that the chloroplast ATP synthase γ subunit 

contains 4 Cys residues and that these Cys are highly conserved throughout ATP 

synthases (Miki et al., 1988). Two of the Cys are proposed to be involved in an internal 

disulfide bridge (Miki et al., 1988). Therefore a feasible explanation for the observed 

retardation of the γ subunit in the second dimension could be that following reduction of 

the internal disulfide, the protein migrates as a more relaxed, open structure. The fact 

that the expected 39 kDa monomer is also observed in this experiment is possibly a 

result of a dimeric γ subunit structure protecting the internal Cys from oxidation. Other 

proteins identified as migrating above the diagonal in the second dimension were the 

NAD+-dependant formate dehydrogenase (spot 14), pyruvate dehydrogenase E1 β

subunit (spot 15), mitochondrial phosphate translocator which contains at least two 

internal disulfides (Houstek et al., 1983) (spot 16) and two isoforms of adenylate kinase

which also contains a disulfide bond (spots 18 and 19). While identification of Cys 

residues involved in internal disulfide bridges was not possible for all these proteins, it 

is proposed here that the spots migrating above the diagonal in the second dimension are 

proteins that contain internal disulfide bonds which, when reduced, cause a retardation 

of migration of the protein through the gel. This retardation is likely due to the 

completely open, denatured conformation of the protein following the reduction of an 

internal hairpin or linkage.
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5.2.2 Effect of HNE on Disulfide Bond Formation in Mitochondrial Proteins

Modification by HNE of Cys residues involved in formation of disulfide bonds

has the potential to inhibit the capacity of proteins to form multimers, or may cause 

detrimental effects due to modification of important functional sites including active 

sites. It has been previously shown in chapter 3 that incubation of mitochondria with 

HNE results in a decrease in the relative intensity of the Aox monomer protein that 

migrates off the diagonal in the second dimension, seen at 35 kDa (Fig. 3.5). Using the 

diagonal-SDS-PAGE technique to visualise disulfide-containing proteins, loss of 

relative intensity of proteins coming off the diagonal following treatment of isolated 

mitochondria with 700 μM HNE was examined in order to identify protein disulfides 

susceptible to HNE. As this experiment was based on visualisation of intensities of 

protein spots, 300 μg protein was used in these experiments, and due to the protein 

amount loaded, the BioRad Protean II gel system was utilised. While this amount of 

protein does not produce the cleanest diagonal gels (as shown in Fig. 5.3), accurate 

determination of changes in relative intensities of spots migrating off the diagonal with 

less protein was not so clear.  Mitochondrial proteins, from control (Fig. 5.5A) or HNE-

treated (Fig. 5.5B) mitochondria were separated by oxidant/reductant diagonal–PAGE 

and visualised by staining with colloidal Coomassie. All experiments were run in 

triplicate with independently isolated mitochondria and independent HNE treatments. 

Proteins that consistently appeared to decrease in intensity following treatment of the 

mitochondria with HNE are shown by the red arrows. These spots corresponded to spots 

identified in Table 5.1 as ANT (1), ATP synthase γ subunit (2), Aox (3) and CS (4). No 

proteins migrating above the diagonal appeared to change in relative abundance 

following treatment of mitochondria with HNE.
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Figure 5.5. Diagonal-SDS-PAGE separation of mitochondrial proteins treated with 
HNE. Mitochondrial proteins, either control (A) or HNE-treated (B) were separated by 
oxidant/reductant diagonal-SDS-PAGE and visualised by colloidal Coomassie staining.
Red arrows correspond to spots that decreased in relative intensity following HNE 
treatment. Molecular mass markers for both dimensions are indicated.



Chapter 5 – Biological Consequences of HNE

187

Interestingly, ANT, ATP synthase γ subunit and CS were all seen to cross-react

with the HNE antibody in chapter 4. Determination of Aox cross-reactivity with the 

antibody is unknown due to the inability of the protein to be visualised by the separation 

techniques employed in chapter 4. As ANT, ATP synthase γ subunit and CS showed

cross-reactivity with the HNE antibody following HNE treatment and/or oxidative 

stress, and appeared to disappear from the region below the diagonal following 

treatment with HNE, one putative site for HNE modification could be the Cys residues 

involved in the disulfide bonds responsible for dimer formation in these proteins. Of 

course, as has been observed with Aox (chapter 3), modification of Cys responsible for 

dimerisation does not necessarily imply an inhibition of enzyme activity. While Aox 

activity is susceptible to inhibition by HNE, it is likely due to HNE modification of 

additional sites on the protein to the Cys involved in disulfide bonding (Cys1). 

Identification of proteins that are susceptible to modification by HNE is important to 

understand potential regulation of mitochondria during stress, however we can not 

simply use an observed modification of a protein as evidence for decreased activity. To 

fully understand the biological significance of HNE production and modification in the 

mitochondria, analysis of protein activity is necessary.
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5.2.3 Enzyme Assays of Proteins Susceptible to HNE

Combining the sets of proteins identified as susceptible to modification by HNE 

from chapters 3, 4 and 5 results in a large number of proteins/protein complexes

involved in a range of mitochondrial functions (Table 5.2). Determination of a 

biological, functional consequence of HNE modification for each of the proteins is 

desirable. In chapter 3 it was observed that Aox activity was severely inhibited by HNE 

(Fig. 3.1). However, succinate-dependent oxygen uptake through the cytochrome 

pathway appeared to be unaffected by HNE (Fig. 3.2), even though it was repeatedly 

observed in chapter 4 that the flavoprotein subunit of the succinate dehydrogenase (α 

subunit) was susceptible to modification by HNE. This result supports the theory that 

not all modifications will necessarily result in inactivation/decrease of enzyme function

or inhibit kinetics of a pathway. It is possible that modification by HNE may result in no 

functional perturbations of a protein. Characterisation of the sites of HNE modification 

as proposed in chapter 4 may reveal putative functional consequences of modifications, 

although not all of the modification sites will provide insight as to a consequence. A 

search of the literature was performed to assess methods of measuring enzyme activities 

of the proteins identified in chapter 4 and 5 as being susceptible to modification by 

HNE (Table 5.2). While it was possible to find assays for most of the enzymes, a few of 

the enzymes appeared not to have a method for activity analysis (e.g. ANT, VDAC; 

Table 5.2). In order to begin investigation into the biological significance of HNE-

modification of mitochondrial proteins, several enzyme assays were performed for a 

few of the proteins identified as HNE targets from the work presented in this thesis.
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Table 5.2. Methods optimised for the assessment of enzyme activities of enzymes 
from mitochondria. This list of proteins was composed from data presented throughout 
this thesis identifying proteins showing susceptibility to modification by HNE. 

Protein/Protein Complex Reference

Electron Transport
Complex I (Rasmusson et al., 1998)*

Complex II (Hattori and Asahi, 1982)*

EFTQO (Beckmann and Frerman, 1985)

Aox (Hoefnagel et al., 1995)*

Complex V (Hamasur and Glaser, 1992)*

TCA Cycle

Pyruvate dehydrogenase (Millar et al., 1998)*

Succinyl-CoA synthetase (Palmer and Wedding, 1966)*

Citrate synthase (Stevens et al., 1997)*

Malate dehydrogenase (Hayes et al., 1991)*

Glycine cleavage system protein (Walker and Oliver, 1986)*

Aconitase (Verniquet et al., 1991)*

Antioxidant

Monodehydroascorbate reductase (Hossain et al., 1984)*

Peroxiredoxin (Finkemeier et al., 2005)*

Mn-SOD (Bowler et al., 1991)*

Aldehyde dehydrogenase 2 (Smith and Rees, 1979)*

Amino Acid and Carbon Metabolism

Glutamate dehydrogenase 2 (Loulakakis and Roubelakis-Angelakis, 1990)*

Succinate-semialdehyde dehydrogenase (Busch and Fromm, 1999)*

D-3-phosphoglycerate dehydrogenase (Ho et al., 1999)*

Aminomethyltransferase (Bourguignon et al., 1988)*

Mercaptopyruvate sulfurtransferase (Papenbrock and Schmidt, 2000)*

Aspartate aminotransferase (Torre et al., 2006)*

Alanine-glyoxylate aminotransferase (Ricoult et al., 2006)*

Cysteine Synthase (Kuske et al., 1994)

Other Functions

Elongation factor Tu -

Heat shock protein 10 -

Expressed protein -

Diaminoepimelate epimerase -

MPP (Braun et al., 1992)*

Prohibitin -

VDAC -

ANT -

Glyceraldehyde-3-phosphate dehydrogenase (Hancock et al., 2005)*

Formate dehydrogenase (Quayle, 1966)

Table headings: Protein/protein complex, identification of the proteins/protein 
complexes susceptible to modification by HNE; Enzyme Assay, standard enzyme 
assays used to assess activities of the proteins/protein complexes. Plant-based assays (*) 
are indicated, other references are for mammalian-based assays. Not all proteins appear 
to have known assays (-).
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5.2.3.1 Cysteine Synthase

Cysteine synthase is involved in the synthesis of Cys from Ser (Fig. 5.6). Cys

synthesis is a two step process involving two enzymes, serine acetyltransferase (SAT) 

and dimeric CS which exist as a complex (Hell et al., 1994). Synthesis of Cys from Ser

also involves two substrates: acetyl CoA and free sulphide. O-acetylserine (OAS) is 

generated by SAT in a reaction catalysed from Ser and acetyl CoA. Once levels of OAS 

increase, the CS dimer dissociates from the complex and is able to convert OAS and 

bisulfide to Cys (Fig. 5.6). While the function of SAT requires its presence in the 

complex, CS activity is virtually non-existent when in the complex, with activation 

requiring its dissociation from the complex. It is only in this free homodimeric form that 

CS is active and can convert OAS plus bisulfide to Cys (Droux et al., 1998). 

Figure 5.6. Cysteine biosynthetic pathway.

In Arabidopsis, there exist three CS isoforms, a cytoplasmic isoform, a 

chloroplastic isoform and a mitochondrial isoform (Hesse et al., 1999). In plant cell 

cultures it has been shown that the mitochondrial isoform of CS is abundant (Kuske et 

al., 1996). This biosynthetic pathway is responsible for providing the Cys required as a 

precursor for cellular metabolites requiring sulphur. Of particular interest is the fact that 

Cys is required as a precursor for glutathione and glutathione derivatives that are 

required during plant stress (May et al., 1998). Glutathione homeostasis is critically 

important for maintaining both intracellular redox balance and defence against oxidative

or chemical stress (Anderson, 1998; Noctor et al., 2002). Therefore, during periods of 

stress, an increase in production of Cys will be necessary.
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Evidence for HNE modification of CS comes from chapter 4 where CS showed 

immuno-reactivity with the HNE antibodies (Section 4.2.3). In addition, relative 

intensity of the CS protein spot that comes off the diagonal following oxidant/reductant 

diagonal-SDS-PAGE analysis decreases in mitochondria treated with HNE compared to 

control mitochondria (Fig. 5.5A vs. B), suggesting a putative site of modification being 

the Cys residues involved in dimer formation. As CS exists as a covalently linked dimer 

and contains a Lys (Lys 41) in its active site, it is interesting to examine whether this 

enzymes activity is inhibited by HNE.

