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Abstract 

 Aluminum (Al) toxicity was found to evoke drastic changes in the Fe-containing 

proteins associated with energy production in Pseudomonas fluorescens. While succinate 

dehydrogenase (SDH; E.C. 1.3.5.1), and Complex I (E.C. 1.6.5.3) showed diminished 

activity due to their decreased expression, the organism appeared to invoke an Fe-

independent fumarase (FUM; E.C. 4.2.1.2), possibly FumC, in Al-stressed cells. The 

activity of FumA decreased with the concentration of Al in the growth medium. When 

Al-stressed cells were incubated in a medium with 20 µM Fe, FumC decreased 

significantly. However, in a medium with menadione, a superoxide producer, the activity 

band corresponding to FumA was almost absent.  

NAD+-dependent isocitrate dehydrogenase (NAD+-ICDH; E.C. 1.1.1.41) and α-

ketoglutarate dehydrogenase (KGDH; E.C. 1.2.4.2), two enzymes known to contribute to 

NADH production during the tricarboxylic acid (TCA) cycle experienced a sharp 

reduction in activity in Al-stressed cells. Blue native polyacrylamide gel electrophoresis 

(BN-PAGE) and sodium dodecyl sulphate (SDS)-PAGE analyses revealed lower protein 

levels associated with these enzymatic activities in the Al-stressed cells compared to 

those of control cells. 13C-NMR studies suggested the possible involvement of α-

ketoglutarate as a scavenger of ROS. 

Thus, it appears that the decreased production of NADH, the diminished 

expression of the Fe-containing proteins and the utilization of α-ketoglutarate as an 

antioxidant enable this organism to survive Al toxicity.  
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Introduction 

Metals and living systems 

 In trace amounts, numerous metals play an instrumental role in all organisms. 

However, in elevated concentrations all metals are known to interfere with normal 

cellular processes (Prozialeck et al., 2002). Essential metals participate in redox 

processes, in the stabilization of molecules through electrostatic interactions, as 

components of various enzymes, and in the regulation of osmotic pressure. On the other 

hand, their toxic properties can damage cell membranes, alter enzyme specificity, disrupt 

cellular functions and damage the structure of DNA (Bruins et al., 2000). Hence, living 

organisms have devised unique strategies to attain metal homeostasis and to eliminate 

toxic metals from normal cellular activities. 

Biological role of metals 

 Metals only make up a very small percentage of every organism’s mass. Despite 

this fact, life would not be possible without the diverse functions that can be drawn from 

their presence in cells. There are two main classes of metals as far as biological systems 

are concerned: essential and nonessential. These can be further divided. For instance, 

essential metals can operate as catalysts for biochemical reactions, as protein and cell 

wall stabilizers and as mediators of osmotic balance (Rensing et al., 1999; Stein, 2002). 

Iron and copper are usually involved in redox processes. One of the most important 

examples of Fe and Cu proteins are those found in the electron transport chain. This is 

where NADH and FADH2 are utilized as reducing agents and where the complexes I, II, 

III and IV separate NADH and FADH2 into protons and electrons with the help of iron 
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and copper-containing proteins. The result is a proton gradient that is channeled towards 

the production of ATP via Complex V.   

 

Figure 1. The electron transport chain (Menzies et al., 2002). 

The electron transporters contain iron. The mammalian ETC has the following 

metal ions, Complex I has 22-24 Fe-S in 7 or 8 clusters, Complex II has 3 Fe-S clusters 

and Cytochrome b560, Complex III has 1 Fe-S cluster, Cytochrome b and Cytochrome c1 

and Complex IV has Cytochrome a, Cytochrome a3 and 2 Copper ions (Horton et al., 

2002). Cytochrome c, a protein known to relay electrons between Complexes III and IV, 

carries Fe in its haem moiety.  

As for stabilization of various enzymes and DNA through electrostatic forces, zinc and 

magnesium are choice metals. Zinc occurs naturally as the divalent cation Zn2+ and has 

no redox activity under physiological conditions. With the exception of copper, Zn2+ is 

the strongest intracellular Lewis acid and is predominantly coordinated to proteins via 

either the thiol moieties of cysteine residues or the imidazole ligands of histidine residues 
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or the carboxylate moieties of aspartate and glutamate residues (Blencowe and Morby, 

2003). Despite the fact that Zn2+ bonds can be kinetically labile, Zn2+-residue complexes 

also tend to be thermodynamically stable. Hence, with a saturated coordination 

environment, it can serve as a scaffold that preserves the proper folded structure of a 

protein (Outten et al., 2001). The importance of zinc as a structural cofactor has been 

confirmed with the identification of hundreds of proteins that possess one or more zinc-

stabilized structural motifs (Cox and McLendon, 2000). There are over 300 zinc-

containing enzymes, spanning across all six enzyme classes. For example, carbonic 

anhydrase and RNA polymerases contain Zn2+ and these enzymes play pivotal roles in 

pH balance and transcription processes, respectively. 
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Figure 2. The proposed mechanism of the conversion of CO2 to bicarbonate catalyzed by 

carbonic anhydrase II (McCall et al., 2000). 

Magnesium is the fourth most abundant trace element in vertebrates (Ca>K>Na>Mg) and 

the most abundant divalent cation within cells (60-65% of total Mg2+ resides in bone, 

about 35% in tissue compartments and only about 1-2% in extracellular fluid, including 

plasma) (Maguire and Cowen, 2002). The abundance of Mg in nature and its 

advantageous chemico-physical properties have favoured its utilization in a wide variety 

of biological functions (Wolf and Cittadini, 2003). When bound to ATP in the active site 

of an enzyme, such as hexokinase, Mg does not have all of its normal six coordination 

positions for ligands filled by interactions with either the protein or ATP, one or more 

water molecules remain coordinated with Mg. The purpose of Mg binding to phosphoryl 
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moieties of ATP in many cases appears to be the activation of the phosphate ester toward 

hydrolysis (Maguire and Cowan, 2002). For non-ATP-dependent enzymes that bind 

magnesium as an essential cofactor, such as hydrogenases, the Mg ion may serve to hold 

a water molecule in a specific position, either to help form a particular structure or to 

place a water molecule in a correct position so that it can participate directly in the 

enzymatic mechanism (Maguire and Cowan, 2002). 

Another important example of metal essentiality in organisms is their ability to 

bind small gaseous molecules such as nitrogen and hydrogen. Hydrogenases catalyze the 

general reaction: H2 <=> 2H+ + 2e- and are essential to methanogenic, acetogenic, 

nitrogen fixing, photosynthetic and sulphate-reducing microorganisms. Four different 

types of hydrogenase exist: 1) Ni-Fe (most frequent) 2) Ni-Fe-Se (second most frequent) 

3) Fe-only 4) metal-free. The rare, metal-free hydrogenase is found in some Archaea 

(Frey et al., 2001). The most common hydrogenase, Ni-Fe hydrogenases, are usually 

heterodimers that possess a large subunit (L) of approximately 60 kDa and a small 

subunit (S) of about 28 kDa (Figure 3). S contains three iron-sulphur clusters: 2 [4Fe-4S] 

and 1 [3Fe-4S] whilst L contains the Ni-Fe active site and a magnesium ion (Marr et al., 

2001). 
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Figure 3. Structure of Ni-Fe hydrogenase (Frey et al., 2001). 

Large subunit: purple;  Small subunit: blue;  Green sphere: nickel; 
Red spheres: iron;  Yellow spheres: sulphur Blue sphere: magnesium 
 

Hydrogenases have two main functions: they serve as redox safety valves to dispose of 

excessive reducing power (generate hydrogen as a sink of excessive electrons) and they 

oxidize H2 to provide an organism with a source of strong reductants to maintain a 

reducing environment for reactions of crucial importance, such as the fixation of 

atmospheric nitrogen or carbon dioxide (Siegbahn et al., 2001).  

The cell wall of organisms is composed of phospholipids which contain negative 

charges, a perfect binding site for molecules with positive charges, such as metals. In 

plants, Ca2+ keeps the stability of cell walls, among countless other functions (Wang et 
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al., 2002). Calcium often binds cell walls in all organisms (Figure 4). The cell wall of 

prokaryotes possesses several other charged molecules, the most predominant being 

peptidoglycan, which attract metals. Aluminum, a metal with no known biological 

function also possesses a strong affinity to phosphate groups. 

 

Figure 4. Interaction between Al3+ and phospholipids (Zatta et al., 2003). 

Toxicity of aluminum 

Aluminum is the third most abundant element in the earth’s crust after oxygen and 

silicon, thus making it the most abundant metal. It is usually trapped in innocuous oxides 

such as bauxite (Al2O3•H2O) or in various silicates such as orthoclase (K[AlSi3O8]) 

(Wulfsberg, 2000). However, due to increasing acidification of the environment triggered 

by industrial activities, the bioavailability of Al has markedly increased. Once inside a 

cell, aluminum can contribute to the formation of reactive oxygen species (ROS), 

interfere with iron metabolism, interact with membrane lipids and mimic magnesium and 

calcium (Zatta et al., 2002; Williams, 1999; Exley, 2004).  

All organisms require phosphate for metabolic reactions, either to keep organic 

molecules in particular suitable chemical form, such as many substrates in glycolysis, or 
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to flow energy as ATP. These phosphate groups and reactions are often associated with 

Mg2+. However, cells faced with aluminum-stress have to deal with the affinity Al3+ has 

for ATP, which is many orders of magnitude greater than that of Mg2+ for the same 

biomolecule (Williams, 1999). There is also the Al3+/Ca2+ competition. This occurs 

mainly at the cell wall where concentrations of Ca2+, the major crosslinking agent binding 

to walls and the outside of cell membranes, are high. Once there is acidification of the 

soil, Al3+ would be less likely bound as a hydroxide or silicate, and therefore be able to 

compete with the cell wall of bacteria (Rowatt et al., 1997). In eukaryotes, the 

displacement of membrane-associated ions of physiological significance, namely Ca2+, 

alters the physiological functionality of the plasma membrane (Deleers, 1985). The main 

biological effects elicited by aluminum are manifested by an increase in ROS and the 

perturbation of iron homeostasis.  

In fact, the properties of aluminum as a cell membrane destabilizer are primordial 

in understanding its toxicity. The interaction of Al3+ with red blood cell membranes, for 

instance, results in the production of osmotic fragility, anisocytosis (unequally sized red 

blood cells), poikilocytosis (unequally shaped red blood cells) and shape changes, 

alternations in membrane dynamics and decrease in membrane fluidity (Zatta et al., 

2002). As far as functional perturbations are concerned, Al3+ induces changes in resting 

membrane potential and input resistance, voltage-activated ionic channels, transmitter 

secretion and Ca2+-ATPase activity. These negative impacts on cell membranes are 

important for the ROS aspect of aluminum toxicity. Aluminum salts were shown to 

accelerate peroxidation of membrane lipids induced by Fe2+ salts at acidic pH values. It 
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has also been suggested that Al3+ ions produce a subtle rearrangement in the membrane 

structure that facilitates the oxidative action of iron (Gutteridge et al., 1985). 

 

Figure 5. The peroxidation of membrane lipids: effects of aluminum and iron (Zatta et al., 

2003). 

Lipid structure alterations resulting from the binding of Al3+ to membrane polar heads 

can induce important modifications in membrane biophysical properties and dynamics, 

which may result in injurious consequences for biological transport processes and cellular 

metabolism and ROS damage (Figure 5). A higher binding of aluminum to the membrane 

was predicted to cause a greater rearrangement of the membrane phospholipids, rendering 

these more accessible to the attack of free radicals and further facilitating the propagation 

of lipid peroxidation initiated by aluminum. These effects cause fatty acid chain packing. 

This supports the hypothesis that ions without redox capacity can stimulate in vitro and in 

vivo lipid oxidation by promoting phase separation and membrane rigidification (Zatta et 

al., 2002). Further compounding this membrane lipid oxidation effect is the negative 
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impact Al also has on antioxidative enzymes. In erythrocytes from patients with chronic 

renal failure, catalase was inhibited by Al3+ and a 25% inhibition in rat catalase activity 

was observed when liver supernatant was incubated in 5 mM AlCl3. Another very 

important, yet indirect cause for the generation of ROS by iron is the competition 

between Al3+ and Fe3+ for negatively charged oxygen groups of membranes (Xie and 

Yokel, 1996). This competition also occurs for a variety of other oxygen-containing 

ligands such as carboxylic acids, that are ubiquitous in vivo, whether exogenously 

absorbed as nutrients or endogenously produced in the TCA cycle. The competition 

between Al3+ and Fe3+ ions for the anionic forms of these acids may significantly 

influence both the global availability of Fe3+ to membrane binding sites and the redox 

potential of the Fe2+/Fe3+ couple, thus resulting in increased membrane oxidation (Harris 

et al., 2003; Ozgová et al., 2003). The higher concentration of aluminum in a biological 

system will compete with Fe-binding sites, thus increasing the pool of intracellular free 

iron. This propensity to more labile iron will also increase the production of ROS. As the 

name implies, ROS is the general term used to designate any oxygen species capable of 

independent existence that contains one or more unpaired electrons.  

 Oxidative damage is noticeable in all biomolecules, from DNA and lipids, to 

proteins and carbohydrates. It is the price aerobic organisms pay for the advantage of 

extra energy afforded by oxidative phosphorylation. A mammalian cell can process 1012 

O2 molecules daily, with about 2 X 1010 superoxide and peroxide ROS leaking out of it 

(Chance et al., 1979). Since aluminum can cause an increase in free iron, the relationship 

between free iron an ROS is worth considering in detail. Reaction 1 demonstrates how 

free iron can easily produce ROS. 
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Fe2+ + O2 → Fe3+ + O2
- (1) 

This is but one example of many others where ferrous iron produces ROS. Yet an 

underlying effect of toxic levels of aluminum is the creation of a deficiency in iron. In a 

system where the molar ratio of Al:Fe is in the vicinity of 7,500:1 a cell might not even 

perceive the presence of iron. The soil bacterium Pseudomonas fluorescens can fluoresce, 

as the name suggests. However, to elicit this fluorescence the cell must be under iron 

starvation (de Weger et al., 1986). When exposed to high levels of aluminum, P. 

fluorescens fluoresces (Appanna and Hamel, unpublished results), thus confirming a 

deleterious effect.  

Iron is essential to all forms of life, with a few rare exceptions such as 

Lactobacilli, Borrelia burgdorferi, the Lyme disease pathogen, and Treponema pallidum, 

the syphilis pathogen. It is noteworthy that although B. burgdorferi and T. pallidum may 

formally not require iron, they rely upon the iron-dependent metabolic processes of their 

hosts for energy and biosynthesis - so strictly speaking they still depend upon iron, albeit 

indirectly (Andrews et al., 2003). Iron participates in many major biological processes, 

such as photosynthesis, N2 fixation, methanogenesis, H2 production and consumption, 

respiration, the TCA cycle, oxygen transport, gene regulation and DNA biosynthesis 

(Andrews et al., 2003).  

Fe in energy production 

 In the TCA cycle (Figure 6) and the electron transport chain (ETC) (Figure 1) the 

list of iron containing enzymes is numerous.  
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Figure 6. The tricarboxylic acid cycle in aerobic bacteria (adapted from Dunn, 1998). 

Fumarase, aconitase and succinate dehydrogenase are key iron-containing enzymes 

contributing to the TCA cycle. Within the ETC, Complexes I, II, III and IV and 

cytochrome c all possess iron. Both the TCA cycle and ETC can be considered as the 

engine of a cell since it is where its energy is produced. The TCA cycle metabolises 

carbon metabolites with the concomitant generation of NADH and FADH2, two powerful 

reducing agents to be used in the ETC for oxidative phosphorylation (OXPHOS). In the 

ETC, NADH and FADH2 are used to make a proton gradient to be harvested by Complex 

V, where one may imagine that the proton gradient acts as a water reservoir and Complex 

V as a turbine harvesting the energy derived thereof. Evidently, all enzymes within the 
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TCA cycle are important even if they do not contain iron. Isocitrate dehydrogenase, α-

ketoglutarate dehydrogenase, succinyl-CoA synthetase and malate dehydrogenase do not 

possess iron, but are pivotal during normal conditions for most aerobic organisms. 

 The proton-pumping NADH:ubiquinone oxidoreductase (E. C. 1.6.5.3), also 

known as Complex I, is the first energy transducing complex of many respiratory chains. 

Homologues of Complex I are present in all three domains of life. It provides the proton 

motive force essential for energy consuming processes like the synthesis of ATP (Scheide 

et al., 2002). Bacterial Complex I, sometimes called NDH-1, has a molecular mass of 535 

kDa and consists of 14 different subunits. Seven subunits are peripheral proteins, 

including all subunits that bear the known redox groups of Complex I, namely one flavin 

mononucleotide and up to nine iron-sulphur (Fe-S) clusters. This is a peripheral domain 

that protrudes into the mitochondrial matrix (or the cytoplasm of bacteria). The remaining 

seven subunits are mostly hydrophobic proteins and are predicted to fold into 54 α-

helices across the membrane (Scheide et al., 2002). Not much is known about their 

function, but they are most likely involved in proton translocation. There is accumulating 

evidence, such as the inhibition of the membrane domain subunit ND5 from bovine 

Complex I by amiloride derivatives, that the membrane subunits in Complex I share high 

similarity to Na+/H+ antiporters. Figure 7 depicts Complex I. 
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Figure 7. A depiction of the approximate positions of central subunits and iron-sulphur 

clusters within L shaped Complex I (adapted from Brandt et al., 2003). 

Legend: The subunit symbol is given in red, whereas redox groups are denoted in black. 
The membrane arm consists of seven highly hydrophobic subunits (ND1-ND6 and 
ND4L). 
 
The hypothetical sequence of electron transfer steps from NADH to a quinone (Q) is 

indicated by small black arrows. Interestingly, ubiquinone reduction in the vicinity of the 

iron-sulphur (Fe-S) cluster N2 induces specific conformational changes. These changes 

are then transmitted to the hydrophobic subunits in the membrane that have been 

evolutionarily related to Na+/H+ or K+/H+ antiporters and act as ion pumps (Brandt et al., 

2003). Evidently, since Complex I is the first enzyme of the ETC, the only one to utilize 

NADH for electron pumping, and since it pumps four protons into the periplasmic space 

(or mitochondrial matrix), a deficiency in itself results in the decline of energy production 
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by OXPHOS. In addition, defective Complex I produces more reactive oxygen species 

(ROS) (Figure 8). 

 

Figure 8. Generation of ROS by Complex I and its implicated consequences (Yano, 

2002). 

This stems from electrons leaking from the intra-molecular electron transfer pathway. 

Semiquinone (SQ) species generated in Complex I and/or cluster N2 are suggested to be 

the sites of electron leaks and Complex I is a target of ROS, which destroys its Fe-S 

clusters (Yano, 2002). These same ROS also affect other Fe-S containing enzymes, such 

as succinate dehydrogenase (SDH).  

 SDH (E. C. 1.3.5.1; also called succinate:quinone oxidoreductases) couples the 

two-electron oxidation of succinate to fumarate to the two-electron reduction of quinone 

to quinol. It is anchored in the cytoplasmic membranes of archaebacteria, eubacteria, and 

in the inner mitochondrial membrane of eukaryotes (where it is called Complex II) with 
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the hydrophilic domain extending into the cytoplasm and the mitochondrial matrix, 

respectively (Lancaster, 2003). It is involved in aerobic metabolism as both part of the 

TCA cycle and the ETC. SDH contains four protein subunits, referred to as A, B, C and 

D. Subunits A and B are hydrophilic, whereas subunits C and D are integral membrane 

proteins. Among species, subunits A and B have high sequence homology, while that for 

the hydrophilic subunits C and D is much lower. Functionally, subunit A (also called Fp) 

harbours the site of fumarate reduction and succinate oxidation and the hydrophobic 

subunits contain the site of quinone reduction.  
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Figure 9. Three-dimensional structure of Escherichia coli SDH (Lancaster, 2003). 

Legend: from top to bottom, the superimposed prosthetic groups are the covalently bound 
FAD, the [2Fe-2S], the [4Fe-4S], and the [3Fe-4S] clusters and the proximal haem b 
groups.  
 
The flavoprotein, or subunit A, (64-73 kDa) of all described membrane-bound succinate 

dehydrogenases contains a flavin adenine dinucleotide (FAD) prosthetic group covalently 

bound to a conserved His residue as an 8α-[Nε-histidyl]-FAD. It is through this FAD 

prosthetic group that succinate is oxidized (Figure 10). 
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Figure 10. Possible mechanism of succinate oxidation/fumarate reduction (Lancaster, 

2003). 

Subunit B (AKA Ip) generally contains 3 Fe-S clusters, which are exclusively bound by 

the B subunit of 27-31 kDa. They contain one [2Fe-2S], one [4Fe-4S], and one [3Fe-4S] 

cluster (Beinert, 2002). Finally, there are the integral membrane subunits C and D, two 

hydrophobic polypeptides, of 15 kDa and 13 kDa, with three membrane-spanning helices 

each. Since many SDHs contain haem b, these subunits are called cytochrome b large and 

small subunits (CybL and CybS) (Kita et al., 2002). The ubiquinone reduction site is 

located proximally, close to the [3Fe-4S] cluster. Interestingly, the positioning of the 

haem in E. coli SDH is apparently puzzling, because it does not seem to be required for 

electron transfer between the catalytic sites. It has been argued that the haem group in 

SDH provides an electron sink when the quinone site is not occupied, thus preventing 

buildup of electrons around the FAD and subsequent ROS generation (Yankovskaya, 
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2003). This, however, does not mean that there is no ROS production through SDH. The 

superoxide anion may be produced at Complex II in addition to Complexes I and III, 

where this free radical is commonly thought to be generated (Ichimiya et al., 2002). Since 

it possesses Fe-S clusters, SDH is a target and a source of ROS. 

 Fumarase is also an Fe-S-containing enzyme involved in the TCA cycle (E.C. 

4.2.1.2). This enzyme catalyzes the reversible hydration and stereospecific 

interconversion of fumarate to L-malate (Reaction 2). 

COO-

COO-

COO-

COO-

HO

Fumarate L-malate  

Eukaryotic cells have mitochondrial and cytoplasmic fumarases, presumably 

encoded by a single gene, but differing only in the N-terminal amino acid (Kulkarni et 

al., 2004). Prokaryotes, on the other hand, have three forms of fumarase, encoded by 

genes fumA, fumB and fumC. Each of these is classified into two distinct classes of 

fumarases depending on their relative subunit arrangement, metal requirement, and 

thermal stability (Estevez et al., 2002). Class I fumarases, the products of fumA and fumB, 

are heat-labile, iron-dependent, [4Fe-4S] cluster containing dimeric proteins with a 

molecular mass of approximately 120 kDa (Weaver et al., 1998). Class II fumarases, the 

product of fumC, are iron-independent, thermostable, tetrameric proteins with a molecular 

mass of 200 kDa (Weaver et al., 1998). These class II fumarases also include Y fumarase 

(yeast) and represent the homologous family of enzymes that includes aspartase, 

adenylosuccinate lyase, argininosuccinate lyase, 3-carboxy-cis, cis-muconate lactonizing 

(2)
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enzyme, and δ-crystallin. This family genotype appears to include a polypeptide chain 

that contains 400-500 amino acid residues (Kulkarni et al., 2004). Under normal 

conditions, FumA (aerobic) and FumB (anaerobic) are E. coli’s fumarases. However, 

under ROS stress or iron deprivation, FumC is produced; this is due to the labile nature of 

FumA and FumB under ROS and the fact that they both contain an Fe-S cluster, 

respectively. The mechanism of switching is regulated by SoxRS. When E. coli cells are 

under superoxide stress, proteins SoxR and SoxS, acting sequentially, control the 

expression of repair and defense genes. However, it appears that iron deprivation is also 

among soxRS activating conditions (Fuentes et al., 2001). There may even be a 

decoupling between SoxRS when looking at iron deprivation versus ROS. FumC and 

aconitase A (AcnA) are reported to be activated by SoxR alone when stimulated by iron 

deprivation. AcnA still possesses iron but is resistant to superoxide in vivo. Also, the 

[4Fe-4S] cluster of AcnB, the primary housekeeping enzyme, is in dynamic equilibrium 

with the surrounding iron pool, so that AcnB is rapidly demetallated when intracellular 

iron pools drop. AcnA and other dehydratases do not show this trait (Varghese et al., 

2003). As for the function of SoxR under normal cellular conditions, it is in its 

transcriptionally inactive, reduced form. Upon imposing a superoxide stress, an 

accumulation of the oxidized form of SoxR would occur, resulting in binding to the soxS 

promoter, thus stimulating expression of the transcription factor SoxS. The accumulation 

of SoxS leads to the activation of ~45 genes whose products (i.e. superoxide dismutase) 

facilitate the removal of superoxide and the repair of specific types of oxidative damage 

that may have occurred during the stress (Kiley and Beinert, 2003). The aforementioned 

enzymes (Complex I, SDH and fumarase) are targets for ROS as they all possess iron. 
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The enzymes described in the following section are also important in the TCA cycle, but 

they do not possess iron and may be affected via alternative mechanisms. 

Non-Fe containing TCA cycle enzymes 

 Once citrate is converted to isocitrate by aconitase, it is usually metabolized to α-

ketoglutarate by isocitrate dehydrogenase. Isocitrate dehydrogenase (ICDH) catalyzes the 

oxidative decarboxylation of D-isocitrate to form α-ketoglutarate (AKA 2-oxoglutarate), 

coupled with the reduction of a dinucleotide cofactor (NAD+; E.C. 1.1.1.41 or NADP+; 

E.C. 1.1.1.42). α -ketoglutarate is subsequently shuttled either into the TCA cycle or is 

metabolized to glutamate, depending on the localization of the respective isoform of 

ICDH (Wrenger and Müller, 2003). Thus ICDH is a key enzyme in the TCA cycle and 

contributes significantly in glutamate synthesis. ICDH and 3-isopropylmalate 

dehydrogenase, each with a subunit of between 40 and 57 kDa, belong to the 

decarboxylating dehydrogenase protein family class that lacks a typical βαβ nucleotide-

binding fold, present in most dehydrogenases (Inoue et al., 2002). Most bacteria contain 

NADP+-dependent ICDH (NADP-ICDH) activity and possess strict coenzyme 

specificities. For example, E. coli ICDH has a 6900-fold preference for NADP+ (Inoue et 

al., 2002). However, NAD+-dependent ICDHs have also been discovered in bacterial 

systems (Inoue et al., 2002). During standard aerobic growth on glucose, 20-25% of the 

NADPH that is required for biosynthesis is produced by ICDH (Sauer et al., 2004). 

Although very similar, the redox cofactors NADH and NADPH serve distinct 

biochemical functions and participate in more than 100 enzymatic reactions (Ouzounis 

and Karp, 2000). As we have already seen, the electrons of the main respiratory cofactor 

NADH are transferred primarily to oxygen through the ETC, thereby driving OXPHOS 
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of ADP + Pi to ATP. NADPH, on the other hand, exclusively drives anabolic reduction 

reactions (Sauer et al., 2004). When looking at ROS and ICDH there is a lot of literature 

stating that ROS increases NADP+-dependent ICDH since NADPH is pivotal for redox 

protection mechanisms such as thioredoxin and glutathione/glutathione reductase (Müller 

et al., 2003). However, the activation is not direct. When exposed to the same 

concentrations of H2O2, 0.1 and 0.5 mM, there was no effect on ICDH. However, the 

activity of α-ketoglutarate dehydrogenase declined by 40 and 50%, respectively 

(Chinopoulos et al., 1999). 

 Another key TCA cycle enzyme is α-ketoglutarate dehydrogenase (KGDH). It is 

located in the inner mitochondrial matrix and anchored in the cytoplasmic membranes of 

bacteria and catalyzes the reaction: 

α-ketoglutarate + NAD+ + CoA → succinyl-CoA + CO2 + NADH  (3) 

KGDH is a crucial producer of reducing equivalents (NADH). KGDH is a member of the 

α-ketoacid dehydrogenase complex family. This family also includes pyruvate 

dehydrogenase (PDH) and the branched-chain α-ketoacid dehydrogenase complex 

(BCDHC). α-ketoglutarate dehydrogenase is made up of three protein subunits (Figure 

11) (Dastoor, 1997).  
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Figure 11. The α-ketoglutarate dehydrogenase complex (E1k, E2k and E3) and its 

reactions (adapted from Gibson et al., 2000). 

Two of the components, E1k and E2k are unique to KGDH, while E3 is common to the 

KGDH, the PDH and the BCDHC. All α-ketoacid dehydrogenases comprise multiple 

copies of E1k (12 dimers) and E3 (six dimers) arranged along the edges and faces, 

respectively, of an octahedral E2 core (24 subunits). A trimeric E2k locates at each of the 
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vertices of the cube structure (Gibson et al., 2000). E1k (α-ketoglutarate dehydrogenase; 

E.C. 1.2.4.2) is a ThPP-dependent dehydrogenase that decarboxylates α-ketoglutarate. 

E2k (dihydrolipoamide succinyltransferase; E.C. 2.3.1.61) contains a lipoate moiety that 

is covalently bound to Lys110 through an ε-amide linkage (Reed and Hackert, 1990). 

After receiving two reducing equivalents and a succinyl moiety by a lipoate residue from 

E1k, the succinyl moiety is transferred to the CoA substrate to form succinyl-CoA, and 

the reducing equivalents are transferred to the flavin moiety of E3 (Reed and Hackert, 

1990). E3 (dihydrolipoyl dehydrogenase; E.C. 1.8.1.4), a flavin protein, is shared by all 

three α-keto acid dehydrogenase complexes. This protein subunit transfers the reducing 

equivalents from dihydrolipoate E2k to NAD+ to form NADH and complete the catalytic 

process (Sheu and Blass, 1999). KGDH can be inactivated by several mechanisms, 

notably ROS. Exposure to O2, causing excessive ROS by normal metabolic pathways, 

can lead to partial inactivation of NADH and SDH dehydrogenases, and total inactivation 

of KGDH (Schoonen et al., 1990). The sulphydryl groups of the FAD-containing E2k 

and its sulphydryl-containing coenzymes may make KGDH particularly vulnerable to 

free radicals (Gibson et al., 2000). 