Cysteine synthase activity was examined by measurement of the production of 

Cys (Fig. 5.7), in control mitochondria, mitochondria treated with 700 μM HNE and 

mitochondria isolated from cell cultures treated with H2O2, antimycin A or menadione. 

The rate of CS activity in control mitochondria was approximately 510 nmol/min/mg 

protein. Rates of CS in HNE (390 nmol/min/mg protein), H2O2 (500 nmol/min/mg

protein) and antimycin A (600 nmol/min/mg protein) sample treatment types appeared 

not to be different from that of the control while menadione treatment appeared to 

inhibit CS activity (260 nmol/min/mg protein). However further statistical analysis

using ANOVA revealed no significant differences existed between the control and any

of the sample treatment types at a significance threshold of 0.05.

This result suggests that while HNE appears to modify CS (chapter 4) and a 

putative site of modification may be at the Cys residues involved in dimerisation (Fig. 

5.5), HNE does not seem to significantly affect the activity of the enzyme under the 

experimental conditions applied here. In addition, it appears that the oxidative stress 

inductive treatments applied in this study do not alter the activity of the CS. This is 

interesting as it is widely accepted that this enzyme is crucial in maintaining an active 

glutathione pool, of which cellular demands for this small non-enzymatic molecule 

increase significantly during periods of stress (Xiang et al., 2001; Kopriva, 2006). 
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Figure 5.7. Measurement of cysteine synthase activity in mitochondria following 
exposure to stress. Cysteine synthase activity was examined by measurement of the 
production of Cys in mitochondrial samples either untreated (control), treated with 700 
μM HNE (HNE) or isolated from cell cultures treated with H2O2, antimycin A or 
menadione. Amount of Cys in each sample was measured spectrophotometrically at 546 
nm and CS activity determined against a standard curve of known Cys concentration. 
Rates are shown as nmol/min/mg protein. SE bars are shown (n = 3).
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5.2.3.2 Complex I

Complex I of Arabidopsis, also known as the NADH-ubiquinone 

oxidoreductase, is a complex comprising at least 42 subunits (Heazlewood et al., 2003). 

Complex I is involved in the transfer of electrons from NADH, generated from the TCA

cycle, to UQ, with the concomitant pumping of protons into the intermembrane space.

Evidence for HNE modification of subunits of complex I has been provided in chapter 

4. Subunits shown to cross-react with the HNE antibodies are the 75 kDa subunit, the 23 

kDa subunit, the 20.9 kDa subunit, the B13, B8 and B18 subunits (Table 5.2; Fig. 5.8).

Complex I activity in control mitochondria, mitochondria treated with HNE as well as 

mitochondria isolated from cell cultures treated with H2O2, antimycin A and menadione, 

was investigated by in-gel activity analysis following Blue Native separation of the 

complexes. This assay was utilised in this investigation as it is known that the 

components of the mitochondrial electron transport chain exist not as free-standing 

complexes, but interact to form supercomplexes (Schagger, 2001a; Eubel et al., 2003). 

While the nature of the interactions between the complexes is not well understood, HNE 

may influence the ability of the various components of the supercomplexes to associate. 

In addition to measuring the activity of complex I, this in-gel assay allows visualisation 

of the alternative NADH DHs of plant mitochondria. Therefore analysis of complex I 

activity both of the individual enzyme and as part of a supercomplex, as well as 

separation from and analysis of the capacity of the alternative NADH DH enzymes 

could be examined by this method.
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Figure 5.8. Assembly of Complex I showing HNE-modified subunits. The key is 
shown within the Figure. All HNE-modified subunits (in red) are nuclear encoded.
(picture adapted with permission from Dr. E. Meyer, unpublished).
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Mitochondrial membranes were solubilised with 5 g digitonin per g protein and 

separated by BN-PAGE. Complex I activity was then visualised directly on the gel by 

incubation of the gel with the complex I assay mixture. A titration of protein amount

suggested that 300 μg protein was an appropriate amount for complex I analysis in these 

experiments (Fig. 5.9A, B). Concentrations below this may make it difficult to ascertain 

differences in the activity of all the proteins/protein complexes (particularly I(b) and the 

alternative NADH DHs) due to weaker staining of inhibited enzymes. Complex I 

activity was measured in control mitochondria, HNE-treated mitochondria and 

mitochondria isolated from cell cultures treated with H2O2, antimycin A or menadione 

(Fig. 5.9C, D). All experiments were performed in triplicate with independently 

isolated/treated mitochondria.

Figure 5.9E shows the intensities of the protein/protein complex bands relative 

to the control of the gel presented in Figure 5.9C and D. HNE appeared to completely 

inhibit the NADH DH activity of the I/III2 supercomplex, while only partially inhibited 

the NADH DH 1(a) (74% of control) and alt. NADH DH(b) (87% of control) activities. 

Treatment of cell cultures with H2O2 resulted in an increase in supercomplex NADH 

DH activity (134%) and alt. NADH DH (a) activity (120%), but severely inhibited 

NADH DH 1(a) (12%) and partially inhibited 1(b) (83%). The same trend was seen 

after treatment with antimycin A, where supercomplex activity was 169% of the control 

and NADH DH 1(a) and NADH DH 1(b) were 26% and 87%, respectively. Antimycin 

A treatment appeared to result in an increase in both alt. NADH DH(a) and (b) activities 

of 123% and 142% of control, respectively. supercomplex NADH DH activity was 

inhibited in mitochondria from cell cultures treated with menadione (18%), as was 

NADH DH 1(a) and alt. NADH DH(b) (27% and 50%, respectively).

The analysis of relative band intensities from triplicate experiments is presented 

in Figure 5.9F to provide a more accurate representation of the effects observed in 

Figure 5.9C and D. These replicated data suggest that treatment of mitochondria with 

HNE does appear to cause a decrease in the intensity of the activity band corresponding 

to the I/III2 supercomplex (Fig. 5.9C, E) although there was no other obvious effects on 

complex I or alternative NADH DH activities (Fig. 5.9E). Treatment of cell cultures 
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with H2O2 does not appear to significantly induce supercomplex activity. However a 

decrease in the activity of the primary complex I band, NADH DH 1(a) is seen. A 

decrease of the activity of the NADH DH band(b) was also observed in these 

mitochondria. Antimycin A treatment of cell cultures does appear to induce a higher 

level of I/III2 formation compared to the control, with a concomitant decrease in activity 

of the primary complex I band. The activities of the other bands appeared to have levels 

relative to that of the control. Analysis of triplicate experiments of cell cultures treated 

with menadione supports the initial observations of decreases in activities of the I/III2

supercomplex, the NADH DH(a) and (b) bands as well as the alt. NADH DH(b) band.

The different effects of each of these treatment on the activities of the I/III2

supercomplex, complex I and the alternative NADH DHs is likely reflective of the 

different modes of action of each of these oxidative stress inducers. 

It appears therefore, that the HNE modifications observed in chapter 4 do not 

result in an inactive complex I, although the modification results in a decrease in 

activity of the complex I/dimeric complex III supercomplex. This decrease in activity 

may be due to a decrease in the ability of the complexes to interact, forming the 

supercomplex, or it may be that HNE modifies residues involved in activity of the 

supercomplex. In contrast to the results presented in chapter 3 (Fig. 3.12), it would 

appear that the alternative NADH DH enzymes of the plant respiratory electron 

transport chain are not inhibited/activated by HNE or any of the oxidative stress

treatments. This is likely due to the different methods of analysis of the enzymes 

between the experiments, and will be discussed further in chapter 6.
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E

F

Band Control HNE H2O2 AA Mena.

I/III2 100 0 134 169 18

Ia 100 74 12 29 27

Ib 100 109 83 87 102

Alt. a 100 99 120 123 109

Alt. b 100 87 90 142 50

Band Control HNE H2O2 AA Mena.

I/III2 100 33 ± 31 119 ± 23 154 ± 31 60 ± 22
Ia 100 113 ± 20 64 ± 26 74 ± 23 73 ± 23
Ib 100 104 ± 3 92 ± 5 95 ± 4 95 ± 4
Alt. a 100 94 ± 5 107 ± 9 106 ± 9 97 ± 6
Alt. b 100 107 ± 13 71 ± 9 113 ± 20 56 ± 5
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5.2.3.3 Complex II

Complex II, also known as succinate dehydrogenase, is a functional part of both 

the TCA cycle and the electron transport chain, oxidising succinate, generated through 

the TCA cycle, to fumarate and reducing UQ to UQH2. Succinate dehydrogenase 

consists of two peripheral subunits; a flavoprotein-containing subunit (α), an iron 

sulphur protein (β), as well as two smaller integral membrane subunits (Fig. 5.10A). 

Research presented in this thesis shows that the flavoprotein-containing α subunit of 

succinate dehydrogenase showed reactivity with the HNE antibody in all treatments and 

even in the control mitochondria (Table 5.2). Although succinate dehydrogenase 

strongly appears be a target for HNE modification, its functional capacity appears

unaffected by the modification as shown by an unaffected capacity of succinate-

dependent oxygen uptake in HNE-treated mitochondria (Fig. 3.2). The assay performed 

in chapter 3 is measuring activity of the enzyme as part of the respiratory chain, 

therefore it is likely that maximal capacity is not being observed. While an in-gel assay 

has been reported for complex II (Eubel et al., 2005), I was unable to get it working in 

this study. Therefore analysis of complex II capacity was examined by the standard

colourimetric assay monitoring electron transfer from succinate to 

dichlorophenylindophenyl (DCPIP) via the succinate dehydrogenase.