 After α-ketoglutarate dehydrogenase, glutamate dehydrogenase (GDH) might be 

the enzyme most likely to metabolize α-ketoglutarate. GDH couples carbon and nitrogen 

metabolism in the cell by the oxidative deamination of L-glutamate to α-ketoglutarate and 

ammonia, accompanied by the reduction of the cofactor NAD+ (E.C. 1.4.1.2) or NADP+ 

(E.C. 1.4.1.3). In general, GDH is a multimeric enzyme consisting of six identical 

subunits. The hexamer is composed of two trimers that are stacked upside down on top of 

each other (Lebbink et al., 1999). Glutamate is pivotal in neurotransmission for higher 
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organisms, essential for nitrogen metabolism in plants and important to all organisms as it 

is a bridge between carbohydrate metabolism and glutamine, a building block for DNA. 

 After KGDH in the TCA cycle is succinyl-CoA synthetase (also called succinyl 

thiokinase; E.C. 6.2.1.5). This enzyme catalyzes the reversible reaction with the 

requirement of magnesium ions:  

succinyl-CoA + NDP + Pi ↔ succinate + CoA + NTP  (4) 

(where N denotes adenosine or guanosine). In E. coli, succinyl-CoA synthetase (SCS) is a 

heterotetramer of two different polypeptide chains, α and β, assembled as a dimer of αβ-

dimers (Fraser et al., 1999). Each α and β-subunit consists of 288 and 388 amino acid 

residues with approximate molecular masses of 29.6 and 41.4 kDa, respectively (Buck 

and Guest, 1989). The reversible reaction is thought to occur via three partial reactions: 

E + succinyl-CoA + Pi ↔ E⋅succinyl-PO3 + CoA (5) 

E⋅succinyl-PO3 ↔ succinate + E-PO3 (6) 

E-PO3 + NDP ↔ NTP + E (7) 

where E denotes the enzyme, E⋅succinyl-PO3 designates the noncovalent association of 

SCS with succinyl phosphate, and N denotes adenosine or guanosine. During catalysis, 

the enzyme is phosphorylated on the Nε2 atom of an essential histidine residue of the α-

subunit, either by succinyl phosphate or by nucleotide triphosphate (Fraser et al., 2002). 

SCS participates in the noncyclic or branched pathway operative during anaerobic cell 

growth conditions to provide carbon intermediates for cell biosynthetic reactions (Park et 

al., 1997). The genes encoding the specific dehydrogenase (E1o, sucA) and 

succinyltransferase (E2o, sucB) subunits of the α-ketoglutarate dehydrogenase complex 

are located at 16.3 min in the sdh-suc operon (sdhCDAB-sucABCD) which also encodes 
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succinate dehydrogenase (SDH; sdhCDAB) and succinyl-CoA synthetase (sucCD). These 

genes are expressed and regulated primarily from the sdh promoter (Park et al., 1997). 

Therefore, if SDH and KGDH are both negatively impacted by ROS or the lack of iron, it 

is conceivable that the expression and/or activity of SCS would also be compromised.

 Once SCS creates succinate it is generally assumed that SDH will catalyze its 

conversion to fumarate. However, succinate semialdehyde dehydrogenase (SSADH) may 

also utilize this substrate. This enzyme catalyzes the reverse reaction:  

succinate + NAD(P)H ↔ succinate semialdehyde + NAD(P)+ (8) 

There are two major types of SSADH, the NAD(P)+-dependent (E.C. 1.2.1.16) and 

NAD+-dependent (E.C. 1.2.1.24) with molecular masses of 120 and 96 kDa (Cozzani et 

al., 1980), respectively. This enzyme has been studied almost solely in brain research, as 

mitochondrial NAD+-dependent SSADH represents the last enzyme in the γ-aminobutyric 

acid (GABA) catabolism (Figure 12). 
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Figure 12. Metabolic interconversion of GABA (Blasi et al., 2002). 
 
Legend: GAD (glutamic acid dehydrogenase); SSA (succinate semialdehyde); GABA-T 
(GABA transaminase); 4-HBAD (4-hydroxybutyrate dehydrogenase); GDB (4-
hydroxybutyrate). 
 
It is noteworthy that the mammalian SSADH irreversibly oxidizes SSA to succinate, but 

this is not the case for bacteria (Figure 13). In this case, SSADH is potentially utilized for 

bypassing KGDH and SCS. 
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Figure 13. Alternative TCA cycle in some bacteria (Green et al., 2000). 
 
Legend: KDC (α-ketoglutarate decarboxylase); SSDH (succinate semialdehyde 
dehydrogenase) 
 
Another potential dénouement for succinate semialdehyde is fatty acid metabolism, since 

it is an intermediate from succinate to acetoacetyl-CoA, a potential metabolite in fatty 

acid synthesis (Horton et al., 2002). This is especially attractive since some organisms 

may eliminate toxic levels of metals through sequestration with lipids. For example, in 

the system studied in our laboratory Al-stressed P. fluorescens effluxes Al in a 

gelatinous, phosphatidylethanolamine (PE) and oxalate residue, thus requiring large 

quantities of lipids (Hamel and Appanna, 2003). However, it appears SSADH is sensitive 

to products of lipid peroxidation. Oxidative damage to polyunsaturated fatty acid in the 

central nervous system of humans is a source of aldehydes. Some of these severely 
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disrupt SSA metabolism by strongly and sometimes irreversibly inhibiting SSADH 

(Nguyen and Picklo, 2003). 

Detoxification of metals 

Despite the involvement of numerous metals in various biological functions, most 

metals exhibit toxic properties. These toxic consequences have forced organisms to 

evolve several different metal resistance strategies. Table 1 summarizes some of the 

mechanisms organisms invoke in an effort to survive metal-rich environments. 

Table 1. Postulated mechanisms of metal resistance in microorganisms (Bruins et al., 

2000). 

Metal exclusion by permeability barrier 
Active transport of the metal away from the cell organism 
Intracellular sequestration of the metal by protein binding 
Enzymatic detoxification of the metal to a less toxic form 
Reduction in metal sensitivity of cellular targets  
Extracellular sequestration 
 

Interestingly, resistance to certain antibiotics and metals is mediated by the same plasmid 

(Nakahara et al., 1977). Metal exclusion by permeability barrier is mediated via chemical 

alterations of the cell wall, membrane, or cellular envelope. The extracellular 

polysaccharide coating that naturally forms around bacteria demonstrates the ability to 

bioabsorb metal ions and prevent them from interacting with vital cellular components. It 

is thought that the exopolysaccharide coating of these bacteria provides sites for the 

attachment of metal cations, thus rendering them inert (Scott and Palmer, 1988).  

 Some organisms are resistant to metals due to their ability to actively pump metals 

out of the cellular environment. Active transport may utilize either ATP or a proton 

gradient to fuel the efflux of metals. It is invoked by microorganisms to export toxic 
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metals from their cytoplasm. Nonessential metals usually enter the cell through normal 

nutrient transport systems but are rapidly exported (Bruins et al., 2000). Copper is an 

essential metal that becomes toxic at high concentrations due to its ability to mobilize 

electrons. However, numerous organisms are known to elaborate the proton-driven Cus 

system to maintain cellular copper homeostasis. 

 

Figure 14. Functional model of the Cus efflux complex (Rensing and Grass, 2003).

 This system consists of 4 proteins, referred to as: CusA, CusB, CusC and CusF. 

The CusA protein, a protein with 1047 amino acid residues, is thought to be the central 

component of this copper extrusion process and is probably energized by a proton-

substate antiport (Tseng et al., 1999). 

 Intracellular sequestration of metals is another strategy living systems invoke in 

an effort to combat metal toxicity. Either metallothionein or cysteine-rich proteins are 

over expressed to sequester metals within the cytoplasm. Cd2+, Cu2+ and Zn2+ are the 

common targets of these proteins (Rouch et al., 1995; Silver and Phung, 1996). This 
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metal resistance system consists of two genes: smtA and smtB. smtA encodes a 

metallothionein that binds to Cd2+ and Zn2+. It is induced by high levels of Cd2+, Zn2+ and 

Cu2+ (Silver et al., 1989). Cysteine residues in SmtA metallothionein may act as a sink 

for excess toxic cations, whereas the SmtB protein is a dimer with a helix-turn-helix 

motif similar to that of other DNA-binding proteins. 

 Biotransformation of the toxic metals into innocuous forms is another mechanism 

by which organisms detoxify metals. The classic example of this is mercury 

detoxification. Mercury is toxic because it binds to and inactivates essential thiol groups 

localized in enzymes and proteins. As a result, many bacteria contain a set of genes that 

forms the Hg2+ (mer) resistance operon. This operon not only detoxifies Hg2+ but also 

transports and self-regulates resistance (Bruins et al., 2000).  
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Figure 15. Model of a typical gram-negative mercury resistance (mer) operon (Barkay et 

al., 2003). 

Legend: ● represents cysteine residues and parentheses around gene or protein 
designations represent genes/proteins that do not occur in all examples of the mer operon. 
 

During this process, the highly reactive divalent cationic form of mercury (Hg2+) 

is converted to the volatile, relatively inert monoatomic mercury vapour, Hg0 (Ojo et al., 

2004). The mer operon encodes 6 proteins: MerA, MerB, MerC, MerD, MerP and MerT, 

all possessing different functions. The most important being MerA, the mercuric 
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reductase, a cytosolic flavin disulphide oxidoreductase (homodimer of approximately 120 

kDa) which uses NAD(P)H as a reductant. MerP is a small periplasmic binding protein 

that uses two cysteine residues to displace the nucleophiles, such as Cl-, to which Hg2+ is 

coordinated in typical aerobic microbial growth media (Barkay et al., 2003). The 

volatilization of mercury enables the organism to survive in Hg-polluted environments. 

Next, the reduction in metal sensitivity of cellular targets is a key component of 

the metal detoxification strategy initiated by some organisms. In this instance, protection 

is achieved by mutations that decrease sensitivity but do not alter basic function of 

enzymes (Rouch et al., 1995). For example, certain microorganisms may protect 

themselves by producing metal-resistant components or elaborate alternate pathways in 

an effort to bypass sensitive components (Bruins et al., 2000). 

Finally, cells may extracellularly sequester metals. Resistance results when the 

toxic metal is bound in a complex and cannot reenter the cell membrane. This is found in 

fungi exposed to Cu2+. Here, these fungi secrete oxalate to form a metal-oxalate complex 

(Murphy and Levy, 1983). When P. fluorescens is subjected to elevated levels of Ca2+ 

and Sr2+, these divalent metals are precipitated as carbonates. A carbon dioxide fixing 

enzyme is thought to play a pivotal role in the mineralization of Ca2+ and Sr2+ (Appanna 

et al., 1997; Anderson and Appanna, 1994). 

Al detoxification 

Aluminum stress activates at least 30 genes, most of which seem to be general 

stress genes which are also expressed as the results of pathogen infection, heavy metal 

toxicity or oxidative stress. Among the genes encoded are anti-oxidant enzymes such as 

glutathione-S-transferase, ascorbate peroxidase, catalase and superoxide dismutase. This 
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suggests common mechanisms induced by aluminum exposure and oxidative stress 

(Darkó et al., 2004). 

Some of the strategies mentioned in Table 1 are utilized in the detoxification of 

Al. For instance, Al may be immobilized by cell wall components, the exudation of 

organic acids (i.e. malic, oxalic, citric) bound to Al, the chelation of Al by organic acids 

or other ligands in the cytosol and Al compartmentation in the vacuole of plants (Darkó et 

al., 2004). Another interesting route of Al detoxification has been recently found in rat 

kidneys where aluminum and even indium were precipitated as insoluble phosphate salts 

before being eliminated with the urinary flow as insoluble submicroscopic particles 

(Galle et al., 2004). Our laboratory has also shown the detoxification of indium, another 

trivalent metal, via phosphate precipitation (Anderson and Appanna, 1994). Furthermore, 

Al may be prevented from entering due to alterations in cell membranes that immobilize 

it. This is achieved in plants via the synthesis of 1,3-β-glucan (callose) (Zhang et al., 

1994). Alternatively, Al entering the cell may be neutralized intracellularly by forming 

complexes of Al-citrate (1:1) and Al-oxalate (1:3). The stability constants of Al-citrate 

and Al-oxalate are significantly greater than that of the Al-ATP complex. This is essential 

since Al3+ binds almost 107 times more strongly to ATP than does Mg2+ (Ma et al., 2001). 

In plants these complexes may be stored in vacuoles. Figure 16 demonstrates the possible 

metabolic fate of citrate in Al-exposed plants. Citrate synthase activity in the root tip of 

rye increases 30% with Al exposure, whereas the activities of phosphoenolpyruvate 

carboxylase, malate dehydrogenase and NADP-dependent isocitrate dehydrogenase are 

not affected (Li et al., 2000). 
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Figure 16. Key enzymes involved in citrate metabolism (Ma et al., 2001). 

PEPC: phosphoenolpyruvate carboxylase;  CS: citrate synthase; 
NAD-ICDH: NAD-isocitrate dehydrogenase; AC: aconitase; 
OGDH: α-ketoglutarate dehydrogenase;  SAT: succinyl-CoA synthetase; 
SDH: succinate dehydrogenase;   FUM: fumarase; 
MDH: malate dehydrogenase. 
 

Buckwheat leaves accumulate >400 mg/kg dry weight of Al after only a short exposure 

(5 h) to an Al solution and as much as 15 g/kg dry weight when grown in acidic soil (Ma 

et al., 2001). However, most organisms prefer to efflux the Al bound to insoluble 

phosphates or to organic acids such as citrate, malate or oxalate. For instance, fungi 

predominantly produce citrate and oxalate to confer tolerance and ensure survival in 

metal-contaminated environments (Gadd, 1999). P. fluorescens has been shown to 

survive high levels of Al by eliminating the trivalent metal bound to oxalate and PE 

(Hamel and Appanna, 2003). The metabolic pathways are completely reconfigured in Al-

stressed cells in an effort to supply the precursors necessary to affect the detoxification of 

Al. Isocitrate lyase, an enzyme that generates glyoxylate, is overexpressed (Hamel et al., 

2004). Glyoxylate is the precursor that drives the synthesis of oxalate, a process mediated 
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by a glyoxylate oxidizing enzyme (Figure 17) (Hamel and Appanna, 2003). The 

enhanced lipogenesis for the biosynthesis of PE observed under Al-stress, appears to be 

promoted by increased activity of pyruvate dehydrogenase (Hamel, unpublished results) 

and increased activity from NADPH producing enzymes (Singh et al., submitted).  

 

Figure 17. A proposed model for the formation of oxalate from citrate in Al-stressed P. 

fluorescens (Hamel and Appanna, 2003). 
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Thesis Objectives 

As Al is known to interfere with iron homeostasis and generate an oxidative 

environment, this work is aimed at elucidating the mechanisms P. fluorescens invokes in 

order to survive these abnormal situations. Fe-containing enzymes such as FUM, SDH 

and Complex I have been monitored and their roles in energy production in Al-stressed 

cells have been probed. Since α-ketoacids may play a pivotal role in nullifying an 

oxidative environment, the homeostasis of α-ketoglutarate, a key metabolite in normal 

cellular functioning, has been assessed. The significance of such enzymes as ICDH, 

KGDH, GDH and SCS in this process has been evaluated. ICL is markedly 

overexpressed under Al-stress to generate glyoxylate, a key precursor to oxalate, the 

dicarboxylic acid involved in Al-detoxification in P. fluorescens (Hamel et al., 2004). 