Complex II/succinate dehydrogenase activity was examined by measurement of 

electron transfer from succinate to DCPIP (Fig. 5.10B), in control mitochondria, 

mitochondria treated with 700 μM HNE and mitochondria isolated from cell cultures 

treated with H2O2, antimycin A or menadione. The rate of complex II activity in control 

mitochondria was approximately 39 μmol/min/mg protein. Rates in H2O2 (28 

μmol/min/mg protein), antimycin A (30 μmol/min/mg protein) and menadione (49 

μmol/min/mg protein) sample treatment types appeared not to be different from that of 

the control while HNE treatment (74 μmol/min/mg protein) appeared to stimulate an 

increase in complex II activity. However further statistical analysis using ANOVA 

revealed no significant differences existed between the control and any of the sample 

treatment types at a significance threshold of 0.05. Additional analysis of significance 

between the control and the HNE-treated sample by way of a t-test was performed. No 

significant difference existed between these samples at a significant threshold of 0.05.
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These results suggest that while HNE modification is apparent on the α subunit of 

succinate dehydrogenase/complex II, this modification has no significant effect on the 

transfer of electrons by this enzyme to DCPIP. 
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Figure 5.10. Complex II activity assay. A, structure of complex II. FeS, iron sulphur 
cluster of the β subunit; FAD, flavin binding domain of the α subunit. B, activity of 
complex II (succinate dehydrogenase) was determined by measuring oxidation of 
DCPIP at 600 nm. Rates are shown as μmol/min/mg protein. SE bars are shown (n = 3).
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5.3 Discussion

Gaining an understanding of the functional implications of HNE-modification of 

mitochondrial proteins is absolutely necessary to determine the effects of HNE on 

mitochondrial function. Results presented in this thesis have identified a number of 

mitochondrial proteins that are potential HNE targets, with putative modifications at 

Cys, His, Lys and Arg residues, in addition to the lipoic acid moieties. Determination of 

enzyme activities of three different proteins/protein complexes was examined in this 

work. In all cases analysis of relative capacities was performed in mitochondria treated 

with exogenous HNE as well as in mitochondria isolated from cell cultures treated with 

H2O2, antimycin A and menadione. 

It is noteworthy to mention here that isolation of mitochondria that have not seen 

lipid peroxidation products is not feasible. Instead, these mitochondria are considered 

controls compared to the other mitochondria examined in this thesis. Therefore, the 

experimental set-up employed in this research allowed an insight into which proteins 

may be most susceptible to modification by HNE under standard conditions (control) 

and which are modified in response to increased levels of HNE (treatments).

5.3.1 Cysteine Synthase

The role of CS in plants has focused primarily on its role in the chloroplast, and its 

involvement during periods of stress remains relatively elusive. Cysteine synthase is 

responsible for the final step in Cys synthesis. Cys is incorporated into proteins and 

glutathione and it is therefore considered an important molecule during periods of stress 

in which a cells demand for the antioxidant glutathione increases (Anderson, 1998; May 

et al., 1998; Ball et al., 2004). It is interesting to observe that although CS appears to be 

a target for modification by HNE, this modification has no apparent effect on enzyme 

activity. In mouse liver mitochondria is has been shown that HNE-mediated 

mitochondrial oxidative stress caused a decrease in the GSH pool, increased lipid 

peroxidation and increased levels of GSTs, glutathione peroxidase and Hsp70 (Raza et 

al., 2002). During stress, particularly HNE-mediated stress, a decrease in the GSH pool 
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could be due to scavenging of HNE and other oxidative stress products by glutathione. 

The action of conjugation of HNE to GSH requires the action of GST.

It is proposed here that HNE interacts with CS through at least the Cys residues 

involved in dimerisation, although it appears this interaction does not result in 

dissociation of the monomeric subunits as CS is active only as a dimer. It may be that 

HNE modification of CS acts as a signal during stress, perhaps signalling induction of 

gene expression of stress-responsive genes or for activation of stress-responsive 

pathways. It was also observed in this work that oxidative stress treatments do not cause 

an increase of CS activity. Therefore, it seems that CS activity is not a regulated step in 

the synthesis of glutathione in plant mitochondria as its activity appears not to alter even 

when the cells are exposed to oxidative stress. The observed similarity in relative CS 

activities among treatments could be due to a balance between protein production and 

protein loss (perhaps due to damage by HNE). This could be assessed by use of a CS 

antibody to quantify the relative protein levels. 
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Figure 5.11. Conjugation of HNE with GSH. Conjugation of HNE to GSH is 
performed by GSTs. In mammalian cells the GS-HNE product is then exported from the 
cell.
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5.3.2 Complex I (NADH-Ubiquinone Oxidoreductase)

The primary site for donation of electrons to the respiratory electron transfer 

chain is at complex I. Complex I oxidises NADH produced from the TCA cycle and 

transfers electrons to the UQ pool. In Arabidopsis, complex I is currently believed to 

contain 42 subunits, with a proposed organisation shown in Figure 5.8 (Dr. E. Meyer, 

personal communication). Research presented in this thesis has identified 6 subunits that 

are putatively modified by HNE (Fig. 5.8), although it is likely that only one of either 

the B8 subunit or the 20.9 kDa subunit are modified as these identification arose from 

one immuno-reactive protein spot (Table 4.3). HNE appeared to reduce the activity 

associated with the I/III2 supercomplex although it had no effect on the activity of the 

individual complex I or of the alternative NADH DHs (Fig. 5.9). This suggests that the 

modification sites of HNE in complex I are likely not regulatory sites but perhaps 

involved in the association of complex I to the complex III dimer. Further 

characterisation of the modified amino acid residues as discussed in chapter 4 will allow 

insight into the effect of HNE modification on this complex. The different effects of 

each of these treatment on the activities of the I/III2 supercomplex, complex I and the 

alternative NADH DHs is likely reflective of the different modes of action of each of 

these oxidative stress inducers. While all three oxidative stress treatments resulted in a 

decrease in complex I activity, only menadione treatment of cell cultures appeared to 

decrease the activity of the supercomplex, with H2O2 and antimycin A treatments up-

regulating supercomplex activity (Fig. 5.9E).

5.3.3 Complex II (Succinate Dehydrogenase)

Although modification of the α subunit of the succinate dehydrogenase by HNE 

is evident, this modification appears to have no impact on the functionality of this 

enzyme as shown by both oxygen electrode assays performed in chapter 3 and the 

colourmetric assay performed in this chapter (Fig. 5.10). It is therefore proposed that the 

amino acid involved in the modification on this subunit is likely not at a site involved in 

electron transfer or substrate binding, nor a modification inducing a conformational 

change that disrupts the activity of the enzyme. These results show further differences 

between mammalian and plant responses. In rat heart mitochondria, succinate 
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dehydrogenase α subunit has also been shown to be modified by HNE; however this 

modification appeared to result in a decrease in activity of the enzyme (Lashin et al., 

2006). It was proposed that the action of HNE inhibition was by modification of amino 

acids involved in substrate binding at the α subunit although the exact site of 

modification was not examined.

5.3.4 Conclusions and Future Work

It is possible that many of the amino acids that are susceptible to modification by 

HNE are not involved in active sites, allosteric sites or folding of the protein. It has been 

shown that a number of different protein modifications occur that do not result in an 

obvious effect on the enzyme. The proportion of modifications that have a functional 

effect is unknown. In the case of HNE modification, perhaps some of these susceptible 

amino acids aid to prevent damage to important components on the mitochondria.

Preliminary investigations presented in this thesis suggest searching for an increase in 

parent peptide mass corresponding to an addition of an HNE as well as searching for an

m/z of 139.1 within the spectra of HNE-modified proteins identified from the work 

presented in this thesis, will provide information as to the identity of the modified 

amino acid. Characterisation of the exact site of HNE modification in susceptible 

mitochondrial proteins may help to better pinpoint cases from Table 5.1 that are likely 

to have a functional consequence. The mitochondrial response to stress undoubtedly 

involves the interplay of a myriad of proteins and enzyme pathways, both acting for 

detoxification as well as signalling. Therefore, analysis of biologically functional 

consequences of HNE modification, in conjunction with characterisation of the 

modification site(s) within a protein, will provide insight into the role of various amino 

acids within proteins as well as provide further understanding into the complexity of the 

mitochondrial stress response.
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CHAPTER 6

GENERAL DISCUSSION
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6.1 Introduction

It is generally acknowledged that ROS and lipid peroxidation products formed 

during oxidative stress are cytotoxic (Esterbauer et al., 1991; Halliwell and Gutteridge, 

1999). However, to date the production and presence of the primary lipid peroxidation 

product, HNE, in plant cells has not been explored directly. While there exists a 

growing body of literature investigating evidence of lipid peroxidation in plants during 

stress, measurements in these experiments are of the production and presence of 

malondialdehyde-equivalents (by way of the TBARS assay) and not HNE per say. 

While malondialdehyde is a toxic product of lipid peroxidation, it is HNE that is 

considered the more relevant, cytotoxic molecule (Esterbauer et al., 1991). A relatively 

recent commercial assay was utilized in this study, which allowed for a more specific

measurement of HNE in cells. This assay measures HAE concentrations within a cell, 

and as HNE is the most prevalent of these HAE’s (Esterbauer et al., 1991), this assay 

represents a good approximation of HNE. Data presented in this thesis provides direct 

evidence that HAEs are produced in plant cells, and that the levels of HAE are increased 

transiently during oxidative stress (Fig. 3.13B). In addition, it was observed that the 

production of HAEs in plant cell cultures exposed to three different oxidative stress-

inducing chemicals was differential. To further elucidate the levels of HNE, it is 

possible to measure HNE via HPLC (Giancarlo Aldini, 2006). This would allow 

quantitative determination of HNE specifically, as well as possibly measuring levels 

within isolated mitochondria as smaller volumes will be required for the analysis.

Exogenous addition of HNE elicited a high level of protein modification (Fig. 

3.15). Interestingly, it was observed that not all mitochondrial proteins showed cross-

reactivity with the antibody (Fig. 3.15A vs. B), suggesting some selective susceptibility 

of specific proteins to modification. In addition, the profiles of proteins observed to 

cross-react with the antibody were different depending on the stress treatment applied.

Although all protein bands found in stress treatments where also shown to cross-react in 

the HNE-treated mitochondria (Fig. 3.15). In this context, it is then important to 

consider the differences between the stress treatments utilised.
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6.2 Effect of Oxidative Stress Treatments of Arabidopsis Cell Culture

Each of the three oxidative stress inducers used in this study acts in a different 

way within the cell, and it has been shown that they induce differing responses within 

cells following application in yeast (Mutoh et al., 2005). It is the differences in 

mechanisms of oxidative stress induction that will potentially impact on the level of 

induction of lipid peroxidation and thereby HAE/HNE production investigated in this 

work. In addition to variances in levels of induction of lipid peroxidation, the primary 

location of the lipid peroxidation induced will also differ between these treatments. A 

general overview of the mechanism by which each oxidative stress inducer may 

stimulate lipid peroxidation is presented in Figure 6.1.

Antimycin A is a commonly used inhibitor of the mitochondrial electron 

transport chain. It acts to inhibit QH2 formation within complex III, thus generating

elevated levels of the highly reactive Q- radical (Moore and Rich, 1985). This radical 

reacts readily with oxygen to produce O2
-, which can in turn induce lipid peroxidation 

within the inner membrane of the mitochondria. This could result in the production of 

HNE, localized within the inner membrane, with the likely protein targets being electron 

transport chain components and membrane-associated proteins. The second chemical 

stress used in these studies was H2O2. Although H2O2 is itself a ROS, it is likely that it 

will not induce lipid peroxidation directly due to its relatively unreactive nature.

However, the reaction of H2O2 with Fe2+ and other metals via the Fenton reaction or the 

Harber-Weiss reaction leads to the formation of OH., the most reactive ROS. The 

presence of OH. can induce lipid peroxidation directly as well as further ROS 

generation, which can then lead to further lipid peroxidation. In addition to this 

damaging role, H2O2 is able to act as a signalling molecule (Kovtun et al., 2000; Pastori 

and Foyer, 2002) therefore it will likely elicit a defence response with the cell. As H2O2

is also a ROS generated in vivo there exist direct detoxification pathways of this 

molecule, particularly via the actions of catalase and ascorbate/glutathione (Noctor and 

Foyer, 1998). The application of H2O2 to cell cultures will thus also induce an array of 

defence and detoxification responses (Desikan et al., 2000; Clifton et al., 2005). Finally, 

the oxidative stress inducer menadione acts by inducing the production of O2
- in cell 

membranes, which can itself induce lipid peroxidation, as well as exacerbate the 
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formation of ROS, leading to further lipid peroxidation. In conclusion, it is likely that 

antimycin A will have a localised mitochondrial effect, while H2O2 and menadione have

the potential to have a more global effect throughout the cell inducing lipid 

peroxidation, HNE generation and defence responses.

Support for a more extensive mitochondrial effect of antimycin A could be seen 

in the 1D investigation of HNE susceptible mitochondrial proteins. More targets of 

cross-reactivity were observed in the mitochondria isolated from antimycin A treated 

cell cultures (6 bands) than menadione treated cell cultures (3 bands), which had more 

than H2O2 treated cell cultures (2 bands) (Fig. 3.15). The relatively less cross-reactivity 

observed could be due to the fact that while H2O2 is considered a ROS, it is the least 

reactive and it likely that most of the added H2O2 was detoxified before it could react 

with metals to form more detrimental ROS. It may also be that defence mechanisms 

initiated upon addition of H2O2 protected the cell from major damage. Finally the effect 

of menadione on formation of HNE-modified mitochondrial proteins appeared 

intermediate to H2O2 and antimycin A. It seems that while menadione treatment induced 

the highest and most prolonged periods of lipid peroxidation within a cell (Fig. 3.13), 

the mitochondria was probably not a major site of the HAE/HNE generation.
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Figure 6.1. The mechanisms of action and induction of lipid peroxidation of the 
three oxidative stress inducers utilized in this study. Antimycin A is proposed to 
induce a mitochondrial localized response, while H2O2 and menadione are able to elicit 
a global cellular stress response. The relative degree to which mitochondria are involved 
in the stress appears to be antimycin A>>>menadione>H2O2.
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6.3 Effects of HNE on Respiratory Rates

Maintenance of functional mitochondria during periods of oxidative stress is 

absolutely essential for survival of the cell/organism. As mitochondria are a primary 

source of ROS, tight regulation of the activity of the electron transport chain exists. In 

mammalian mitochondria, it has been revealed that HNE can inhibit complexes I, II and 

IV (Chen et al., 1998; Picklo et al., 1999; Lashin et al., 2006). 

6.3.1 Respiratory Electron Donors

The activities of the respiratory electron donors complexes I and II, as well as 

the alternative external and internal NADH DHs were examined in this research. It has 

been shown that Arabidopsis complex I exists as both an individual complex as well as 

a supercomplex with dimeric complex III (I/III2) (Eubel et al., 2003). Following 

incubation with HNE it was revealed that the activity of complex I is not inhibited 

however the activity or presence of the I/III2 supercomplex was severely inhibited. It 

has been proposed that interaction of the various complexes of the respiratory electron 

chain aids to control or maximise the rate of electron transfer (Eubel et al., 2004b). 

Therefore perhaps HNE modification causes a decrease in the ability of the I/III2

supercomplex to transfer electrons, therefore decreasing the rate of ROS formation 

during periods where electron transport through the latter part of the chain is impeded.  

It is necessary to determine further the functions of supercomplex formation in the 

mitochondrial electron transport chain if we are to understand the consequences of 

perturbations in supercomplex formation/function. Work in mammalian mitochondria 

have revealed a number of subunits of the complex I are modified by HNE, namely the 

49.2 kDa, 39 kDa and B17 subunits (Choksi et al., 2004), however no subunits were 

identified that correspond to the plant complex I subunits shown to be modified in 

chapter 4.

The α subunit of the succinate dehydrogenase (complex II) was shown to be 

particularly susceptible to modification by HNE, cross-reacting with the antibody even 

in control mitochondria, as well as across all stress treatment conditions applied (Table 

4.5). However, analysis of complex II capacity revealed that HNE does not inhibit the 
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activity of this enzyme (Fig. 5.10). Mammalian research has also revealed modification 

of the α subunit of complex II, however in contrast to evidence presented here (Fig. 

5.10), it was shown that HNE could inhibit complex II activity (Lashin et al., 2006). 

Evidence in chapter 5 also suggests complex II activity was not modulated following 

treatment with oxidative stress inducers (Fig. 5.10). The lack of inhibition of this protein 

by HNE raises an important consideration in the analysis of HNE effects on proteins. 

Although a protein is putatively modified by HNE, this modification may not 

necessarily reflect a modulation in activity of the enzyme.

Finally, the alternative internal and external NADH DHs were examined. HNE 

appeared to partially inhibit electron transport utilising both these enzymes, with a 

higher degree of inhibition observed with the internal NADH DHs (Fig. 3.12). It 

appeared that treatment of cell cultures with antimycin A resulted in a slight decrease in 

external NADH DH activity and doubled the activity of the internal NADH DH (Fig. 

3.12). Determination of a true rate of internal NADH DH activity is complicated by the 

experimental design, which involves donation of substrates for the TCA cycle, which in 

turns functions to provide the NADH required for activation of the NADH DH. 

Therefore, modulations of the activity of any of the TCA cycle enzymes may be 

reflected in the activity of the internal NADH DH. In addition to this assay for 

measuring the alternative NADH DHs, in-gel measurements following separation by 

BN-PAGE was performed, although determination of internal vs. external is not 

possible in this method (Fig. 5.9). This analysis revealed no apparent inhibition of 

electron transport from NADH to the artificial acceptor nitro tetrazolium blue. This 

work suggests no effect of HNE or oxidative stress treatments on the activity of the 

alternative NADH DHs. In-gel analysis performed in chapter 5 utilised an artificial 

electron acceptor, while experiments performed in chapter 3 involved electron donation 

to UQ, which may explain discrepancies between analyses.

The results presented in this research investigating alternative NADH DH 

activities seem to contrast work showing an inhibition of the internal NADH DH 

activity following exposure to antimycin A (Geisler et al., 2004). This discrepancy 

could be explained by differences in plants investigated (potato vs. Arabidopsis) as well 
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as different tissues analysed (leaves vs. cell culture). It has also been shown that the 

gene expression of NADH DH genes are differentially regulated in response to different 

stress (Clifton et al., 2005). These results may provide evidence for a tissue and species 

specific regulation of internal NADH DH activity.

6.3.2 Terminal Oxidases

6.3.2.1 Cytochrome c Oxidase (Cox)

Respiration through Cox appeared to be insensitive to inhibition by HNE (Fig. 

3.2). This is in contrast to the reported inhibitory effect HNE has on mammalian Cox 

activity (Chen et al., 2001; Musatov et al., 2002). This discrepancy may lie with the 

difference in the experiments performed, the observed site of inhibition in mammalian 

Cox, or simply provide another example of differences between mammalian and plant 

mitochondria. In the mammalian research, lengthy incubations of purified Cox were 

analysed for HNE modification and inhibition of Cox, and lower HNE concentrations in 

mammalian reports. Purified Cox was incubated overnight with HNE to observe half-

maximal inhibition at ~100 µM (Chen et al., 2001), or incubated for 2 hours with higher 

concentrations of HNE (up to 500 μM) to observe 30-50% inhibition of Cox activity 

(Musatov et al., 2002). The shorter inhibition times performed in my research, with 

whole plant mitochondrial samples, containing many other HNE targets, may thus miss 

this comparatively low level inhibition. Further, mass spectrometry analysis has 

suggested that HNE modification of His-36 of subunit VIII in the Cox complex from 

bovine heart is probably the cause of Cox inhibition (Musatov et al., 2002). The likely 

plant ortholog of subunit VIII is known as Cox subunit Vc (Millar et al., 2004). The 

Arabidopsis Cox Vc has a divergent C-terminal region compared to the mammalian Cox 

VIII, but does contain a His residue at approximately the same location. Sequence 

divergence around this inhibition site, and/or access of this His for modification in the 

plant Cox structure may also be a factor in the resistance of plant Cox to HNE induced 

inhibition.
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6.3.2.2 Alternative Oxidase (Aox)

It is generally accepted that the Aox, is a protective mechanism of electron 

transport, avoiding over-reduction of the UQ pool (Purvis, 1997). Evidence has been 

presented in this thesis that reveals a particular sensitivity of Aox activity to HNE (Fig. 

3.1). Increases seen in Aox protein (Vanlerberghe and McIntosh, 1992b) and transcript 

levels (Djajanegara et al., 2002; Clifton et al., 2005) observed in plants in response to a 

variety of treatments that induce oxidative stress may thus be in part an attempt to 

maintain an active Aox pool in the mitochondria and not necessarily reflective of an 

increase in respiratory capacity. That is, plants keep making more Aox because the 

oxidase becomes inactivated during the stress. Interestingly, in environmentally stressed 

pea leaves, a dramatic increase in Aox protein was observed. Mitochondria isolated 

from these pea leaves showed increased Aox activity, but it was less than was expected 

from the increase in Aox protein (Taylor et al., 2002). This could be due to an 

interaction between Aox and HNE. Together with the inhibition of glycine 

decarboxylase and other lipoic acid containing enzymes in the mitochondrial matrix 

(Millar and Leaver, 2000; Taylor et al., 2002) this Aox sensitivity could substantially 

impair respiratory metabolism under environmental stress in plants. It should be noted 

that Aox activity is a major point of control of ROS formation in isolated plant 

mitochondria (Camacho et al., 2004) and its inhibition will, therefore, lead to further 

oxidative damage.