However, the fate of succinate, the other product of ICL is not known. The metabolism of 

succinate and its involvement in energy production and lipogenesis has been assessed. 

The interconnectivity of these metabolic pathways and their role in Al detoxification, in 

ROS scavenging and in iron homeostasis have been studied.  
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Materials and Methods 

List of reagents and equipments 

Bacto-Agar; Difco Laboratories (Detroit, Michigan) 

Calcium chloride; BDH Laboratory Chemicals Division (Toronto, Ontario) 

Centrifuge Model J2-MI; Beckman Coulter, Inc. (Fullerton, California) 

Chloramphenicol USP; ICN Biomedicals, Inc. (Aurora, Ohio) 

Coomassie G 250; Eastman Kodak Co. (Rochester, New York) 

ECL Plus™ reagents; Amersham Pharmacia Biotech (Piscataway, New Jersey) 

Ferric chloride hexahydrate; BDH Chemicals (Toronto, Ontario) 

Glacial acetic acid; CanLab (Toronto, Ontario) 

Gyratory waterbath shaker model G 76; New Brunswick Scientific (Edison, New Jersey) 

Hybond™- P: PVDF membrane; Amersham Pharmacia Biotech (Piscataway, New 

Jersey) 

Hydrochloric acid; CanLab (Toronto, Ontario) 

D,L-isocitric acid trisodium salt; ICN Biochemicals (Cleveland, Ohio) 

Magnesium chloride hexahydrate; BDH Laboratory Chemicals Division (Toronto, 

Ontario) 

Pseudomonas fluorescens ATCC 13525; American Type Culture Collection (Rockville, 

Maryland) 

Sodium molybdate dihydrate; BDH Laboratory Chemicals Division (Toronto, Ontario) 

Spectrophotometer model DU-65; Beckman Coulter, Inc. (Fullerton, California) 

Spectrophotometer model Ultrospec 3000; Amersham Pharmacia Biotech (Little 

Chalfont, Buckinghamshire) 
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Succinate dehydrogenase polyclonal antibody (for Fe-S subunit); University of Alberta 

Succinic acid (disodium salt); BDH Laboratory Chemicals Division (Toronto, Ontario)   

Ultracentrifuge Model L8-M; Beckman Coulter, Inc. (Fullerton, California) 

Ultrasonic processor; Johns Scientific Inc. (Toronto, Ontario) 

Zinc chloride; Merck & Co. Limited (Montréal, Québec) 

Reagents and equipment from Bio-Rad Laboratories (Mississauga, Ontario): 

Acrylamide;  

Ammonium persulphate (APS);  

Bio-Rad Mini-Protein II Dual Slab Cell;  

Bio-Rad Protein Assay; 

Bio-Rad Silver Stain Kit;  

N,N′-Methylene-bis-acrylamide; 

N,N,N′,N′- Tetramethylenediamine (TEMED);  

Tween-20 

Reagents and equipment from Fisher Scientific (Unionville, Ontario): 

Accumet pH Meter 910; 

Fumaric acid;  

Sodium hydroxide 

Reagents from Sigma Chemical Company (St. Louis, Missouri): 

Adenosine 5'-triphosphate (ATP);  

Alkaline phosphatase (E.C. 3.1.3.1) from bovine intestinal mucosa;  

Aluminum chloride hexahydrate;  

ε-amino-n-caproic acid;   
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Ammonium chloride;  

BIS-TRIS;  

Bovine serum albumin;  

Citric acid monohydrate;  

Cobalt sulphate heptahydrate;  

Coenzyme A (sodium salt);  

Coomassie R 250;  

Copper(II) chloride dihydrate;  

2,6-Dichloroindophenol;  

5,5′-dithio-bis-(2-nitrobenzoic acid);  

D,L-dithiothreitol;  

n-Dodecyl β-D-maltoside;  

Glutamic acid (monosodium salt);  

Glycerol;  

Glycine;  

Iodonitrotetrazolium chloride;  

α-ketoglutaric acid;  

Magnesium sulphate heptahydrate;  

Malic dehydrogenase (E.C. 1.1.1.37) (from porcine heart);  

Malonic acid (disodium salt);  

Menadione (sodium bisulphite);  

2-mercaptoethanol;  

Nicotinamide adenine dinucleotide (oxidized form);  
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Nicotinamide adenine dinucleotide (reduced form);  

Nicotinamide adenine dinucleotide phosphate (oxidized form);  

Nicotinamide adenine dinucleotide phosphate (reduced);  

Phenazine methosulphate;  

Phenylmethylsulphonylfluoride (PMSF);  

Ponceau S;  

Potassium phosphate monobasic (KH2PO4);  

Rifampicin;  

Sodium chloride;  

Sodium phosphate dibasic;  

Sodium dodecyl sulphate (SDS);  

Tricine;  

Trizma® base;  

Zinc nitrate hexahydrate 
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Organism and culture conditions 

 The bacterial strain Pseudomonas fluorescens 13525 was obtained from the 

American Type Culture Collection (ATCC).  The microbe was kept on a mineral medium 

containing citric acid in 2% (w/v) agar.  The sterile agar test tubes were maintained in a 

refrigerator at 4 ˚C.  The bacteria were subcultured every week. 

Agar media  

 In 250 mL of deionized, distilled water were added Na2HPO4 (2.4 g); KH2PO4 

(1.2 g); NH4Cl (0.4 g); MgSO4•7H2O (0.08 g); citric acid monohydrate (1.6 g) and 400 

µL trace elements.  (Trace element solution consisted of: FeCl3•6H2O (2 µM); 

MgCl2•4H2O (1 µM); Zn(NO3)2•6H2O (0.05 µM); CaCl2 (1 µM); CoSO4•7H2O (0.25 

µM) CuCl2•2H2O (0.1 µM); NaMoO4•2H2O (0.1 µM).  The pH of the trace element 

solution was adjusted to 2.75 with diluted HCl to prevent precipitation of the metals and 

the solution was stored at 4 ˚C).  The pH was raised to 6.8 with dilute NaOH and the final 

volume was brought to 400 mL with deionized, distilled water.  The solution was gently 

heated and Bactoagar® (6.6 g) was added and stirred until completely dissolved.  

Approximately 7 to 10 mL were placed in test tubes and capped for slants.  Following 

sterilization (autoclaved for 20 min at 1.2 kg/cm2, 121 ˚C) the test tubes were laid on an 

angle and allowed to solidify at room temperature.  Slants were stored in the refrigerator 

at 4 ˚C. 

Preculture media 

 The media used for the liquid preculture contained the following: Na2HPO4 (6.0 

g); KH2PO4 (3.0 g); NH4Cl (0.8 g); MgSO4•7H2O (0.2 g); Citric acid monohydrate (4.0 

g); Trace element solution (1.0 mL), per liter of deionized, distilled water.  The pH was 
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raised to 6.8 with dilute NaOH and the medium was divided into 100 mL aliquots in 250 

mL Erlenmeyer flasks.  The flasks were capped with foam plugs and autoclaved for 20 

min at 1.2 kg/cm2, 121 ˚C.   These preculture media were inoculated with a loop of P. 

fluorescens stored on agar slants.  Stationary phase was attained following 24 to 48 h of 

incubation.  

Growth media 

 These reagents were added in the following order: Na2HPO4 (6 g); KH2PO4 (3 g); 

NH4Cl (0.8 g); MgSO4•7H2O (0.2 g); trace element solution (1 mL); citric acid 

monohydrate (4.0 g) or metal-citrate solution in the case of metal-supplemented medium 

or succinic acid (5.402 g) for the succinate medium to 600 mL of deionized, distilled 

water.  The pH of the medium was raised to 6.8 with dilute NaOH and the volume was 

adjusted to 1.0 L with deionized, distilled water.  The media was separated in 200 mL 

volumes in 500 mL Erlenmeyer flasks and inoculated with 1 mL of the precultured 

bacteria.  The cultures were incubated at 26 ˚C on a gyratory water bath shaker model 

G76 (New Brunswick Scientific) at 144 rev./min.   

Control growth media 

 The media without the test metal(s) constituted the control media unless otherwise 

specified.  The media were dispensed in 200 mL volumes in 500 mL Erlenmeyer flasks, 

stoppered with foam plugs and autoclaved for 20 min at 121 ˚C. 

Succinate growth medium 

 The medium without the test metal(s) or citrate constituted the succinate medium. The 

medium constituted 20 mM succinate and it was dispensed in 200 mL volumes in 500 

mL Erlenmeyer flasks, stoppered with foam plugs and autoclaved for 20 min at 121°C. 



 44

Metal growth media 

  Media supplemented with various metals were prepared.  These media were 

prepared in the same manner as their respective citrate control medium with the following 

modifications: 4 g citric acid monohydrate and the chosen metal were first allowed to 

complex in approximately 100 mL deionized, distilled water for approximately 30 min 

prior to being added to the remainder of the media.  Studies involving the use of an 

Al-citrate media contained 15 mM AlCl3•6H2O complexed to citric acid.  The media 

were prepared as above, however 3.621 g of AlCl3•6H2O and  4.0 g of citric acid 

monohydrate was used in order to obtain a final concentration of Al3+ and citric acid of 

15 mM and 19 mM, respectively.  Studies utilizing other metal-citrate media were also 

utilized and consisted of 19 mM citrate chelated to 0.1 mM, 1.0 mM, 5.0 mM or 10.0 

mM Al, or 20 µM FeCl3•6H2O. 

Harvest of P. fluorescens  

 P. fluorescens were collected by centrifugation at 23,570 g for 10 min at 4 ˚C.  

The supernatant was removed and 0.85% (w/v) NaCl was utilized to suspend the bacterial 

pellet. The bacteria were centrifuged again for 10 min and they were suspended in cell 

storage buffer consisting of 50 mM Tris-HCl, 1 mM PMSF, 1 mM DTT at pH 7.3 (Figure 

18). 
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Figure 18. Collection of bacterial cells  

Preparation of cell free extract(s) (CFE) from whole cells 

 When the bacteria were harvested as indicated above, they were suspended in cell 

storage buffer consisting of 50 mM Tris-HCl, 1 mM PMSF, 1 mM DTT at pH 7.3.  The 

cells were disrupted by sonication using an ultrasonic processor (sonicator), power level 4 

for 15 sec at 4 intervals.  Samples were kept on ice and allowed to cool between intervals 

for at least 10 min (Figure 19).  The supernatant fraction of CFE was collected and 

centrifuged at 180,000 g for 60 min at 4 °C to yield membrane and soluble components.  

The soluble fraction was removed and centrifuged again at 180,000 g for 2 h to ensure a 

membrane-free system. The membrane fraction was disrupted once again by sonication 

as before (4 intervals) but with a larger volume of cell storage buffer to dilute any 

remaining soluble protein therein. However, this time the supernatant was discarded. The 
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membranes were resuspended in a minimal volume of cell storage buffer. Both the 

membrane and soluble fraction were kept on ice in the refrigerator.  

 

Figure 19. Isolation of CFE from whole cells 

Measuring enzyme activity spectrophotometrically in CFE from P. fluorescens 

 The CFE from P. fluorescens was isolated as previously indicated in Figure 20. 

The protein content of each fraction was measured by the Bradford method (Bradford, 

1976) using the kit supplied by Bio-Rad.  The methods utilized to monitor various 

enzymatic activities are described below. 

Succinate dehydrogenase (SDH) activity  

 SDH (EC 1.3.5.1) catalyzes the oxidation of succinate to fumarate.  Flavine 

adenine dinucleotide (FAD) is covalently bound to SDH.  For the enzyme to complete its 
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catalytic cycle, the electrons from the reduced flavin cofactor are normally passed on to 

the electron transport chain. 2,6-dichlorophenol indophenol (DCPIP) was utilized as an 

artificial electron acceptor. DCPIP absorbs strongly at 600 nm (ε = 22,000 M-1•cm-1), 

when oxidized and becomes colourless in its reduced state.  The decrease in intensity of 

the colour measured at 600 nm is proportional to the measure of SDH activity.  SDH 

activity was assayed according to the method as described by Maklashina and Cecchini 

(1999), with the following modifications; in 1.0 mL, the assay consisted of 25 mM Tris–

HCl, 5 mM MgCl2, 10 mM succinate, 25 µg/mL DCPIP, 5 mM KCN (to block the 

electron transport chain).  The reaction was initiated by the addition of 0.2 mg/mL 

membrane protein equivalent and absorbance was monitored at 10 sec intervals over 100 

sec at 600 nm. The specificity of all enzymatic reactions was confirmed by a single-

component subtraction experiment (dropout assay). Each reagent was, in turn, omitted 

from the complete reaction mixture (Batchelor and Zhou, 2004).  

Succinyl-CoA synthetase (SCS) activity 

 SCS (E.C. 6.2.1.5) catalyzes the reversible conversion of succinyl-CoA to 

succinate with the subsequent formation of ATP. The reverse reaction was measured 

spectrophotometrically by adding succinate, ATP and coenzyme A (CoA) to produce 

succinyl-CoA and ADP. The disappearance of CoA was quantified in the presence of 

5,5′-dithio-bis-(2-nitrobenzoic acid) (DTNB) (Williams, 1998).  In this method 0.2 

mg/mL of membrane protein equivalent was incubated with 2 mM succinate, 1 mM ATP, 

0.1 mM CoA in 25 mM Tris-HCl, 5 mM MgCl2 buffer (pH 7.3), for 20 min before 

adding 0.1 mM DTNB to react with the unreacted CoA.  The decrease in absorbance 
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from the consumption of CoA by DTNB ion was monitored at 10 sec intervals for 10 min 

at A412 (ε = 13.6 mM-1•cm-1) (Williams, 1998). 

List of buffers 

Cell storage buffer  
50 mM Tris-HCl 
1 mM PMSF 
1 mM DTT 
pH 7.3 at room temperature 

Activity Buffer 
25 mM Tris HCl 
5 mM MgCl2 
pH 7.3 at room temperature 

 
Statistical Analyses 

 The Student-t test value was calculated to determine the significance of the 

difference in specific activity of various enzymes in control compared to Al-stressed 

grown bacteria. If the calculated t value exceeds the tabulated value of 2.78 for n=3 then 

the means are significantly different and p is said to be ≤ 0.05 (Zar, 1999). 

Enzymatic activities at various growth intervals 

 P. fluorescens were grown on medium containing Al-citrate or citrate (control) as 

the only carbon source; prepared as indicated in the previous section.  At specified timed 

intervals the bacterial cells were harvested and the CFE were isolated as described before.  

A Bradford assay was performed to determine the protein content from CFE (Bradford, 

1976) and the specific activities and concentrations of different enzymes were monitored 

as indicated above. 

Enzyme activities as a function of Al in the growth media 

 Media were prepared as mentioned in the Growth media and Metal growth media 

sections with the following modifications: the Al content was varied from media not 

containing Al (control cultures) to media containing 0.1, 1.0, 5.0 and 10.0 mM Al and 
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cells were harvested at early stationary phase (30 h).  The CFE were isolated and the 

specific activities of various enzymes were determined as previously described.  

Al, ROS and the modulation of enzymatic activities 

 P. fluorescens was grown in Al-citrate for 30 h and 20 mg of whole cell protein 

equivalent was transferred to a medium of citrate (100 mL), to a citrate medium 

supplemented with 5 mM menadione and to a citrate medium with 20 µM FeCl3•6H2O.  

These 3 cultures were allowed to grow for 6 h.  The CFE were assessed for activities of 

various enzymes. 

Electrophoresis 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) (gradient gels: 4 - 16% 

or 7-13%) 

 For this technique, 1 mm spacers were used to make small gels for the BioRad 

MiniProtean™ 2 system. The final volume of one separating gel was 5.8 mL, therefore 

2.9 mL 4% acrylamide and 2.9 mL 16% acrylamide or 2.9 mL 7% and 13% acrylamide 

solutions per gel where used to create linear gradients using a gradient former (Bio-Rad) 

for a broad range and narrow range separations, respectively (Schägger and von Jagow, 

1991). 



 50

Table 2. Gel composition and polymerization conditions. 

 

 

 

 
 

 

 

 

 

*ddH2O is deionized, distilled water 

(all values in are in microliters) 

 After pouring the gel it was allowed to polymerize overnight. The sample wells 

were dried with filter paper and samples were applied and carefully overlaid with blue 

cathode buffer. The rest of the inner chamber was then filled with the blue cathode buffer. 

The anode buffer was placed around the inner chamber and 80 V was used until the 

protein migrated into the resolving gel. Once the proteins reached the resolving gel the 

voltage was increased to 200 V or maximum current of 15 mA. After the running-front 

attained the middle of the resolving gel, the blue cathode buffer was exchanged with a 

colourless one and the voltage increased to 300 V. Electrophoresis was stopped before 

the running front moved out of the gel.  

 

 4% 16% stacking gel 
Acryl-Bis mix (49.5 % T, 1.5% C) 234 937 137 
3X BN-buffer 967 967 568 
ddH2O* 1699 223 1000 
75% (v/v) glycerol --- 773 -- 
10% (w/v) APS 9.7 7.6 15 
TEMED 1.0 0.8 2.5 
 7% 13% stacking gel 
Acryl-Bis mix (49.5 % T, 1.5% C) 410 762 137 
3X BN-buffer 967 967 568 
ddH2O* 1523 398 1000 
75% (v/v) glycerol --- 773 -- 
10% (w/v) APS 9.7 7.6 15 
TEMED 1.0 0.8 2.5 
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Table 3. BN-PAGE buffers 

Blue Cathode Buffer (1 L)  
8.96 g Tricine (50 mM)  
3.138 g BIS-TRIS (15 mM) 
0.2 g Coomasssie blue G 250 
pH 7.0 at 4 ˚C 

Colourless Cathode Buffer  
8.96 g Tricine (50 mM) 
pH 7.0 at 4 ˚C 

3X Gel Buffer (50 mL) 
9.84 g aminocaproic acid (1.5 M) 
1.567 g BisTris (150 mM) 
pH 7.0 at 4 ˚C 

Anode Buffer (1 L) 
10.45 g BisTris (50 mM) 
pH 7.0 at 4 ˚C 

 

Activity stain in blue native gels for soluble enzymes 

 Soluble fraction from CFE was isolated from P. fluorescens grown in citrate 

(control) and Al-citrate medium at various growth times. Samples were prepared by 

diluting the soluble fraction with 3X Blue Native (BN) buffer and water to a final 

concentration of 4 mg/mL protein equivalent and 1X BN buffer (50mM BIS-TRIS, 500 

mM ε-amino-n-caproic acid, pH 7.0) respectively.  To each lane 60 µg of protein (15 µL 

of sample) were loaded per lane and the gel was run under blue native conditions.  

Following BN-PAGE the gels were incubated in equilibration buffer (25 mM Tris-HCl, 

pH 7.3, 5 mM MgCl2) for 15 min.  The gels were then placed in the appropriate activity 

buffer (equilibration buffer) with the desired substrate(s), cofactor(s), and/or enzyme (for 

coupled reactions) and incubated for various times.  The activity in the gels was 

visualized using phenazine methosulphate (PMS) and iodonitrotetrazolium violet (INT). 

Enzymatic  reactions that  require NAD+ and/or NADP+, which is converted to NADH 

and NADPH respectively are easily stained within the gel using a yellow soluble 

tetrazolium salt (INT), which is converted to an insoluble purple precipitate (formazan) in 

the presence of an electron donor (ex: NADH).  Under such conditions, care was taken to 

avoid exposing the staining solution to light, as this will result in a high background and 
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thus, the reactions were performed in the dark. This reaction proceeds rapidly in the 

presence of PMS, which acts as an intermediary catalyst. For example, in the case of 

ICDH the following reaction occurs: 

 

Figure 20. Precipitation of INT to formazan. 

Activity stain in blue native gels for membrane enzymes 

 Following the isolation of membranes as described above, the proteins were 

solubilized using dodecyl-maltoside:  Samples were prepared by diluting the membrane 

fraction with 3X Blue Native (BN) buffer, 10 % (w/v) dodecyl-maltoside, and deionized, 

distilled water to give a final concentration of 4 mg/mL protein equivalent, 1X BN (50 

mM BIS-TRIS, 500 mM aminocaproic acid, pH 7.0), and 1% (w/v) dodecyl-maltoside, 

respectively.  The samples were incubated on ice for 30 min with intermittent mixing in 

order to allow for the maltoside to dissolve the membranes.  To each lane of a mini slab 

gel, 60 µg of protein were loaded unless specified otherwise.  Following BN-PAGE the 

gels were incubated in reaction/equilibration buffer (25 mM Tris-HCl, pH 7.3, 5 mM 

MgCl2) for 15 min.  In an effort to identify the nature of these enzymes, the gels were 

placed in equilibration/reaction buffer with 5 mM substrate, 0.2 mg/mL PMS, 0.4 mg/mL 

INT, 0.5 mM NAD+ unless specified otherwise.  Upon visualization of a purple 

precipitate at the site of enzyme catalysis the gel was placed in destaining solution (50% 

methanol, 10% acetic acid).  This stopped the reaction and removed the Coomassie G 250 

from the gel leaving a clear gel and purple band(s) at the site of enzyme activity. In all 
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these experiments dropout assays were conducted whereby one reagent was omitted from 

the complete reaction protocol to confirm the specificity of the enzyme (Batchelor and 

Zhou, 2004). Formazan precipitation was only observed in the complete reaction mixture 

except for succinate semialdehyde dehydrogenase, where a band appeared with succinate 

omitted, but this was attributed to a NADH-oxidizing enzyme, possibly diaphorase.  

ICDH in-gel activity detection 

 The activity of enzymes, as detected by BN-PAGE, was visualized using INT.  As 

indicated above INT is a tetrazolium salt readily reduced by NADH or NADPH in the 

presence of PMS to form an insoluble formazan localized at the site of enzymatic 

activity.  The gels were placed in equilibration/reaction buffer (25 mM Tris-HCl, pH 7.3, 

5 mM MgCl2) plus 0.2 mg/mL PMS, 0.4 mg/mL INT, 0.5 mM NAD(P)+, 20 mM 

malonate (to inhibit any contaminating ICL) and 10 mM isocitrate. The total volume of 

the activity buffer was 1.5 mL per lane of gel.  Upon visualization of a purple precipitate 

at the site of enzyme catalysis, which usually took approximately 1.5 h, the gel was 

placed in destaining solution (50% (v/v) methanol, 10% (v/v) acetic acid).  This stopped 

the reaction and served in removing the Coomassie G 250 from the gel leaving a clear gel 

and purple band(s) at the site of enzyme activity. The detection of ICDH was evident 

after 30 min of reaction. By simply altering substrates and cofactors this was the general 

protocol for all activity detected by BN-PAGE unless otherwise specified. 

KGDH in-gel activity detection 

 For the detection of KGDH, the gel was incubated in a volume of 1.5 mL/lane 

consisting of activity buffer, 0.1 mM CoA, 0.5 mM NAD+, 10 mM α-ketoglutarate, 0.2 
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mg/mL of PMS and 0.4 mg/mL INT.  The detection of the KGDH was evident after 1.5 

h.  To prevent a dark background, the level of CoA may be decreased. 

GDH in-gel activity detection 

 For the detection of GDH, the gel was incubated in a volume of 1.5 mL/lane of 

activity buffer, 0.5 mM NAD+, 0.2 mg/mL PMS and 0.4 mg/mL INT and 10 mM 

glutamate.  The detection of the GDH was evident after 2 h. 

SDH in-gel activity detection 

 The gel was equilibrated in a volume of 1.5 mL/lane of activity buffer containing 

5 mM KCN. For the detection of SDH, the gel was next placed in the same buffer 

containing KCN with 20 mM succinate, 0.2 mg/mL PMS and 0.4 mg/mL INT.  KCN and 

PMS increased the rate of the reaction and the appearance of the formazan precipitate.  

The detection of SDH was evident after approximately 30 min. 

FUM in-gel activity detection 

 The detection of FUM was possible with the addition of malic dehydrogenase 

from porcine heart (2 U/lane).  The gel was incubated in 1.5 mL/lane of activity buffer, 

10 mM fumarate, 0.5 mM NAD+, 0.2 mg/mL PMS and 0.4 mg/mL INT.  The detection of 

FumA was evident after 1.5 h whereas the detection of FumC was evident after 3 h. 

Complex I in-gel activity detection 

 The detection of Complex I differs from the previous enzymes detected by BN-

PAGE in that there is no addition of PMS. In this instance Complex I acts as the relay 

between NADH and INT, thus passing the electrons from NADH to INT in order to form 

the formazan precipitate. First, the gel was allowed to equilibrate in activity buffer in the 

presence of 5 mM KCN. For activity the gel was incubated in a volume of 1.5 mL/lane of 
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activity buffer, 0.33 mM NADH, 5 mM KCN and 0.4 mg/mL INT. The precipitate was 

evident after 30 min. 

SSADH in-gel activity detection 

 The detection of succinate semialdehyde dehydrogenase also differs from 

previous enzymes detected by BN-PAGE as DCPIP accepts the electrons from NAD(P)H 

through the enzyme and gives them to INT (Kaplan and Beutler, 1967). For activity the 

gel was incubated in a volume of 1.5 mL/lane of activity buffer, 0.5 mM NADH, 20 mM 

succinate, 0.4 mg/mL INT and 0.0167 mg/mL DCPIP. The precipitate was evident after 

40 min and 2 h when NADH and NADPH were used, respectively.  

Gel incubation with alkaline phosphatase 

 To test whether or not ICDH was regulated by phosphorylation gels were 

incubated with alkaline phosphatase to see if activity would increase under Al stress. In 

this instance, a gel was incubated for 1 h with 3.33 U/mL of alkaline phosphatase in a 25 

mM Tris-HCl buffer with 1 mM MgCl2 and 0.1 mM ZnCl2 (pH 8.0). Next, the gel was 

incubated in reaction/equilibration buffer (25 mM Tris-HCl, pH 7.3, 5 mM MgCl2) for 15 

min before starting in-gel reaction. 

2D BN-PAGE  

 The enzyme of interest was first detected catalytically in the first two lanes 

(citrate and Al-citrate fractions) of the first dimension (1D) BN-PAGE.  The 

corresponding band in the next two lanes were cut in the 1D BN-PAGE and inserted 

between the glass plates of another 4-16% polyacrylamide gel. The stacking gel was 

subsequently added. To avoid the formation of air pockets, the gel casting may be tilted 

to one side. After polymerization, the gels were run as previously described and 
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enzymatic activity was subsequently detected. For Colourless Native PAGE (CN-PAGE), 

used only in 2D PAGE, one cathode buffer was utilized and it contained 0.001% (w/v) 

Ponceau S instead of Coomassie G 250 (Schägger et al., 1994). This protocol obviated 

the need for a colourless cathode buffer. 

In-gel protein levels 

 Gels were first destained with 10% acetic acid, 50% methanol and protein levels 

therein were detected with the Bio-Rad Silver Staining Kit.  

2D sodium dodecyl sulphate polyacrylamide gel electrophoresis (2D SDS-PAGE) 

 The area corresponding to KGDH activity as visualized by formazan precipitation 

was cut in the 2D BN gel, incubated in electrophoresis buffer for 30 min and inserted 

between two plates containing the SDS gel.  The gel slabs were incubated in 1% (v/v) β-

mercaptoethanol and 1% (w/v) SDS for 2 h before their insertion between the two plates 

(Devreese et al., 2002).  The stacking gel was subsequently added avoiding any air 

pockets by tilting the gel on either side.  Electrophoresis using a discontinuous buffer 

system was performed according to the method of Laemmli (1970), with the following 

modifications.  The concentrations in the resolving gel were; 10% T and 0.8% C, 0.375 

M Tris-HCl (pH 8.8), 0.1% SDS, 0.06% TEMED, and 0.03% APS.  The concentrations 

in the stacking gel were; 4% T and 0.8% C, 0.1% SDS, 0.625 M Tris-HCl (pH 6.8), 

0.06% TEMED, and 0.03% APS.  The electrode buffer (pH 8.3) contained 0.025 M Tris, 

0.192 M glycine, and 0.1% SDS.  Electrophoresis was carried out with a constant voltage 

of 200 V until the Coomassie blue from the 1D BN-PAGE reached the bottom of the gel.   
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Table 4. SDS-PAGE buffers 
 
30% Acrylamide Stock Solution  
(30% T, 0.8% C) (100 mL)  
29.2 g Acrylamide 
0.8 g Bisacrylamide 

4X Tris/SDS pH 8.8 
1.5 M Tris base 
0.4% (w/v) SDS  
pH adjusted to 8.8 with 11 N HCl 

4X Tris/SDS pH 6.8 
1.5 M Tris base 
0.4% (w/v) SDS   
pH adjusted to 6.8 with 11 N HCl 

5X Electrophoresis Buffer (1 L) 
15.1 g Tris base 
72.0 g Glycine 
5.0 g SDS 

Coomassie Blue Staining Solution 
50% (v/v) Methanol 
10% (v/v) Acetic acid   
0.2% (w/v) Brilliant Blue R 250 

Destaining Solution 
50% (v/v) Methanol 
10% (v/v) Acetic acid 

 

Immunoblotting of proteins separated by SDS-PAGE 

 Following SDS-PAGE, the stacking gel was removed and the orientation of the 

resolving gel was marked by cutting out a corner. The gel was then soaked in the protein 

transfer buffer for at least 10-20 min. Hybond™- P (PVDF membrane) was pre-wet by 

placing in 100% methanol for 10 sec and washed in distilled water for 5 min before the 

membrane was equilibrated in the protein transfer buffer for at least 10 min. The 

electroblotting cassette was assembled according to the instructions provided by Bio-Rad 

Laboratories. The proteins were transferred overnight at 4 ˚C with a constant voltage of 

20 V. The PVDF membranes were then removed and non-specific binding sites were 

blocked by soaking the membranes in 5% Blotto (5% skim milk in TTBS: 20 mM Tris-

HCl, 0.8% NaCl, 1% Tween 20, pH 7.6). Following a 60 min incubation, the membranes 

were washed, 1 x 5 min, with an excess volume of TTBS.  The blot was then incubated 

for 60 min with the primary antibody at the optimized dilution of 1:5,000 for SDH Iron-

protein subunit (30 kDa) in 5% Blotto.  The antiserum to bovine heart SDH was raised in 

rabbits.  The membranes were then briefly washed with excess TTBS followed by 2 x 5 
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min washes in the same buffer.  Following 60 min incubation with the appropriate 

dilution of the secondary antibody (1:5,000) in 5% Blotto, the blots were washed 1 x 15 

min and 4 x 5 min with excess volume of TTBS. 