It is interesting in this context that PUMP, another mitochondrial uncoupling 

protein that is thought to play an antioxidant role by preventing over-reduction of the 

electron transport chain, is activated by HNE (Smith et al., 2004). This activation of 

PUMP has been shown to induce an increase in the rate of conversion of pyruvate to 

citrate (Smith et al., 2004), thereby limiting the substrate necessary for activation of 

Aox. Thus, depending on whether or not HNE is produced at high levels, Aox and 

PUMP may play complementary roles during severe oxidative stress in plants. Thus 

inhibition of Aox by HNE may not actually result in an increase in ROS formation. Its 

inhibition may simply be a consequence of the imbalance of pro-oxidant/antioxidant 

capacities with the mitochondria, where Aox is more active when the electron transport 

chain initially becomes over-reduced (perhaps an early response to alleviate the stress)



Chapter 6 – General Discussion

215

while PUMP becomes active in circumstances where the cell is overwhelmed by ROS 

(particularly O2
-) and lipid peroxidation products such as HNE. In addition to these two 

pathways for uncoupling, in mammalian mitochondria it has been observed that the

proton translocating activity of ANT is up-regulated by HNE (Echtay et al., 2003), and 

its ADP import activity into the mitochondria is inhibited (Chen et al., 1995). 

Regulation of UCP and ANT in mammalian mitochondria by HNE has been proposed 

to be due to modification of specific residues on the proteins by HNE which resulted in 

an increased proton transport activity (Echtay et al., 2003). It was proposed therefore,

that oxidative stress, via HNE, can alter the uncoupling, transport and pore functions of

UCP and ANT. Activation of uncoupling proteins aids to reduce ROS by alleviating the 

UQH2 pool (e.g. Aox) or lowering the electrochemical potential (e.g. PUMP, ANT). In 

addition, activation of uncoupling pathways in mammals has been shown to allow an 

increase in O2 consumption during stress, thereby lowering the concentration of O2

available to react and form ROS (Papa and Skulachev, 1997). It may be that this could 

occur in plants, although most likely in non-photosynthesising tissue. An overview of 

the consequences of HNE on the activity of the uncoupling pathways in plant 

mitochondria is shown in Figure 6.2.
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Figure 6.2. Consequences of HNE on activity of uncoupling proteins within plant 
mitochondria.
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Tight regulation and coordination exists over the reactions in the mitochondria 

in an effort to maintain a homeostatic condition (Moller, 2001). During periods of stress 

and ROS generation the coordination of pro-oxidant and anti-oxidant processes 

becomes important. In particular, mitochondria must regulate the rates of electron 

transport in order to minimise further ROS generation. As HNE is a by-product of ROS-

mediated damage, it could be that HNE acts as a signal molecule to influence

components of the electron transport chain as well as the TCA cycle. A possible 

response to stress in the mitochondria may involve a mechanism whereby HNE causes a 

decrease in activities of various components of the TCA cycle, thereby limiting 

substrates for electron transport, resulting in lower rates of electron transport and the 

redox poise of UQ thereby lowering the potential for ROS generation. 

Work presented in this thesis did not identify modification of the TCA cycle 

enzyme α-KGDHC, however it was revealed that the PDC is extremely sensitive to 

modification by HNE, with modification observed even in control mitochondria 

(Chapter 4). This result supports previous work suggesting HNE modification of the 

lipoic acid moiety on this protein (Millar and Leaver, 2000). Specifically, it was 

revealed that in addition to the E2 subunit, both the regulatory subunit E1 and the E3 

subunit were also modified by HNE (Table 4.6). PDC is responsible for generating the 

acetyl CoA that is essential for initiation of the TCA cycle, therefore is considered a 

major control point of the TCA cycle. PDC has been shown to be regulated by 

phosphorylation (Rubin and Randall, 1977). It may also be possible that modification 

by HNE has a role in regulation of PDC.

While it is likely that in vivo HNE is formed primarily as a result of ROS 

generated by the electron transport chain, it is interesting to observe that many of the

primary components of the chain (with the obvious exception of Aox) appear not to be 

highly susceptible to inhibition by HNE, even though these same components appeared 

to be modified by HNE. In addition, a number of the enzymes involved in the TCA 

cycle appeared to be susceptible to modification by HNE. Regulation of substrates for 

the electron transport chain may aid in providing maintenance of an equilibrium state 

for the cell during stress, hence aiding in the survival of the cell as a whole.
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6.4 Oxidative Stress and HNE

Many questions remain when considering the effects of HNE. For example, 

what is the biological significance, if any, of HNE? There exists evidence both in the 

literature, as well as presented here in this thesis that HNE-protein adducts are found 

within the mitochondria, but do these have a biological impact? Or is HNE simply a by-

product of the presence of ROS, with limited impact? Does HNE signal for a pathway, 

enzyme or reaction that is responsible for modulation of protein function and/or 

mitochondrial dysfunction? Are the oxidative stress effects and responses in the 

mitochondria, and the cell, actually a consequence of HNE? Ultimately, modification by 

HNE of a protein could affect protein activity, protein-substrate specificity, protein-

protein interactions as well as protein degradation. For example, it has recently been 

proposed, in investigations into Alzheimers disease, that HNE can cause the mis-

assembly of proteins leading to the detrimental induction of protein aggregations 

(Bieschke et al., 2006). 

Work presented in this thesis has shown that exogenously added HNE is 

partially able to inhibit components of the respiratory electron transport chain, and 

completely inhibit Aox at higher HNE concentrations (Fig. 3.1). In addition, HNE can

modify a number of other proteins involved in other functions within the mitochondria 

(Fig. 3.15). The fact that HNE is produced during stress (Fig. 3.13) and that this HNE is 

able to modify mitochondrial proteins (Fig. 3.15; chapter 4) suggests that it is likely that 

HNE has a biological role within the mitochondria and/or cell during stress. The exact

nature and extent of this role is unclear as oxidative stress is not simply about inducing 

damage. It is highly probable that in addition to the damage, application of the stress 

inducers to cell cultures resulted in up-regulation of expression of antioxidant defence

genes as well as genes coding for proteins damaged by the stress (Clifton et al., 2005). 

In addition, it is possible that damaged proteins were targeted for degradation, or if the 

level of damage results in serious mitochondrial dysfunction, the mitochondria may 

signal the cell to initiate programmed cell death (PCD) (Lam et al., 2001). Therefore it 

can be asked is the function of HNE one simply of damage, or is there a signalling 

component involved, and if so, what is it?



Chapter 6 – General Discussion

219

6.4.1 HNE-Mediated Signalling

In addition to the role of HNE as a damage molecule in mammalian cells, it has 

been proposed that HNE plays a role in stress-mediated signalling (Cheng et al., 2001). 

Depending on its concentration, HNE may differentially affect the response of a cell to 

stress (Cheng et al., 1999), with lower HNE concentrations acting to signal activation of 

defence responses, and higher HNE concentrations exacerbating stress through damage 

to proteins, lipids and DNA. For example, it has been reported that HNE is able to 

stimulate a mitogen-activated protein kinase cascade which ultimately results in the up-

regulation of expression of defence response genes (Parola et al., 1998; Uchida et al., 

1999).

It may also be the case that HNE acts as a signalling molecule in plants. The 

same mitogen-activated protein kinase cascade has been shown to be activated by H2O2

in Arabidopsis (Kovtun et al., 2000). This proposed activation by H2O2 may include a 

role for HNE which is produced following exposure to H2O2. Alternatively, as it has 

been proposed that HNE can induce peroxide formation in mammals (Uchida et al., 

1999), it may be that the observed HNE-dependent activation of the cascade in 

mammals is due to HNE-induced H2O2 formation. Nonetheless, a signalling role of

HNE in plants may result in the up-regulation of transcription of defence proteins, 

shifting the focus of cellular function from one of growth and reproduction to defence.

HNE modification may result in an altered specificity of an enzyme for a 

particular substrate or may induce a conformational change in the enzyme altering its 

function within plant mitochondria. For example, results presented in this work have 

shown mitochondrial aconitase to be susceptible to modification by HNE (Table 4.6). It 

is known that aconitase acts as a bi-functional protein in the mitochondria, functioning 

as a component of the TCA cycle when it has bound its iron-sulfur cluster, or 

functioning as a transcript regulator upon removal or loss of the cluster (Moeder et al., 

2006). Modification of His residues involved in cluster binding by HNE could cause the 

dissociation of the iron-sulfur cluster from the protein, shifting the function of aconitase

to that of transcript regulation, perhaps inducing or stabilizing the transcription of stress 
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defence genes. If this is the case, HNE modification of aconitase could be a key 

signalling step in survival and repair of the mitochondria during periods of stress.

6.4.2 Detoxification of HNE

Many of the proteins identified as susceptible to modification by HNE are 

involved in amino acid and carbon metabolism (Table 4.6). These pathways are 

essential for the maintenance of mitochondrial and cellular homeostasis as they 

ultimately provide substrates required for respiration as well as antioxidant defences and 

repair of damage. Analysis of the activity of the CS in the presence of HNE as well as in 

mitochondria isolated from stressed cell cultures was performed in this research. 

Although it was shown that CS contains a Cys residue involved in disulfide linkage of 

the dimer (Fig. 5.4) and showed cross-reactivity with the HNE antibodies (Chapter 4), 

no inhibition of activity of the enzyme was observed following any of the conditions 

applied (Fig. 5.7). This is an interesting observation as CS is an important enzyme 

involved in the maintenance of a glutathione pool (Kuske et al., 1996). In mammalian 

research it is generally accepted that GSH-mediated conjugation of HNE is the primary 

mechanism for detoxification of the molecule in cells (Yang et al., 2003). In addition, 

glutathione also maintains thiol-enzymes in their catalytically active form (Yang et al., 

2003). Therefore maintaining a reduced glutathione pool during stress is essential to 

protect the cell from extensive damage caused by the production of ROS and HNE as 

well as aiding in activation of numerous enzymes involved in all aspects of 

mitochondrial function, not least of all anti-oxidant defence. In plant cells, it has also 

been shown that GSTs are able to detoxify lipid peroxidation products via conjugation 

with GSH (Gronwald and Plaisance, 1998) although investigations of their ability to 

detoxify HNE directly was not investigated. It may be that GSH/GST is able to detoxify 

HNE in plant mitochondria. Although GSTs are not known to be targeted to the 

mitochondria, they have been identified in isolated mitochondria following exposure to 

stress (Sweetlove et al., 2002). It has also been shown in mammals that GST is imported 

into the mitochondria following oxidative stress (Raza et al., 2002), with a proposed 

role of removal of lipid peroxidation products, including HNE (Chen et al., 2001).
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Other enzymes that are putatively involved in HNE detoxification in mammalian 

mitochondria include SSADH and ALDH2. Both of these proteins have been shown to 

be present in plant mitochondria (Busch and Fromm, 1999; Nakazono et al., 2000), 

therefore it is possible that they can also function to detoxify HNE. It is interesting to 

note that both of these proteins were identified in this study as being susceptible to HNE 

modification (Table 4.6). The significance of this observed modification is unclear as it 

may be that it is not due to a susceptibility of the protein to HNE, but a consequence of 

the action of the detoxification of HNE. 