Table 5. Protein transfer and Western blot buffers 

Protein Transfer Buffer (1 L) 
3.03 g Tris-base 
14.4 g glycine 
200 mL methanol  
store at 2-8 ˚C    

Tris Buffered Saline (TBS) (1 L)  
2.42 g Tris-base 
8 g NaCl  
adjust pH to 7.6 with 2 N HCl  
store at 2-8 ˚C 

Tween Tris Buffered Saline (TTBS) 
Dilute required volume of Tween™ 20 in 
TBS to give A 0.1% (v/v) solution  
Store at 2-8 ˚C 

5% Blotto 
5% (w/v) dried skim milk in TTBS 

 

Chemiluminescence detection 

 The detection of the desired proteins was achieved with the ECL Plus system 

(Amersham Pharmacia Biotech).  The detection reagents, Solution A (ECL Plus substrate 

solution) and Solution B (Acridan solution in dioxane and ethanol) were allowed to 

equilibrate to room temperature.  The detection solutions A and B were mixed in a ratio 

of 40:1 (for example, 2 mL Solution A and 50 µL Solution B) and pipetted on to the 

membranes, protein side up.  Following 5 min incubation at room temperature, the blots 

were visualized with autoradiography film, Hyperfilm™ ECL (Amersham Pharmacia 

Biotech). 

Quantification of bands 

 Bands were quantified using Scion Image V. 4.0.2 (Scion Corporation, Frederick, 

Maryland) 

13C-NMR analyses of fumarate metabolism in CFE  
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13C-NMR analyses were performed using a Varian Gemini 2000 spectrometer 

operating at 50.38 MHz for carbon.  Experiments were conducted with a 5 mm dual 

probe (35 º pulse, l sec relaxation delay, 8 kilobytes of data).  Chemical shifts were 

referenced to shifts of standard compounds obtained under the same conditions.  

Membrane CFE equivalent to 2 mg/mL of proteins obtained after 24 h of growth from a 

citrate medium and 30 h from an Al-stressed medium were placed in a phosphate buffer 

(10 mM phosphate, 5 mM MgCl2 and 10% D2O; pH 7.0).  The reaction was initiated in 1 

mL conical tubes by addition of 20 mM fumarate to both fractions. Following a 2 h 

incubation at room temperature, the membrane fractions were heated to 60 ºC for 5 min 

then frozen overnight, spun at 18,000 g for 15 min and subjected to 13C NMR proton 

decoupled analyses.   
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Results 

Fumarase (FUM) and Al stress 

 Since FUM contains Fe in its active site and since Al affects Fe proteins, this 

enzyme was studied under Al-stress. It was found that this Fe-containing enzyme was 

different in Al-stressed cells compared to control cells. Figure 21 shows the appearance 

of a possible isozyme in the membrane component of CFE isolated from Al-stressed 

cells. The molecular mass of this band corresponded to that attributable to FumC, the 

non-Fe containing isozyme (Weaver et al., 1998). This enzyme was barely discernable in 

the control cultures. FumA, the Fe-dependent FUM, was markedly diminished in activity 

and protein concentration in the Al-stressed membranes (Figure 22). FumA activity 

decreased with the concentration of Al in the media; 10 and 15 mM showed almost no 

activity (Figure 23). In a 15 mM Al culture, FumA activity was detected after 45 and 60 h 

of incubation (Figure 24), only after the sequestration of Al as an insoluble lipid residue 

(Hamel and Appanna, 2003). 

 To investigate if Fe deprivation and/or ROS production triggered by Al was 

causing the change in FUM expression, Al-stressed cells were incubated for 6 h in a 

citrate-menadione medium, a citrate medium in the presence and absence of Fe, 

respectively. It is evident that the band corresponding to FumC was more prominent in 

the Al-stressed culture (Figure 25). 

 When fumarate was incubated with the membrane CFE of both citrate and Al-

citrate peaks at 41 and 69 ppm attributable to malate were evident with 13C-NMR 

spectroscopy (Figure 26). This points to the presence of fumarase activity in both 

cultures. 
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Figure 21. BN-PAGE activity stain of FUM in CFE membranes. Lane 1: citrate medium; 

2: Al-citrate medium. Band B: FumC (no Fe) and band A: FumA (Fe-containing). 

 

 

Band A 

Band B 

2 1



 62

         1                                                                                 2 

 

Figure 22. 2D BN-PAGE analysis of FumA in the membrane CFE. Panel A: 2D BN-

PAGE activity stain. Panel B: Silver stain after 1D BN-PAGE and 2D SDS-PAGE. Slabs 

of gel from the 1D corresponding to FumA activity were soaked in 1% SDS and 1% β-

mercaptoethanol for 2 h before running the 2D. Lane 1: citrate medium; 2: Al-citrate 

medium.
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Figure 23. Influence of Al on FUM activity in membrane CFE as monitored by BN-

PAGE. Lane 1: citrate medium; 2: Fe-citrate; 3-7: citrate media with 0.1, 1.0, 5.0, 10.0 

and 15.0 mM Al, respectively.

76 5432 1 
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Figure 24. Activity stain of FumA during growth of P. fluorescens. Lanes 1-5 represent 

15, 20, 25, 35 and 45 h of growth in a citrate medium, respectively. Lanes 6-10 represent 

20, 25, 35, 45 and 60 h of growth in an Al-citrate medium, respectively. Intensities were 

quantified using Scion Image software.  Relative areas of the bands are given.

109 8 76543 2 1 



 65

 

Figure 25. BN-PAGE analysis of FUM activity in membrane CFE from cells grown in 

various media. Lane 1: citrate medium; 2: Al-citrate medium; 3-5: Al-stressed cells 

exposed to menadione, Fe and citrate media for 6 h, respectively. Band B: FumC (no Fe) 

and band A: FumA (Fe-containing).
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Figure 26. 13C-NMR spectra of fumarase activity. A: membrane CFE from control cells 

incubated with fumarate for 2h; B: membrane CFE from Al-stressed cells incubated with 

fumarate for 2 h; C: fumarate standard; D: malate standard.
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Succinate dehydrogenase (SDH) and Al stress 

 Since ICL activity is increased in Al-stressed cells (Figure 27) and since it has 

been hypothesized to provide glyoxylate that fuels the synthesis of oxalic acid, a key 

metabolite in the detoxification of Al (Hamel and Appanna, 2003), it was important to 

understand how succinate, the other product of this enzymatic cleavage was metabolized. 

Hence, the role of SDH was examined. SDH contains several Fe-containing subunits and 

may be a potential target of Al toxicity. When exposed to Al, SDH activity decreased 

markedly (Figure 28). BN-PAGE (Figure 29) and NMR (Figure 30) confirmed this 

observation. The decrease appeared to be due in part to diminished protein expression, as 

revealed by Western blot analysis (Figure 31). Al-stressed cells were exposed to a citrate 

medium with menadione, a citrate-Fe medium and a citrate medium in an effort to probe 

the significance of Fe and ROS in this process. While in the citrate medium and Fe-

enriched cultures, SDH activity was observed, in the menadione culture SDH activity was 

indiscernible (Figure 32). SDH activity was found to be sensitive to Al concentrations in 

the growth medium (Figure 33). At 5 mM Al SDH activity was negligible compared to 

control. 10 and 15 mM Al show no SDH activity whatsoever. The lower activity 

appeared to be constant throughout Al cultures when compared to control (Figures 34 and 

35). Activity did not improve even after 60 h of incubation. 
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Figure 27. BN-PAGE of ICL activity and protein concentration in the soluble component 

of CFE. Panel A: activity stain of ICL. Panel B: Coomassie stain. Lane 1: citrate medium. 

Lane 2: Al-citrate medium. Altered from the Ph.D. thesis of Robert Hamel, University of 

Waterloo, 2003. 
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Figure 28. Specific activity of SDH in citrate (control) vs. Al-citrate (stress) membranes. 

Values are mean ± SD, n = 3.  Altered from the Ph.D. thesis of Robert Hamel, University 

of Waterloo, 2003. 
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Figure 29. Activity stain of SDH as revealed by BN-PAGE. Panel A: lane 1: citrate 

medium CFE membranes; 2: Al-citrate medium CFE membranes. Panel B: dropout assay 

with CFE membranes from a citrate medium: lane 1: SDH activity reaction mixture 

without succinate; lane 2: SDH activity reaction mixture without INT and lane 3: SDH 

activity reaction mixture without PMS.
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Figure 30. 1H-NMR spectra of membrane CFE from Al and control cells incubated with 2 

mM succinate for 15 min. Panel A: Al-citrate membrane CFE. Panel B: citrate membrane 

CFE. Taken from the Ph.D. thesis of Robert Hamel, University of Waterloo, 2003.
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Figure 31. BN-PAGE followed by 2D SDS-Western blot of cells grown in citrate and Al-

citrate, respectively. Polyclonal antibodies raised against the iron-protein (Ip) subunit of 

SDH (30 kDa) were utilized (obtained from Dr. Lemire, University of Alberta). Lane 1: 

citrate medium; 2: Al-citrate medium. Note the marked diminished spot in Al-citrate 

medium.
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Figure 32. BN-PAGE analysis of SDH activity in membrane CFE obtained from different 

growth media. Lane 1: citrate medium; 2: Al-citrate medium; 3-5: Al-stressed cells 

exposed to menadione, Fe and citrate media for 6 h, respectively.
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Figure 33. Influence of Al and Fe on SDH activity as monitored by BN-PAGE. Lane 1: 

citrate medium; 2: Fe-citrate medium; 3-6: citrate media with 1.0, 5.0, 10.0 and 15.0 mM 

Al, respectively.

65 432 1 
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Figure 34. Specific activity of SDH during growth of P. fluorescens. Control cells (cells 

grown in citrate medium); Al-stress (cells grown in Al-citrate medium). (n=3) Altered 

from the Ph.D. thesis of Robert Hamel, University of Waterloo, 2003. 
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Figure 35. BN-PAGE analysis of SDH activity in citrate and Al-stressed P. fluorescens at 

various growth intervals. Lanes 1-5: cells grown in citrate medium (control) for 15, 20, 

25, 30 and 35 h, respectively. Lanes 6-10: cells from Al-citrate medium for 25, 30, 35, 45 

& 60 h, respectively. Intensities were quantified using Scion Image software.  Relative 

areas of the bands are given. 

10 9 876543 2 1 
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Al stress and Complex I 

 Another key metabolic and Fe-containing enzyme is Complex I. When exposed to 

Al, this enzyme also showed a decrease in activity and protein concentration (Figure 36). 

This decrease was dose responsive, as 10 and 15 mM Al affected activity much more 

than did lower concentrations of Al (Figure 37). The activity of Complex I decreased as 

bacterial growth progressed (Figure 38). Cultures obtained at 45 and 60 h had the least 

activity. When Al-stressed cells were transferred to a citrate medium with menadione, a 

citrate medium with Fe and a medium with citrate only, Complex I activity reappeared in 

the two latter cultures, but no such improvement was observed in the menadione culture 

(Figure 39).  
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Figure 36. BN-PAGE of Complex I. Panel A: activity stain. Panel B: 2D PAGE and 

silver stain of Complex I where 1D and 2D were BN-PAGE. Lane 1: membrane CFE 

from control culture; 2: membrane CFE from Al-stressed culture. Only activity bands 

from 1D were utilized for 2D. 
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Figure 37. Influence of various Al concentrations on Complex I activity as monitored by 

a BN-PAGE analysis. Lane 1: citrate medium; 2: Fe-citrate medium; 3-6: citrate media 

with 1.0, 5.0, 10.0 and 15.0 mM Al, respectively. 

 

65432 1 
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Figure 38. BN-PAGE analysis of Complex I activity in citrate and Al-stressed P. 

fluorescens at various growth intervals. Lanes 1-5: cells grown in citrate medium 

(control) for 15, 20, 25, 30 and 35 h, respectively. Lanes 6-10: cells grown in Al-citrate 

medium for 25, 30, 35, 45 & 60 h, respectively. Intensities were quantified using Scion 

Image software.  Relative areas of the bands are given.

109 8 76543 2 1 
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Figure 39. BN-PAGE analysis of Complex I activity in membrane CFE obtained from 

cells grown in different media. Lane 1: citrate medium; 2: Al-citrate medium; 3, 4 and 5: 

Al-stressed cells exposed to menadione, Fe and citrate media for 6h, respectively. 

 

5432 1 
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Al stress and Fe levels 

 Al is known to affect Fe-homeostasis in all Fe-utilizing organisms. The 

perturbation of FUM, SDH and Complex I are examples of Fe-containing enzymes that 

are perturbed by the presence of Al in the growth medium. Indeed, studies in our 

laboratory indicate that the level of Fe in Al-stressed cells is 6-fold lower than in control 

cells (Figure 40). Hence, the unavailability of Fe appears to be an important stress faced 

by Al-exposed organisms. 