Based on work presented in this thesis, as well as investigations both in plant 

and mammalian oxidative stress research discussed above, a model of the consequences 

of HNE in plant mitochondria is proposed (Fig. 6.3). Ultimately a negative feedback 

model is proposed in which HNE acts to regulate mitochondrial homeostasis through 

modulation of electron transport and up-regulation of defence mechanisms. In addition, 

should levels of HNE be unable to be controlled through detoxification or degradation 

of damaged proteins, HNE may result in the activation of PCD within a cell. 

Characterisation of the biologically significant targets of HNE will allow a more 

complete understanding of the role this toxic aldehyde has in cell survival.



Chapter 6 – General Discussion

222

Aox

STRESS

ROS

HNE

O

OH

PUMP

ANT

TCA Cycle

Electron Transport
Chain

Damage
•proteins
•DNA
•lipids

Protein degradation

Mitochondrial
dysfunction PCD

LPO

Stimulate uptake of
defence proteins

•GSTs

Detoxification
•GSH
•SSADH
•ALDH2

Signalling
•MAPK cascade
•Via aconitase

Induction of
stress-responsive

genes

Aox

STRESSSTRESS

ROS

HNEHNE

O

OH

PUMP

ANT

TCA Cycle

Electron Transport
Chain

Damage
•proteins
•DNA
•lipids

Protein degradation

Mitochondrial
dysfunction PCD

LPO

Stimulate uptake of
defence proteins

•GSTs

Detoxification
•GSH
•SSADH
•ALDH2

Signalling
•MAPK cascade
•Via aconitase

Induction of
stress-responsive

genes

Figure 6.3. Proposed model of the biological consequences of HNE in plant 
mitochondria. Induction (→), inhibition (    ).



Chapter 6 – General Discussion

223

6.5 Identification of HNE-Modified Amino Acids

The research presented in this thesis aimed to provide insight into which 

mitochondrial proteins were susceptible to modification by HNE, with the initial focus 

being on the terminal oxidases of the respiratory electron transport chain. This work was 

initially instigated due to the observation that HNE was able to modify mammalian Cox 

at a number of residues, causing its inactivation (Musatov et al., 2002). This was an 

interesting observation in terms of plants as it is accepted that during stress the Aox is 

likely up-regulated to compensate for an over-reduced UQ pool, potentially due to 

inhibition at complex III or IV. Therefore it was postulated that HNE would inactivate 

Cox, as it did in mammals, and Aox would remain active. However, results from this 

study support preliminary evidence that plant Cox is not inhibited by HNE (Millar and 

Leaver, 2000), and also show Aox is highly susceptible to inhibition by HNE. In fact, 

from the data presented in chapter 4, there appears to be no evidence for any 

modification of Cox, even when this protein complex is clearly displayed in the studies 

(as in BN/SDS-PAGE, Fig. 4.9). This result raises a couple of important points. Firstly, 

that although there exists strong homology between proteins and protein functions in 

mitochondria between plants and animals, it is not always the case that these 

homologues act or are regulated in the same way. Secondly, differences in the 

experimental procedures employed in a particular study will very likely influence the 

outcome of the studies. It is important to understand the implications of this second 

point in particular, as it has the potential to produce conflicting evidence even within a 

biological system.

To my knowledge, investigations to date aimed at identifying specific residues 

involved in HNE modification on proteins have involved incubation of the purified 

protein of interest with HNE (Musatov et al., 2002; Ishii et al., 2003; Isom et al., 2004). 

Due to the highly reactive nature of HNE, it is likely that its addition to a purified 

protein is going to result in modification. However, can it be said that these 

modifications are biologically relevant? Indeed, without initial evidence of modification 

by HNE of a protein in a more “natural” environment, such as whole mitochondria, or 



Chapter 6 – General Discussion

224

even better a whole organism, modifications observed with purified proteins are of a

speculative nature.

Identification of the residues involved in HNE modification to date has been

performed on the basis of addition of 156 Da via Michael addition to a relevant amino 

acid. This 156 Da addition is reflective of the C3 atom of HNE bound to an amino acid 

through a Michael addition (Fenaille et al., 2003). Mascot (Matrix Biosciences, UK) 

have, on the basis of this 156 Da addition, included HNE as a variable modification in 

their search engine. Activation of this option allows for the inclusion of Cys, His and 

Lys residues + 156 Da into the peptide alignment. In addition to the +156 Da signature 

of HNE modification, it has also been shown that a m/z of 139.1 can be seen in the CID 

spectrum of a modified peptide corresponding to a dehydrated, protonated HNE that 

was once attached to an amino acid via Michael addition (Fenaille et al., 2003; Section 

4.2.6). HNE is also able to form Schiff bases with proteins, by virtue of its reactive 

aldehyde group although these additions appear to be less common than Michael 

additions (Esterbauer et al., 1991; Bruenner et al., 1995). Schiff base formation involves 

the adduction of an amino acid to the aldehyde with the release of water. Therefore, 

identification of these Schiff base adducts in a CID spectra would involve a + 138 Da 

addition to an amino acid (Fig. 6.4) (Bruenner et al., 1995). Unlike the Michael 

additions however, these Schiff bases are reversible. It has been proposed that following 

Michael addition, as the highly reactive aldehyde group is still available, a subsequent 

Schiff base adduct may form, potentially with an amino acid on the same protein or 

even with an amino acid of another protein (Bruenner et al., 1995). Therefore it is 

possible that in addition to the initial putative damage by Michael addition of HNE to a 

protein, further damage/changes in protein function can occur following additional 

cross-linking by Schiff base formation (Bruenner et al., 1995). Not only does this have a 

consequence on biological impact of HNE modification, it also dramatically affects the 

identification and analysis of specific HNE modified peptides.
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Figure 6.4. Reactions of HNE addition to susceptible amino acids of proteins.
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Analysis of the proteins that showed cross-reactivity with the HNE antibodies in 

this work were all performed using the HNE (CHK) variable modification in Mascot. 

However, from the great number of spots analysed in this study, only 6 proteins were 

identified by Mascot as having specific HNE modified peptides. Closer inspection of 

the peptides and the specific amino acid identified as containing an HNE residue 

revealed that these identifications are most likely not accurate. This conclusion is based 

on the fact that firstly, no 139.1 peaks were seen in the CID spectra of the “modified” 

peptides (Fig. 4.20), or in fact for any HNE-modified protein (data not shown). 

Secondly, in most cases it was claimed by Mascot that the Y1 peak was 303.25 Da, 

representing an HNE adducted to Lys. Interesting, Arg also has a mass of 156 Da, and 

in all cases where the C-terminal Lys appeared to have an adducted HNE, the next 

residue in the protein sequence was an Arg. Therefore it is most likely (based on score 

and rank) that these Mascot identities were in fact mis-cleaves where trypsin cleaved the 

C-terminal side of Arg, not Lys, and therefore the 303.25 Da Y1 peak could actually be 

Lys + Arg, and not Lys + HNE.

Interestingly, analysis of an HNE signature using synthetic peptides revealed the 

presence of both a 156 Da addition to the peptide, as well as the characteristic 139.1 

peak in the CID spectrum for all peptides (Section 4.2.6). In addition, a peak 

corresponding to the modified peptide minus H2O was observed in all synthetic peptides 

analysed. This suggests that as well as the Michael addition (+ 156 Da), there was also a 

Schiff base formation (+ 138 Da). This result, in combination with the work identifying 

specific HNE modified amino acids in mammals, suggests that there may be differences

in the nature of the interactions of HNE with amino acids in an isolated peptide or 

protein compared to a protein found to be modified in whole mitochondria. I am not 

aware of evidence of identification for in vivo HNE modification sites on mitochondrial 

proteins from any organism. The observed differences of HNE interactions between in 

vitro, in organelle or in vivo systems may be due to the double reactivity of HNE at both 

C3 and the aldehyde group.
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Perhaps one method to ascertain the exact amino acid that is susceptible to 

modification by HNE is a mass spectrometry technique termed precursor ion scanning 

(Borchers et al., 1999). Precursor ion scanning allows for the selection of ions of a 

specific m/z, in the case of HNE-modifications an m/z of 139.1 could be selected for in 

protein spots identified as containing an HNE modified amino acid. Identification of 

this 139.1 in addition to mass increases of either 156 Da and/or 138 Da will allow a 

more accurate identification of amino acids modified by HNE. However, in order to 

accurately determine biological sites of HNE modification on proteins, it is going to be 

necessary to fully characterise the mechanism of action of HNE in vivo, and how the 

reactivity of this molecule affects its identification and characterisation following 

organelle isolation, gel separation, extraction from gels, digestion and MS analysis. This 

will allow for the further development of accurate analytical techniques that aim to 

identify the specific sites of HNE modification from samples that provide a biological 

background for the modification.
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6.6 Conclusions and Future Perspectives

Oxidative stress involves a myriad of events within a cell (e.g. damage, repair, 

antioxidant response). Work presented in this thesis has been focussed on one aspect of 

oxidative stress, HNE in the mitochondria. As protein modification is one of the most 

important causes of dysfunction in the mitochondria, gaining an insight into protein 

targets and specifically amino acid targets of HNE during stress is essential if we are to 

understand the response and role of HNE and mitochondria in cellular homeostasis 

during stress. Characterization of the exact amino acid modified by HNE will provide 

data to support an HNE modification of the particular protein, as well as providing 

evidence for speculation of the functional consequences of modification by HNE. Due 

to the large number of proteins (32) identified as containing HNE-modifications in this 

work (Table 4.5), determination of which proteins are modified at putatively functional 

amino acids will aid in the focus of experiments investigating enzyme kinetics and other 

functional consequences, although this will only be achieved by refining the current 

methods for assigning HNE modification of a particular amino acid. Elucidation of the 

primary functional targets of HNE as well as a role in signalling will help unravel the 

importance of HNE in stress. Overall, the results presented in this thesis offer a 

significant and unique contribution to an understanding of the biological impact of HNE 

on plant mitochondrial function and maintenance of homeostasis during stress.
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Table 3.1. Identification of Aox proteins from diagonal-SDS-PAGE analysis. CID spectra derived from trypsinated peptides of proteins
were matched at Mascot (Matrix Biosciences, UK) using the TAIR6 data set.