 

 

 

 

 

 

 

 

 

 

Figure 40. Total Fe levels in soluble CFE as measured by the ferrozine assay. Taken from 

the M.Sc. thesis of Jeff Middaugh, Laurentian University, 2004.  
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α-ketoglutarate homeostasis and Al toxicity 

 NAD+-dependent isocitrate dehydrogenase (NAD+-ICDH) and Al stress 

When P. fluorescens was exposed to 15 mM Al the soluble, NADP+-dependent 

ICDH was found to have markedly increased activity (Figure 41). On the other hand, in 

the membrane CFE of cells grown in a citrate medium, NAD+-ICDH has more activity 

than the Al-citrate equivalent (Figure 42 A). This difference in activity did not appear to 

be related to inactivation of the enzyme, but was rather due to the expression of the actual 

protein. Indeed, 2D PAGE revealed less protein corresponding to ICDH in the Al-

stressed membrane CFE than in the control (Figure 42 B). The enzyme did not appear to 

be modified via phosphorylation as incubation with alkaline phosphatase did not improve 

the activity of ICDH in the Al-stressed cells (Figure 43). The activity of this enzyme was 

dependent on the concentration of Al in the growth medium (Figure 44) as 0.1 and 1.0 

mM Al did not appear to significantly affect the activity of the enzyme while marked 

changes were observed when the amount of Al in the growth medium was higher than 5 

mM. ICDH activity did not appear to vary significantly with incubation time. This 

enzyme had relatively low activity at various growth phases (Figure 45). When Al-

stressed cells were incubated in media containing menadione (a superoxide producer) for 

6 h there was no alteration in ICDH activity (Figure 46). However, Al-stressed cells 

subjected to either a citrate or Fe-rich citrate media for 6h underwent some improvement 

in the activity of ICDH.  
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Figure 41.  Effect of Al on NADP+-ICDH activity.  BN activity stains of soluble cell free 

extract (CFE) for ICDH. Lane 1 was citrate media soluble CFE and lane 2 was Al-

stressed media soluble CFE (Singh et al., submitted). Band A represents an isozyme only 

observed under Al-stress. 
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Figure 42. 2D PAGE analysis of NAD+-ICDH in the membrane CFE. Panel A: 2D PAGE 

in-gel activity staining (1D BN-PAGE and 2D CN-PAGE). Panel B: silver stain of 1D 

BN-PAGE followed by 2D SDS-PAGE. Slabs of gel from the 1D were soaked in 1% 

SDS and 1% β-mercaptoethanol for 2 h before running the 2D. Lane 1: citrate medium; 2: 

Al-citrate medium. 
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Figure 43. Activity stain of membrane-bound, NAD+-ICDH following incubation in 

alkaline phosphatase as monitored by BN-PAGE. Lane 1: membrane CFE from citrate 

medium; 2: membrane CFE from Al-citrate medium. 
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Figure 44. Influence of Al on NAD+-ICDH activity: a BN-PAGE analysis. Membrane 

CFE were analyzed. Lane 1: citrate medium; 2: Fe-citrate medium; 3-7: citrate media 

with 0.1, 1.0, 5.0, 10.0 and 15.0 mM Al, respectively.
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Figure 45. BN-PAGE analysis of membrane bound NAD+-dependent ICDH activity in 

citrate and Al-stressed P. fluorescens at various growth intervals. Lanes 1-5: cells grown 

in citrate medium (control) for 15, 20, 25, 30 and 35 h, respectively. Lanes 6-10: cells 

grown in Al-citrate medium for 20, 25, 30, 35 & 45 h, respectively. Intensities were 

quantified using Scion Image software.  Relative areas of the bands are given. 
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Figure 46. BN-PAGE analysis of NAD+-dependent ICDH activity in membrane CFE 

from different growth media. Lane 1: citrate medium; 2: Al-citrate medium; 3-5: Al-

stressed cells exposed to menadione, Fe and citrate media for 6 h, respectively.

5432 1 
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Effect of Al on α-ketoglutarate dehydrogenase (KGDH) 

 KGDH is a central enzyme in the TCA cycle and controls the concentration of α-

ketoglutarate, a key precursor in amino acid biosynthesis. This enzyme was severely 

impeded under Al stress. 2D BN-PAGE revealed that Al-stressed cells had only 

negligible activity and protein levels attributable to this enzyme (Figure 47). Again, as 

with ICDH, KGDH activity was found to be sensitive to the level of Al in the growth 

medium (Figures 48 and 49). As Al increased in the medium there was a marked decline 

in activity. 0.1 and 1.0 mM Al did not appear to have a significant effect while 10 and 15 

mM Al triggered a marked decrease in KGDH activity. When 20 µM Fe was present as a 

test metal, the activity was similar compared to the control cultures (Figure 48). In the Al 

cultures, the activity of KGDH was severely diminished until 60 h of incubation (Figure 

50). After this period an improvement was noticeable. 

 Since KGDH is affected by ROS and Al-stress can lead to increased intracellular 

ROS (Exley, 2004), Al-stressed cells were incubated in various media to see how KGDH 

activity would be affected (Table 6 and Figure 51). The pro-oxidant metals Ga and Al 

caused significant decreases in KGDH activity, whereas a non-redox active metal such as 

Ca had little impact on activity. Also, Al-stressed cells were transferred in menadione, 

Fe-supplemented and citrate (control) media for 6 h. In the menadione culture, KGDH 

activity was similar to that observed in the Al medium, i.e. a faint band corresponding to 

KGDH activity was observed. However, in the Fe-rich and citrate media the enzyme was 

prominent (Figure 51), thus pointing to a possible link between KGDH activity and ROS. 

To evaluate the notion that KGDH activity in Al-stressed cells was regulated at the 

transcriptional or translational level, chloramphenicol and rifampicin were used as 
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inhibitors. Cells were transferred in Al, chloramphenicol and rifampicin for 6 h and Al-

citrate cells were transferred in citrate, chloramphenicol and rifampicin for 6 h (Figure 

52). Chloramphenicol is an inhibitor of translation and rifampicin is a RNA polymerase 

inhibitor, thus the stage at which protein synthesis was affected may be probed. In this 

instance, no activity was observed when Al-stressed cells were transferred to control 

media with either of the inhibitors. An increase was evident in the control medium 

without inhibitors.  
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Figure 47. 2D BN-PAGE analyses of KGDH. Panel A: 1D and 2D BN-PAGE activity 

stain. Panel B: silver stain where 1D and 2D were BN-PAGE. Lane 1: membrane CFE 

from citrate medium; 2: membrane CFE from Al-citrate medium. 
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Figure 48. Influence of Al on KGDH activity in membrane CFE monitored by BN-

PAGE. Lane 1: citrate medium; 2: Fe-citrate medium; 3-7: citrate media with 0.1, 1.0, 

5.0, 10.0, 15.0 mM Al, respectively.

76 5432 1 
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Figure 49. Specific activity of KGDH as a function of Al concentration in the growth 

medium. Values are the mean of three experiments performed in duplicate. Taken from 

the Ph.D. thesis of Robert Hamel, University of Waterloo, 2003. 
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Figure 50. BN-PAGE analysis of KGDH activity in citrate and Al-stressed P. fluorescens 

at various growth intervals. Lanes 1-5: cells grown in citrate medium (control) for 15, 20, 

25, 30 and 35 h, respectively. Lanes 6-10: cells grown in Al-citrate medium for 20, 25, 

30, 35 & 45 h, respectively. Intensities were quantified using Scion Image software.  

Relative areas of the bands are given. 

10 9 8 76543 2 1 
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Table 6: KGDH activity in P. fluorescens cultures grown in media supplemented with 

various metals. Membrane fractions from CFE (0.2 mg protein equivalents) were 

incubated for 10 min with 0.3 mM α-ketoglutarate, 0.5 mM Coenzyme A and 0.5 mM 

NAD+. The consumption of α-ketoglutarate was monitored with the DNPH assay. Taken 

from the M.Sc. thesis of Robin Bériault, Laurentian University, 2004. 

Metal Specific activity (nmol/min/mg protein) (n=3) 
  
Control (no metal) 28.7 ± 0.6 
15 mM Al 15.1 ± 0.4 
1 mM Ga 10.0 ± 3.6 
0.1 mM Ga 11.2 ± 2.7 
1 mM Ga/20 µM Fe  5.1  ± 3.8 
1 mM Ca 27.1 ± 1.1 
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Figure 51. BN-PAGE analysis of KGDH activity in membrane CFE of different growth 

media. Lane 1: citrate medium; 2: Al-citrate medium; 3-5: Al-stressed cells grown in 

menadione, Fe and citrate media for 6 h, respectively.
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Figure 52. BN-PAGE analysis of KGDH activity in membrane CFE from various media. 

Lane 1: citrate medium; 2-4: cells from citrate medium incubated in Al, Al-

chloramphenicol and Al-rifampicin media for 6 h, respectively. Lane 5: Al-citrate 

medium; 6-8: Al-citrate medium cells incubated in citrate, chloramphenicol-citrate and 

rifampicin-citrate media for 6 h, respectively.
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Glutamate dehydrogenase (GDH) and Al stress 

 As KGDH was sharply reduced in Al-stressed cells, it was important to elucidate 

where α-ketoglutarate was diverted. GDH was the ideal candidate, as it is known to 

provide a link between carbohydrate and amino acid metabolism. In the Al-exposed cells, 

GDH activity was virtually absent (Figure 53 A). No band corresponding to GDH activity 

was evident in the Al-stressed membranes. The same was true for protein concentration 

of GDH, as revealed by a silver stain with 2D SDS-PAGE (Figure 53 B). GDH activity 

was found to be dependent on Al concentration in the growth medium (Figure 54). This 

enzymatic activity was barely evident in the Al-supplemented media. The decrease in 

GDH did not seem to vary with growth phases (Figure 55). In an effort to elucidate 

whether the decrease in GDH was directly related to Al and/or ROS, Al-stressed cells 

were transferred to a medium supplemented with menadione, a medium supplemented 

with Fe and a citrate medium. In the menadione culture, GDH activity was still 

depressed, while in the cells harvested from the control medium GDH activity was 

sharply increased (Figure 56).  
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Figure 53. 2D PAGE analyses of GDH in the membrane CFE. Panel A: in-gel activity 

stain where 1D was BN-PAGE and 2D was CN-PAGE; Panel B: silver stain where 1D 

and 2D were BN-PAGE. Lane 1: citrate medium; 2: Al-citrate medium. 
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Figure 54. Influence of Al on GDH activity as monitored by BN-PAGE analysis. 

Membrane CFE were analyzed. Lane 1: citrate medium; 2: Fe-citrate medium; 3-7: citrate 

media with 0.1, 1.0, 5.0, 10.0 and 15.0 mM Al, respectively. 

76 5432 1 
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Figure 55. BN-PAGE analysis of GDH activity in citrate and Al-stressed P. fluorescens at 

various growth intervals. Lanes 1-5: cells grown in citrate medium (control) for 15, 20, 

25, 30 and 35 h, respectively. Lanes 6-10: cells grown in Al-citrate medium for 25, 30, 

35, 45 & 60 h, respectively. Intensities were quantified using Scion Image software.  

Relative areas of the bands are given.

10 9 8 76543 2 1 
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Figure 56. BN-PAGE analysis of GDH activity in membrane CFE of different growth 

media. Lane 1: citrate medium; 2: Al-citrate medium; 3-5: Al-stressed cells exposed to 

menadione, Fe and citrate media for 6 h, respectively.

5432 1 
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α-ketoglutarate and detoxification of hydrogen peroxide (H2O2) 

 Since KGDH and GDH activities were decreased and NADP+-ICDH activity was 

increased, it is likely that the α-ketoglutarate produced was being involved in other 

processes. This dicarboxylic acid may react with H2O2 to generate succinate. The 13C 

NMR analysis (Figure 57) revealed the characteristic peaks of succinate, when 20 mM α-

ketoglutarate was incubated with 20 mM H2O2 in a phosphate buffer (pH 7.4). There was 

a direct relationship between α-ketoglutarate utilization and H2O2 decomposition 

(Bériault, 2004). Thus α-ketoglutarate may be contributing to the detoxification of H2O2. 

Indeed, when Ga-citrate, an Fe mimetic and trivalent metal with similar toxicity to that of 

Al (Exley, 2004) was incubated with soluble CFE of P. fluorescens, succinate peaks were 

evident (Figure 58: B and D). Such peaks were absent when citrate was the substrate 

(Figure 58: A and C). 
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Figure 57. 13C-NMR spectra of an α-ketoglutarate standard and the reaction between 

H2O2 and α-ketoglutarate. Panel A: α-ketoglutarate standard. Panel B: reaction between 

H2O2 and α-ketoglutarate. Peaks shown represent methylenes and carboxylic acids of 

succinate. 
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Figure 58. 13C-NMR spectra of membrane CFE from citrate or Ga-citrate media 

incubated with NAD+ and labeled citrate or labeled Ga-citrate. A: citrate medium 

incubated with labeled citrate and NAD+ for 1 h; B: citrate medium incubated with 

labeled Ga-citrate and NAD+ for 1 h; C: Ga-stressed cells incubated with labeled citrate 

and NAD+ for 1 h; D: Ga-stressed cells incubated with labeled Ga-citrate and NAD+ for 1 

h. Taken from the M.Sc. thesis of Robin Bériault, Laurentian University, 2004. 
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Metabolic fate of succinate 

 In Al-stressed cells, an increase in ICL activity, a decrease in SDH activity and 

the possible involvement of α-ketoglutarate in the elimination of H2O2 would contribute 

to a buildup of succinate. Hence, the metabolism of succinate in cells subjected to Al 

became an obvious subject of investigation. Succinate semialdehyde dehydrogenase 

(SSADH), an enzyme known to convert succinate into succinate semialdehyde was 

assayed by BN-PAGE. An increase in this enzyme was observed under Al stressed. This 

enzyme was also more prominent in cells obtained from a succinate medium (Figure 59).  
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   A      B 

            1                     2                    3                       4                      5                    6 

 

Figure 59. BN-PAGE of NAD+-SSADH activity. Lanes 1 and 4: membrane CFE from 

citrate medium; 2 and 5: membrane CFE from Al-citrate medium; 3 and 6: membrane 

CFE from succinate medium. Panel A was incubated with succinate and NADH whereas 

panel B was incubated with NADH alone. 
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Discussion 

The data point to a striking perturbation of the Fe-proteins, specifically those 

associated with energy production, in the Al-stressed P. fluorescens. FUM, an Fe-S 

cluster containing enzyme, plays a key role in the TCA cycle. There are three forms of 

FUM in prokaryotes: FumA, FumB and FumC. FumA and FumB, the class I FUMs, are 

heat-labile, Fe-dependent, 4Fe-4S cluster-containing homodimeric proteins with an 

approximate molecular mass of 120 kDa, whereas FumC is a class II FUM which is an 

Fe-independent, thermostable, homotetrameric protein with an approximate molecular 

mass of 200 kDa (Kulkarni et al., 2004; Weaver et al., 1998). Typically, aerobic cells 

utilize FumA and anaerobic cells utilize FumB, but under Fe-deprivation and/or ROS 

stress, FumC, the Fe-independent enzyme appears to be prominent (Fuentes et al., 2001). 

Since Al can mimic Fe-deprived conditions (Roy and Chakrabartty, 2000) and is known 

to be a pro-oxidant (Exley, 2004), it is not surprising that a second FUM band appeared 

in the Al-stressed cells. The higher molecular mass may suggest FumC. The Fe-

containing FumA showed little to no activity under Al stress as the protein level of this 

enzyme was negligible. This decrease in FumA activity was directly proportional to the 

concentration of Al in the medium. Thus, the microbe appears to have switched to an Fe-

independent enzyme in an effort to metabolize fumarate. 13C-NMR and colourimetric 

(not shown) data indicated that the FUM activity in the Al-stressed cells was comparable 

to that of control cells. Peaks indicative of malate were evident. The adaptation strategy 

to invoke an alternative FUM is common in biological systems, as organisms 

proliferating in oxidative environments and/or in the absence of Fe express FumC to 

survive (Fuentes et al., 2001). For instance, glycolaldehyde, a moiety that causes 
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oxidative stress in a superoxide dismutase-deficient E. coli mutant, induces FumC 

through the soxRS regulon (Benov and Fridovich, 2002). Also, E. coli treated with an Fe 

chelator expressed a FumC induced through SoxR alone (Fuentes et al., 2001). In our 

system, a similar response was triggered due to Al, a metal known to promote ROS and 

Fe-deprivation. This tendency was reversed when Fe was included in the culture. 