Putative ID Protein Score Coverage (%) Mr (expt) δ Mr Peptide Score Rank Sequence

Off Diagonal (Spot 1)

Aox1a 79 7 855.4901 0.0087 36  1  R.LPADATLR.D

Aox1a/Aox1b 879.5127 0.0273 25  1  R.IAYWTVK.S

Aox1a/Aox1b 1172.5796 0.0124 19  1  K.ALLEEAENER.M

On Diagonal (Spot 2)

Aox1a 293 32 855.4717 -0.0097 21  1  R.LPADATLR.D

Aox1a/Aox1b 879.4753 -0.0101 40  1  R.IAYWTVK.S

Aox1a/Aox1c 887.4750 -0.0213 19  1  K.ADITIDLK.K

Aox1a/Aox1b/Aox1c 953.4548 -0.0059 28  1  K.EAPAPIGYH.-

Aox1a/Aox1b/Aox1c 1172.5581 -0.0092 62  1  K.ALLEEAENER.M

Aox1a/Aox1b/Aox1c 1208.5618 -0.0361 (21) 1  R.WPTDLFFQR.R

Aox1a/Aox1b/Aox1c 1208.5837 -0.0141 36  1  R.WPTDLFFQR.R

Aox1a 1319.6279 -0.0230 28  1  K.GIASYWGVEPNK.I

Aox1a 1657.7937 0.0340 19  1  R.DVNHFASDIHYQGR.E

Aox1a/Aox1b/Aox1c 2158.0093 -0.0198 16  1  R.MVGYLEEEAIHSYTEFLK.E

Aox1a 2383.1762 -0.0410 25  1  K.ELDKGNIENVPAPAIAIDYWR.L

Table headings: Putative ID, protein identification from TAIR6 data set of matched proteins; Protein Score, score of matched protein 
assigned by Mascot; Coverage (%), percentage of the protein identified by Mascot; Mr (expt), experimental molecular mass calculated by 
Mascot; δ Mr, difference between the mass of the experimental identified peptides and the matched peptide theoretical mass; Peptide Score, 
peptide score of matched protein assigned by Mascot; Rank, rank of peptide identified assigned by Mascot; Sequence, peptide sequence 
identified by Mascot. AGI accession numbers of the proteins are Aox1a, At3g22370.1; Aox1b, At3g22360.1; Aox1c, At3g27620.1.



Table 4.2. Identification of Arabidopsis mitochondrial proteins separated by 2D IEF/SDS-PAGE (3-10NL) susceptible to 
modification by HNE. MS/MS spectra derived from trypsinated peptides of proteins showing reactivity with polyclonal HNE-adduct 
antibodies were matched at Mascot (Matrix Biosciences, UK) against the translated Arabidopsis database TAIR6.

Spot Gel MM/pI Match MM/pI AGI accession Putative ID Control HNE

Electron Transport
1 70000/5.6 69612/5.86 At5g66760.1 Succinate dehydrogenase α subunit 1 1
2 68000/5.71 69612/5.86 At5g66760.1 Succinate dehydrogenase α subunit 3 2
3 68000/5.80 69612/5.86 At5g66760.1 Succinate dehydrogenase α subunit 3 2
4 64000/6.63 70084/7.31 At2g43400.1 Electron transfer flavoprotein ubiquinone oxidoreductase 1 3
8 85000/6.31 81130/6.24 At5g37510.1 NADH-ubiquinone oxidoreductase 75 kDa subunit 1 3
9 85000/6.20 81130/6.24 At5g37510.1 NADH-ubiquinone oxidoreductase 75 kDa subunit 1 3

TCA Cycle
10 85000/5.11 68820/5.39 At3g52200.1 Pyruvate dehydrogenase E2 subunit 3
12 38000/5.17 39151/5.67 At5g50850.1 Pyruvate dehydrogenase E1 β subunit 1 4
13 38000/5.29 39151/5.67 At5g50850.1 Pyruvate dehydrogenase E1 β subunit 2 4
5 44000/5.49 45317/6.3 At2g20420.1 Succinyl-CoA synthetase α subunit 2

15 41000/7.50 39602/8.36 At4g35260.1 Isocitrate dehydrogenase subunit 1 3 4
Other Functions

7 41000/7.67 47727/8.36 At2g30970.1 Aspartate aminotransferase 4 4
11 37000/5.11 41867/5.95 At1g79230.1 Mercaptopyruvate sulfurtransferase 4
16 43000/6.46 49379/6.25 At4g02930.1 Elongation factor Tu 1 4
17 45000/5.57 51598/5.84 At4g20360.1 Elongation factor Tu 2 2
18 46000/5.51 51598/5.84 At4g20360.1 Elongation factor Tu 1
14 17000/7.78 10806/6.74 At1g14980.1 Heat shock protein 10 kDa 3

Breakdown
6 44000/5.60 59634/6.18 At5g08670.1 ATP synthase β subunit 2
5 44000/5.49 63286/6.16 At4g34200.1 D-3-phosphoglycerate dehydrogenase 2

Table headings: Spot, spot number corresponding to spots in figure 4.5; Gel MM/pI, molecular mass and pI of protein from gel; Match 
MM/pI, molecular mass and pI protein from TAIR6 database of matched proteins; AGI accession, accession number from TAIR6 database 
of matched proteins; Putative ID, protein identification from TAIR6 database of matched proteins; Control/HNE, sample treatment type. 
Numbers in sample treatment type columns refer to number of independent experiments in which the protein was observed to cross-react 
with the HNE-adduct antibodies.



Continues over page

Table 4.3. Identification of Arabidopsis mitochondrial proteins susceptible to modification by HNE from separation by 2D 
IEF/SDS-PAGE (4-7). MS/MS spectra derived from trypsinated peptides of proteins showing reactivity with polyclonal HNE-adduct 
antibodies were matched at Mascot (Matrix Sciences, UK) against the Arabidopsis TAIR6 database.

Spot Gel MM/pI
Match 
MM/pI

AGI 
accession Putative ID Control HNE H2O2 AA Mena.

Electron Transport

1 93000/6.20 81130/6.24 At5g37510.1 NADH-ubiquinone oxidoreductase 75 kDa subunit 1 2 1 1 1

29 28000/4.73 25487/5.32 At1g79010.1 NADH-ubiquinone oxidoreductase 23 kDa subunit 1 1

31 2000/4.68 19167/4.73 At5g52840.1 NADH-ubiquinone oxidoreductase B13 subunit 1 1 1

2 70000/5.75 69612/5.86 At5g66760.1 Succinate dehydrogenase α subunit 3 2 2 2 4

4 62000/5.72 59634/6.18 At5g08670.1 ATP synthase β subunit 1 2 2 2 3

5 60000/5.60 59822/6.06 At5g08680.1 ATP synthase β subunit 3 3 2 3 4

6 60000/5.57 59634/6.18 At5g08670.1 ATP synthase β subunit 2 1 2 1

7 60000/5.52 59634/6.18 At5g08670.1 ATP synthase β subunit 1 3 1 2 2

8 62000/5.46 59634/6.18 At5g08670.1 ATP synthase β subunit 1 2 1 2

38 58000/6.30 55011/6.23 AtMg01190.1 ATP synthase α subunit 2 3 1 2 1

18 29000/5.31 27579/6.28 At2g21870.1 ATP synthase Fad subunit 2

37 22000/5.15 21534/6.2 At5g47030.1 ATP synthase δ subunit 1 1

TCA Cycle

15 37000/5.17 39151/5.67 At5g50850.1 Pyruvate dehydrogenase E1 β subunit 1 1 1 2

16 38000/5.2 39151/5.67 At5g50850.1 Pyruvate dehydrogenase E1 β subunit 2 3 2 3 3

25 46000/6.25 52621/6.41 At2g44350.1 Citrate synthase 2 3 3 3

19 59000/6.0 35782/8.54 At1g53240.1 Malate dehydrogenase 1 2 1 2 2

30 21000/4.48 17089/4.97 At2g35120.1 Glycine cleavage system H protein (GDH2) 1 1 2

33 96000/6.16 108133/6.72 At2g05710.1 Aconitase 2 2 1 2

34 95000/6.25 108133/6.72 At2g05710.1 Aconitase 2 2 1 1 1

Antioxidant Defense

26 53000/6.01 52469/7.0 At1g63940.1 Monodehydroascorbate reductase 2 1 1

20 19000/6.10 21432/8.99 At3g06050.1 Peroxiredoxin (PRXII F) 2 2

21 26000/6.40 25428/8.47 At3g10920.1 Manganese superoxide dismutase 3 1 2 2

39 59000/6.09 58552/7.11 At3g48000.1 Aldehyde dehydrogenase (ALDH2) 1 2

Carbon Metabolism

23 45000/6.43 44671/6.07 At5g07440.1 Glutamate dehydrogenase 2 1 1 1

27 57000/5.80 56523/6.51 At1g79440.1 Succinate-semialdehyde dehydrogenase 1 3 1 1

3 68000/5.80 63286/6.16 At4g34200.1 D-3-phosphoglycerate dehydrogenase 2 2 1 1 3

10 47000/5.61 43501/6.3 At4g12130.1 Aminomethyltransferase 1 1 2

14 37000/5.06 41867/5.95 At1g79230.1 Mercaptopyruvate sulfurtransferase 1 1 2 2



Spot Gel MM/pI
Match 
MM/pI

AGI 
accession Putative ID Control HNE H2O2 AA Mena.

Other Functions

24 44000/6.12 49379/6.25 At4g02930.1 Elongation factor Tu 2 3 1 3 2

28 37000/5.64 37504/6.11 At3g52570.1 Expressed protein 1 1 1 1

15 37000/5.17 38959/5.45 At3g53580.1 Diaminopimelate epimerase 1 1 1 1

9 57000/5.51 54368/5.94 At1g51980.1 Mitochondrial processing peptidase α subunit 2 3 2 1 2

Breakdown

41 45000/5.30 59822/6.06 At5g08680.1 ATP synthase β subunit 1 1 2

10 47000/5.61 59822/6.06 At5g08680.1 ATP synthase β subunit 1 1 2

11 45000/5.38 59822/6.06 At5g08680.1 ATP synthase β subunit 2 1 2 2 3

12 46000/5.20 59822/6.06 At5g08680.1 ATP synthase β subunit 1 1 1 2

35 47000/5.63 59634/6.18 At5g08670.1 ATP synthase β subunit 1 1 1 1 3

17 41000/5.67 46086/8.59 At3g59760.1 Cysteine synthase 1 1

40 54000/5.73 69612/5.86 At5g66760.1 Succinate dehydrogenase α subunit 1 3

Table headings: Spot, spot number corresponding to spots in Figure 4.7; Gel MM/pI, molecular mass and pI of protein from gel; Match 
MM/pI, molecular mass and pI of protein from TAIR6 database of matched proteins, AGI accession, accession number from TAIR6 data 
set of matched proteins; Putative ID, protein identification from TAIR6 database of matched proteins; Control/HNE/H2O2/AA/Mena., 
sample treatment type. Numbers in sample treatment type columns refer to number of independent experiments in which the protein was 
observed to cross-react with the HNE-adduct antibodies.



Table 4.4. Identification of Arabidopsis HNE-modified mitochondrial proteins separated by Blue Native/SDS-PAGE. MS/MS 
spectra derived from trypsinated peptides of proteins showing reactivity with polyclonal HNE-adduct antibodies were matched at Mascot 
(Matrix Sciences, UK) against the Arabidopsis TAIR6 database.

Spot
AGI 

accession putative ID Mass pI Control HNE H2O2 AA Mena.

Electron Transport
1 At5g37510.1 NADH-ubiquinone dehydrogenase 75 kDa subunit 81130 6.24 3 3 2 1 1

12 At1g79010.1 NADH-ubiquinone oxidoreductase 23 kDa subunit 25487 5.32 2
20 At4g16450.1 NADH-ubiquinone oxidoreductase 20.9 kDa subunit 11407 9.7 1 1 1

At5g47890.1 NADH-ubiquinone oxidoreductase B8 subunit 10844 9.51 1 1 1
21 At2g02050.1 NADH-ubiquinone oxidoreductase B18 subunit 11732 7.66 1 1
11 At5g40770.1 Prohibitin (PRHB-6) 30381 6.99 2 1 1
19 At5g66760.1 Succinate dehydrogenase α subunit 69612 5.86 1 1 1
13 At3g02090.1 Mitochondrial processing peptidase β subunit 59123 6.3 1 4 2 1 2
14 At1g51980.1 Mitochondrial processing peptidase α subunit 54368 5.94 1 4 2 1 2
15 At3g16480.1 Mitochondrial processing peptidase α subunit 54019 6.04 1 1 1 1 1
2 At5g08670.1 ATP synthase β subunit 59634 6.18 4 5 3 2 3
3 At2g33040.1 ATP synthase γ subunit 35426 9.01 3 1 3 1 1

16 At5g08680.1 ATP synthase β subunit 59822 6.06 2 5 3 2 3
Amino Acid and Carbon Metabolism

4 At5g07440.1 Glutamate dehydrogenase 2 44671 6.07 4 5 2 1 2
5 At4g39660.1 Alanine-glyoxylate aminotransferase 51920 7.71 2 3 1
6 At1g79440.1 Succinate-semialdehyde dehydrogenase 56523 6.51 3 4 2

Transporters
17 At5g67500.1 Voltage dependent anion channel (VDAC5) 29576 8.88 3 2

At5g57490.1 Voltage dependent anion channel (VDAC4) 29487 9.23 3 2
18 At3g08580.1 Adenine nucleotide transporter (ANT-1a) 41449 9.84 2 1 3 3

Other Functions
10 At3g10920.1 Manganese superoxide dismutase 25428 8.47 1 1 1
22 At3g04120.1 Glyceraldehyde-3-phosphate dehydrogenase 36891 6.62 2 3 3 1
8 At5g14780.1 Formate dehydrogenase 42383 7.12 2 2 1
7 At3g17240.1 Dihydrolipoamide dehydrogenase 2 (DHLP E3-3a) 53952 6.55 4 4 3 2 3





Table headings: Spot, spot number corresponding to spots in Figure 4.11; AGI 
accession, accession number from TAIR6 database of matched proteins; Putative ID, 
protein identification from TAIR6 database of matched proteins; Mass, theoretical mass 
of protein based on peptide sequence; pI, theoretical isoelectric point of protein based 
on peptide sequence; Control/HNE/H2O2/AA/Mena., sample treatment type; HNE 
mod?, HNE modified peptide identified by Mascot search where n = not found and Y = 
found. Numbers in sample treatment type columns refer to number of independent 
experiments in which the protein was observed to cross-react with the HNE-adduct 
antibodies. 



Table 4.5. HNE-modified peptides identified by Mascot search. The listed peptides, and specified amino acids, were identified as being 
modified by HNE by Mascot (Matrix Sciences, UK) using the variable modification HNE (CHK).

Protein identification Peptide Mr (calc) Delta Mr Rank
Peptide
Score

Putative 
mod. site

3-10NL
Aspartate aminotransferase R.LFADFQK.R 1023.56 0.01 1 24 K145

K.LAYGDNSEFIKDK.R 1654.85 0.02 1 37 K123
Elongation factor Tu R.GITIATAHVEYETAK.R 1758.94 -0.11 1 48 K129
4-7L
Citrate synthase R.MYKNGDSIPSDK.S 1525.73 0.94 8 9 K229
Manganese superoxide dismutase K.NVRPEYLKNVWK.V 1700.96 -0.50 4 5 K211
Elongation factor Tu R.GITIATAHVEYETAK.R 1758.94 0.06 1 46 K129
ATP synthase β subunit R.GEIKTEHYLPIHR.D 1747.96 -1.14 1 36 K187
Blue Native
Mitochondrial processing peptidase β subunit K.KLENPDK.R 998.56 0.11 1 25 K73
Alanine-glyoxylate aminotransferase R.HDIIGDVR.G 1079.6 0.11 1 32 H394

Table headings: Protein identification, protein identification from TAIR6 database of matched proteins; Peptide, peptide sequence 
containing the HNE modification; Mr (calc), theoretical molecular mass calculated by Mascot; Delta Mr, difference between the mass of 
the experimental identified peptides and the matched peptide theoretical mass; Rank, rank of peptide identified assigned by Mascot; 
Peptide Score, score of peptide assigned by Mascot; Putative mod. Site, proposed modified amino acid assigned by Mascot. Letters in red 
indicate HNE-modified amino acids.



Continues on following page

Table 4.6. Proteins identified as cross-reacting with the HNE polyclonal antibody. All proteins identified as cross-reacting with the 
HNE antibodies from either 3-10NL IEF/SDS separation, 4-7 IEF/SDS separation or BN/SDS separation of mitochondrial proteins.

3-10NL 4-7L BN/SDS-PAGE

Protein Identification AGI accession Control HNE Control HNE Ox. Stress Control HNE Ox. Stress

Electron Transport

Succinate dehydrogenase α subunit At5g66760.1        

Electron transfer flavoprotein ubiquinone oxidoreductase At2g43400.1  

NADH-ubiquinone oxidoreductase 75 kDa subunit At5g37510.1        

NADH-ubiquinone oxidoreductase 23 kDa subunit At1g79010.1     

NADH-ubiquinone oxidoreductase 20.9 kDa subunit At4g16450.1   

NADH-ubiquinone oxidoreductase B13 subunit At5g52840.1    

NADH-ubiquinone oxidoreductase B8 subunit At5g47890.1 

NADH-ubiquinone oxidoreductase B18 subunit At2g02050.1  

ATP synthase α subunit AtMg01190.1     

ATP synthase β subunit At5g08670.1        

ATP synthase β subunit At5g08680.1        

ATP synthase δ subunit At5g47030.1 

ATP synthase γ subunit At2g33040.1   

ATP synthase Fad subunit At2g21870.1 

TCA cycle

Pyruvate dehydrogenase E2 subunit At3g52200.1 

Pyruvate dehydrogenase E1 β subunit At5g50850.1     

Succinyl-CoA synthetase At2g20420.1 

Citrate synthase At2g44350.1   

Malate dehydrogenase At1g53240.1   

Glycine cleavage system H protein (GDH2) At2g35120.1   

Aconitase At2g05710.1   

Dihydrolipoamide dehydrogenase 2 (DHLP E3-3a) At3g17240.1    

Antioxidant

Monodehydroascorbate reductase At1g63940.1  

Peroxiredoxin (PRXII F) At3g06050.1  

Manganese superoxide dismutase At3g10920.1     



3-10NL 4-7L BN/SDS-PAGE

Protein Identification AGI accession Control HNE Control HNE Ox. Stress Control HNE Ox. Stress

Aldehyde dehydrogenase (ALDH2) At3g48000.1  

Carbon Metabolism

Glutamate dehydrogenase 2 At5g07440.1     

Succinate-semialdehyde dehydrogenase At1g79440.1      

D-3-phosphoglycerate dehydrogenase At4g34200.1   

Aminomethyltransferase At4g12130.1  

Mercaptopyruvate sulfurtransferase At1g79230.1   

Aspartate aminotransferase At2g30970.1  

Alanine-glyoxylate aminotransferase At4g39660.1     

Other Functions

Elongation factor Tu At4g02930.1     

Elongation factor Tu At4g20360.1  

Heat shock protein 10 kDa At1g14980.1 

Expressed protein At3g52570.1   

Diaminopimelate epimerase At3g53580.1   

Mitochondrial processing peptidase α subunit At1g51980.1       

Mitochondrial processing peptidase β subunit At3g02090.1    

Mitochondrial processing peptidase α subunit At3g16480.1   

Prohibitin (PRHB-6) At5g40770.1   

Voltage dependent anion channel (VDAC5) At5g67500.1   

Voltage dependent anion channel (VDAC4) At5g57490.1   

Adenine nucleotide transporter (ANT-1a) At3g08580.1    

Glyceraldehyde-3-phosphate dehydrogenase At3g04120.1    

Formate dehydrogenase At5g14780.1    

Breakdown Products

ATP synthase β subunit At5g08670.1    

ATP synthase β subunit At5g08680.1   

D-3-phosphoglycerate dehydrogenase At4g34200.1 

Cysteine synthase At3g59760.1  

Succinate dehydrogenase α subunit At5g66760.1  



Table headings: Protein identification, protein identification from TAIR6 database of matched protein; AGI accession, accession number 
from TAIR6 database of matched protein; 3-10NL, 4-7, BN/SDS-PAGE, experimental procedure; Control, control mitochondria; HNE, 
mitochondria treated with 700 μM HNE; Ox. Stress, isolated mitochondria from oxidative stress treatments (H2O2, antimycin A or 
menadione). Ticks refer to cross-reactivity of the protein with the HNE polyclonal antibody. Tick in the Ox. Stress column refers to 
reactivity seen in one or more of the treatments.



Figure 5.9. In-gel assay of complex I activity. A and B, determination of appropriate 
concentration of mitochondrial proteins for in-gel analysis of complex I activity. 
Mitochondrial proteins (50 – 300 μg) were separated by Blue Native electrophoresis and 
complex I activity determined by the complex I in-gel assay. C and D, investigation of 
complex I activity in mitochondria exposed to HNE, hydrogen peroxide (H2O2), 
antimycin A (AA) or menadione (Mena.). Complexes and supercomplexes are indicated 
(A, C). I/III2, supercomplex of complex I and dimeric of complex II; Ia, complex I; Ib, 
additional complex I band. Alternative NADH DHs are indicated (B, D). alt. NADH 
DHa, alternative NADH dehydrogenases; alt. NADH DHb, additional alternative
NADH dehydrogenase band. E, table of intensities protein/protein complex bands 
relative to the control, correlating to C and D. F, table of intensities protein/protein 
complex bands relative to the control, correlating to triplicate experiments performed,
SE are shown.
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