FUM and aconitase (Middaugh et al., in press) are not the only Fe-containing 

enzymes to be downregulated under Al stress. Succinate dehydrogenase (SDH) contains 

three Fe-S clusters and haem b. Al and Fe compete for the negatively charged oxygen 

groups of membranes and for a variety of other oxygen-containing ligands such as 

carboxylic acids that are ubiquitous (Zatta et al., 2002). Since 15 mM Al is supplemented 

in the medium but Fe is only present at 2 µM, Fe-containing proteins would be negatively 

affected by this competition. Furthermore, this duality between Fe and Al would lead to 

increased free Fe which in turn leads to ROS production (Zatta et al., 2002). The Fe 

within SDH would therefore make for an easy target of the Al-induced ROS. In addition, 

when the vicinal thiol groups are oxidized, SDH loses activity (Soares et al., 2003). 

Indeed, Al has already been shown to decrease SDH activity in male Wistar rats treated 

with AlCl3 (Nayak, 2002). In the present study a marked decrease in SDH activity was 

observed. The diminution of SDH activity was concomitant with a decrease in the 

expression of this protein. Under Al stress, the diminished SDH activity also seemed to 

be linked to an Fe deficiency. When Al-stressed cells were incubated in an Fe-rich 

medium there was a large increase in SDH activity. Al-stressed cells that were exposed to 

menadione showed further decrease in SDH activity, thus pointing to two possibilities for 

loss of SDH activity, Fe-deprivation and/or ROS. SDH activity was dependent upon the 
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concentration of Al in the culture medium. The higher the concentration of Al, the lower 

the activity of SDH. Also, the activity of SDH was lower at every phase of cellular 

growth. The reason for this decreased activity may be attributed to either Fe-deprivation 

and/or ROS production as a result of Al in the culture medium. Perhaps fumarase may be 

compensating for depressed SDH activity. However, other interesting possibilities for 

succinate metabolism involving succinate semialdehyde dehydrogenase (SSADH) and/or 

the production of siderophores will be explored later. 

 Another Fe-containing enzyme that is part of the electron transport chain (ETC) 

was also studied. Complex I contains one FMN and 8 or 9 tentatively identified Fe-S 

clusters. This enzyme is an important source and target of reactive oxygen species (ROS) 

(Brown and Borutaite, 2004; Yano, 2002). The pro-oxidant properties of Al along with its 

deleterious effects on membranes could be the cause for decreased Complex I activity 

and protein levels, since this protein possesses several Fe-S clusters and it is an integral 

part of the bacterial cytoplasmic membrane. This decrease in activity was directly 

proportional to the concentration of Al within the culture medium. When Al-stressed cells 

were examined for Complex I, activity declined as the culture progressed. The decrease 

in both Complex I and SDH is significant as these two proteins are intimately involved in 

cellular energy production. Complex I activity is a major rate-limiting step in 

mitochondrial oxidative phosphorylation (Ventura et al., 2002). Hence, in Al-stressed 

cells a drastic reduction in ATP production via oxidative phosphorylation is a distinct 

possibility.  
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Figure 60. Summary of modifications to Fe-containing enzymes studied. 

The scheme outlined above (Figure 60) may be an adaptive mechanism to counter further 

production of ROS via the ETC. As for the fate of the NADH being produced in the cell, 

there is already little NADH being produced as most NAD-producing enzymes studied 

showed very little activity. However, there could still be an accumulation of NADH, a 

situation that may prevent ATP production catalyzed by substrate-level phosphorylation. 

Hence, it is tempting to propose that the NADH/NAD+ may be regulated either by non-

ETC oxidation of NADH and/or the formation of NADPH mediated by 

transhydrogenases (Sauer et al., 2004). The latter would contribute to a reductive 

environment and to the production of lipids. These situations would indeed help nullify 

the toxic influence of Al.  

With all the Fe-proteins being perturbed by Al stress, why would a cell have an 

alternative FUM, but not other alternative enzymes for Complex I or SDH? This may 
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have to do with the functions of these enzymes. Both Complex I and SDH are a part of 

the ETC and they require Fe to transfer electrons for oxidative phosphorylation (Yano, 

2002; Lancaster, 2003). Furthermore, the ETC leads to production of ROS, especially 

defective Complex I (Yano, 2002). Hence, their downregulation would necessitate less Fe 

and lead to less ROS stress. FUM, on the other hand, is a dehydratase and it does not 

produce ROS. However, no alternative form of aconitase, another dehydratase, has been 

observed in Al-stressed cells (Middaugh et al., submitted). Aconitase acts as a regulatory 

factor for cellular Fe (Cairo et al., 2002) but FUM has no such dual function. Evolution 

may have chosen aconitase to regulate the TCA cycle and Fe levels, while FUM with no 

known role in Fe homeostasis, operates as an independent enzyme in oxidative or Fe-

deprived environments.  

This pro-oxidant and Fe-deprivation-causing metal also affected other non-Fe 

containing enzymes. One such enzyme is isocitrate dehydrogenase (ICDH), which can 

either utilize NADP+ (E.C. 1.1.1.42) or NAD+ (E.C. 1.1.1.41) as cofactors. During 

aerobic growth on glucose, 20-25% of the NADPH required for biosynthesis in E. coli 

was produced via NADP+-ICDH (Sauer et al., 2004). Since citrate is used as the sole 

carbon source for P. fluorescens in our system, the NADP+-ICDH may provide an even 

higher percentage of NADPH for the organism than did the glucose system. When 

exposed to Al stress, P. fluorescens showed higher NADP+-ICDH than in the control 

medium (Hamel et al., 2004). The higher activity, thus higher production of NADPH, 

helps quell the need for reducing equivalents required for the biosynthesis of PE, 

essential in the efflux of Al from the cell. The overexpression of an isozyme has been 

reported (Singh et al., submitted). However, the NAD+-ICDH appeared to have little or 
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no activity in cells exposed to Al stress. This decrease in activity appeared to be due to 

lower expression of the protein. In this instance, ICDH was not regulated by 

phosphorylation (Eikmanns, et al., 1995), as treatment with alkaline phosphatase did not 

improve enzymatic activity. The diminished activity was also directly proportional to Al 

concentration within the culture medium. In addition, there seemed to be no need for 

NAD+-ICDH at any point in cellular growth as its concentration was low. ICDH seems to 

be geared for NADPH production alone, possibly for lipid biosynthesis and/or ROS 

defence.  

 Thus it is likely that isocitrate is directed towards NADP+-ICDH in an effort to 

produce NADPH, a critical component in the Al-stressed environment. Furthermore, an 

increase in membrane ICDH would have led to an increase in NADH production, a 

situation that would further exacerbate the oxidative environment by generating ROS. By 

diverting isocitrate, the cell produces NADPH without compromising the formation of α-

ketoglutarate, a metabolite that may act as an antioxidant and help produce energy 

(Bériault, 2004). 

 KGDH is a key TCA cycle enzyme for the production of NADH and utilizes α-

ketoglutarate as a substrate. This enzyme complex is invariably composed of 3 subunits: 

α-ketoglutarate dehydrogenase (E1), dihydrolipoyl succinyltransferase (E2) and 

dihydrolipoamide dehydrogenase (E3) in the following protein ratios: 1E1:2E2:1E3 

(Dastoor et al., 1997). It is ROS-sensitive (Schoonen et al., 1990), as sulphydryl groups 

of the FAD-containing E2 and its sulphydryl-containing coenzymes i.e. lipoic acid, make 

KGDH particularly vulnerable to free radicals (Gibson et al., 2000). Diminished KGDH 

activity was directly proportional to increasing Al. There was lower activity in the Al-
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stressed bacterial cultures and only at 60 h, when all of the Al was effluxed from the cell, 

did activity begin to reappear. Al is not the only metal to affect KGDH activity, Ga has 

also been shown to severely affect this enzyme, whereas an innocuous, redox inactive 

metal such as Ca did not significantly modify KGDH activity. It is important to note that 

in vitro studies have shown that AlCl3 has a stimulatory influence on KGDH activity 

(Hamel and Appanna, 2001), thus the modulation in activity is not direct but by some 

indirect biochemical process. Menadione, a generator of superoxide, also had a negative 

effect on this enzyme. When control cells were transferred to a menadione-containing 

medium, low KGDH activity was recorded. The concentration of this protein was 

regulated at the transcriptional, and not at the translational level, a situation common to 

most organisms. For instance, the transcription initiation of the sucA gene from 

Rhodobacter capsulatus, which encodes the E1 protein, is influenced by the levels of 

oxygen in the culture medium (Dastoor et al., 1997). Thus, although there is an increase 

of α-ketoglutarate being produced under Al stress, the primary enzyme that metabolizes 

it, KGDH, is down. The question therefore arises whether α-ketoglutarate is targeted for 

glutamate production. GDH is a key mediator of this process. This enzyme is the bridge 

between carbon and nitrogen metabolism in all organisms (Lebbink et al., 1999). GDH, 

just as ICDH, can either utilize NAD+ (E.C. 1.4.1.2) or NADP+ (E.C. 1.4.1.3) as 

cofactors. Typically, NADP+-linked GDH is used for reductive biosynthesis, whereas the 

NAD+-linked GDH is used for oxidative degradation (Lu and Abdelal, 2001). 

 Under Al stress, NAD+-GDH showed a marked diminution in activity as well as 

protein levels. The enzyme was very sensitive to Al concentrations in the growth 

medium. The decrease in GDH activity did not appear to vary as cellular multiplication 
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progressed. When menadione or Fe was added to Al-stressed cells there was no 

detectable change in NAD+-GDH activity. The decrease in activity and protein of both 

KGDH and GDH presents an interesting dilemma. Although there is increased α-

ketoglutarate production via enhanced activity of NADP+-ICDH, the two main enzymes 

involved in its metabolism are severely impaired (Figure 61).  
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Figure 61. Overproduction of α-ketoglutarate in Al-stressed P. fluorescens. 

The possibility that this metabolite is utilized as a possible scavenger is a distinct 

possibility.   

When P. fluorescens cells exposed to Al were incubated with citrate, succinate 

peaks appeared. Interestingly, the labeling pattern of the metabolites points to the non-
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enzymatic decarboxylation of α-ketoglutarate to succinate, as both KGDH activity and 

protein concentrations were negligible (Figure 62).  
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Figure 62. Labeling pattern of succinate production. 

In Al-stressed cells, both high H2O2 production and low catalase activity have 

been reported (Zámocký and Koller, 1999; Singh et al., submitted). This strategy to 

detoxify H2O2 appears to be very efficient. The α-ketoacid, pyruvate has been shown to 

nullify the threat of H2O2 in Giardia intestinalis, a parasite that lacks catalase and other 

peroxidases. In this instance, pyruvate neutralized the H2O2 (Biagini et al., 2001). A 

decrease in KGDH will lead to less NADH production and hence less ROS and the 

detoxification of H2O2 will produce succinate that may be further metabolized. It is 
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important to note that this reaction will not involve NADPH. Hence, by reconfiguring the 

TCA cycle the organism is modulating the homeostasis of ROS.  

With an increase in ICL and with succinate being produced by the non-enzymatic 

oxidative decarboxylation of α-ketoglutarate, there is undoubtedly an increase in 

succinate production in P. fluorescens under Al stress. Since SDH activity and protein 

expression are down, alternative routes to succinate utilization may be operative (Figure 

63). 
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Figure 63. Overproduction of succinate in Al-stressed P. fluorescens. 

An important succinate metabolizing enzyme is succinyl-CoA synthetase (SCS). 

This leads to production of succinyl-CoA, a key metabolite acting as a link between 
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succinate and fatty acid metabolism (Wolff et al., 1993). The activity of SCS under Al 

stress was comparable to control (data not shown). This is interesting as SCS is 

transcriptionally regulated by the upstream sdhC promoter, the same one that regulates 

KGDH (Park et al., 1997). The possibility that KGDH and SCS expression are uncoupled 

indicates a genuine requirement for SCS. With SCS activity from Al-stressed cells being 

on par with control, other succinyl-CoA metabolizing enzyme may be activated. This 

enzyme may be succinate semialdehyde dehydrogenase (SSADH). The NAD+-dependent 

isozyme of SSADH showed increased activity under Al stress. This lends support to the 

hypothesis that succinate is going to fatty acids, as the requirement for lipids in Al-

stressed P. fluorescens is high (Hamel and Appanna, 2003). Figure 64 is a potential route 

for lipid synthesis, where succinate can potentially go directly to succinate semialdehyde 

or through a succinyl-CoA intermediate.  
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Figure 64. Metabolic fate of succinate (adapted from Wolff et al., 1993). 

Legend: SCS: Succinyl-CoA synthetase; SSADH: Succinate Semialdehyde  
Dehydrogenase; HGDH: 4-Hydroxybutanoate Dehydrogenase 

 
4-hydroxybutanoate can be converted to acetoacetyl-CoA via several steps, which 

results in fatty acid biosynthesis (Payne et al., 1979). As previously mentioned, Al is 

effluxed from Al-stressed P. fluorescens bound to oxalate and phosphatidylethanolamine 

(Hamel and Appanna, 2003). Therefore, lipids are important in the detoxification of Al in 

this system and their increased production may be an essential strategy P. fluorescens 

invokes to survive.  



 123

However, another possibility for succinate may be its involvement in siderophore 

production. The yellow-green, water-soluble, fluorescent pigment of the fluorescent 

Pseudomonas species is a powerful Fe3+ scavenger and an efficient Fe3+ transporter. 

These Fe chelators, known as pyoverdines, are synthesized under Fe-starvation and the 

ferripyoverdine complex is actively transported into the bacterial cell (Meyer, 2000). α-

ketoglutarate, succinamide or succinate have been found in the structures of pyoverdines, 

depending on the isoforms (Budzikiewicz, 1993). 

Thus, it may be likely that succinate, or its derivatives, are utilized in the chelation 

of Fe. The possibility that these moieties may also play a role in the detoxification of Al 

is conceivable. Indeed, an aluminophore comprising of citrate has been reported in P. 

fluorescens exposed to Al in a medium with 0.64 mM phosphate was observed (Appanna 

et al., 2003). Thus, the buildup of succinate that can arise from the decomposition of α-

ketoglutarate by H2O2 and the enhanced activity of ICL may be channeled towards 

energy production via MDH, lipid synthesis and/or the elaboration of Fe and/or Al 

chelators (Figure 65). 
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Figure 65. A global view of Al-induced changes in P. fluorescens.
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Conclusions 

P. fluorescens has undergone a major metabolic shift to adapt to the dangers 

posed by Al toxicity. The Fe-deprived condition triggered by Al has been averted by 

decreased expression of SDH and Complex I and the increased production of FumC, a 

non-Fe requiring enzyme. In an effort to create a reductive environment to counter the 

oxidative environment promoted by Al, NAD+-ICDH was markedly diminished while 

NADP+-ICDH was enhanced in Al-stressed cells. A further reduction in the ability of the 

TCA cycle to generate NADH was attained by the severely decreased activity and 

expression of KGDH. The manipulation of the TCA cycle helps decrease the formation 

of NADH, a potential generator of ROS and increase α-ketoglutarate, a scavenger of 

H2O2. Thus, the modulation of the TCA cycle may be an important mechanism organisms 

utilize to regulate the cellular redox potential. The increased succinate production 

promoted by this metabolic shift appears to be targeted towards (i) energy production via 

MDH, (ii) lipid synthesis and/or (iii) Fe/Al chelators.  
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