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Abstract 
 
 The goal of this study was to evaluate the metabolic strategy invoked by 

Pseudomonas fluorescens to survive decreased aconitase (Acn; E.C. 4.2.1.3) activity 

elicited by aluminum (Al).  Al is known to interfere with Fe homeostasis, by limiting the 

bioavailability of Fe, and creates an oxidative environment.  As a result, Acn an Fe-

dependent and oxygen-sensitive enzyme was severely impeded.  13C NMR studies 

revealed an olefinic peak attributable to aconitate upon incubation of the soluble cell-free 

extract (CFE) from the control cells with citrate while such a peak was not evident in the 

CFE from Al-stressed cells.  BN-PAGE (blue native polyacrylamide electrophoresis) 

analysis indicated an inversed relationship between Al concentration and Acn activity.  

However, immunoblotting and two dimensional (2D) BN-PAGE activity staining 

techniques revealed no significant correlation between Al and Acn protein levels.  

UV/Vis spectroscopy demonstrated that the [4Fe-4S] cluster of Acn, essential for 

enzymatic activity was perturbed.   The decrease in Acn activity and the increase in 

reactive oxygen species (ROS) production were countered by a major metabolic 

reconfiguration.  The increased activity of two NADP+-dependent isocitrate 

dehydrogenases (IDH; E.C. 1.1.1.42) and isocitrate lyase (ICL; E.C. 4.1.3.1) enabled the 

organism to metabolize citrate by promoting isocitrate degradation even when Acn was 

markedly diminished.  Further protection from the oxidative environment appeared to be 

mediated by the increased production of the antioxidant NADPH via G6PDH and 6PGDH 

in Al-challenged cells.  Hence a major metabolic shift appears to be initiated by P. 

fluorescens in an effort to nullify the toxic influence of Al and ensure its survival. 
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Introduction 

Metals play a vital role in numerous biochemical processes and form an integral 

part of all living organisms.  The unique properties of metals allow them to be involved in 

electron transfer, cellular signalling, neurotransmission, osmotic regulation, and the 

structural stability of proteins.  Metals such as iron, calcium and zinc are prime examples 

of inorganic moieties that are important in cellular processes.  Iron is essential for life 

since it participates in such processes as oxygen transport, tricarboxylic acid (TCA) cycle, 

DNA biosynthesis, photosynthesis, N2 fixation, methanogenesis, H2 production and 

consumption, and respiration (Andrews et al. 2003).  The properties and its abundance 

(fourth most abundant metal of the earth’s crust), make iron the ideal choice for the 

aforementioned processes.  Depending on the location and environment within the cell, 

iron can occupy different spin states, oxidation states and can have redox potentials that 

may span from -300 to +700mV (Beinert et al. 1997).  Thus, acquiring and maintaining a 

homeostatic balance of iron within all living organisms is a prerequisite for cellular 

proliferation and survival.   

Before the atmosphere was occupied by oxygen, the bioavailability of iron was 

high.  It was found in its ferrous state at concentrations up to 0.1M at pH 7.0, thus it was 

readily accessible to living systems.  Since iron was readily utilized by organisms as a 

prosthetic group because of its chemical properties, life evolved to be dependent on this 

multivalent metal.  As the atmosphere became oxidative the majority of iron found within 

the earth’s crust was oxidized to its ferric state thus becoming insoluble (10-18M at pH 

7.0) and unavailable to iron-dependent organisms (Touati 2000).  Thus, living systems 

developed intricate biochemical strategies to acquire and regulate this essential metal.  
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Both prokaryotes and eukaryotes have evolved unique mechanisms to maintain iron 

homeostasis.   

Bacterial Iron Transport and Storage 

 Bacteria do possess numerous strategies that aid them in regulating iron.  Some of 

these include high affinity transport, deposition of intracellular iron stores to supply iron 

when external iron is scarce, and the down-regulation of iron containing proteins in order 

to limit iron consumption.  Since iron is potentially toxic, cells must balance the need for 

iron from the environment, with maintaining safe levels of iron within the cell.  Bacteria 

produce high affinity ferric chelators called siderophores.  Siderophores are secreted into 

the extracellular environment where they solubilize iron in order to transport it across the 

cellular membrane.  Siderophores are characterized by having relatively small molecular 

weights (< 1000 Da) (Ratledge and Dover 2000), and by their high specificity and affinity 

towards ferric iron.  When a bacterium is exposed to an environment that has limited iron, 

the microbe will increase the production of siderophores and thus augment the uptake of 

iron.  Hydroxamates, and catechols are extremely effective iron chelators and are 

typically found as intricate structural components of siderophores.  They have the ability 

to form tight hexadentate octrahedral complexes with ferric iron (Winkelmann 2002).  

Most siderophores are classified by their iron chelating components, such as enterobactin 

and ferrichrome (figure 1), which belong to the catecholate and hydroxamate families, 

respectively.  The structural nature of a siderophore indicates the mechanism by which it 

is synthesized.  Most are synthesized from precursors such as citrate, amino acids, 

dihydroxybenzoate and N5-acyl-N5-hydroxyornithine (Winkelmann 2002).  The 

synthesis of siderophores is similar to that of peptide antibiotics in that they are 

synthesized via non-ribosomal peptide synthetases.  Once siderophores are synthesized 
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they are secreted from the cell using specific transporters where they can scavenge iron 

(Koster 2001).   

 

Figure 1.  Structures of common siderophores, enterobactin and 
ferrichrome (Andrews et al. 2003). 

 

 Once the iron is scavenged by the siderophores, it is subsequently internalized for 

use as a metal cofactor in the cell.  The ferri-siderophore complexes are very large and 

polar thus, they are not transported easily across the membrane.  In gram-negative 

bacteria the complexes have to cross the outer-membrane and the cellular membrane, as 

well as crossing the periplasmic space. Porins located in the outer membrane are too 

small for the complexes to pass; hence, there are specialized receptors for the ferri-

siderophore complexes.  These high affinity (Kd 0.1-100nM) specialized transporters are 
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relatively conserved amongst gram-negative bacteria for they are related to the known 

transporters (FepA, FecA and FhuA) for which crystal structures have been assigned 

(Ferguson et al. 1998; Buchanan et al. 1999; Ferguson et al. 2002).  These outer 

membrane receptors are not found under iron-sufficient conditions and are produced 

when iron in the environment is limited.  This regulatory mechanism is thought to aid 

against bacterial toxins and viruses that may be able to enter through the channels.  

Energy is required for the ferri-siderophore complex to be transported through the outer 

membrane.  This energy is provided by the charge gradient across the cellular membrane.  

The energy is transferred to the outer membrane receptor via the TonB-ExbB-ExbD 

system.  ExbB and ExbD are transmembrane proteins and are located in the cellular 

membrane (Larsen et al. 1994; Higgs et al. 1998).  It is believed that they use the electro-

chemical gradient across the cellular membrane to energize TonB which in turn causes a 

conformational change in the outer membrane ferri-siderophore receptor (Wooldridge et 

al. 1992).  Once the ferri-siderophore complex is translocated across the outer membrane 

it is bound to a protein that acts as a shuttle across the periplasmic space and delivers the 

complex to a permease located in the cellular membrane.  The permease found in the 

cellular membrane is of the ABC family of permeases, in that it contains two homologous 

integral membrane proteins and two peripheral proteins located at the cytoplasmic 

interface.  The ABC permease utilizes the energy from ATP hydrolysis to transport the 

ferri-siderophore complex into the cell (Koster 2001).  In gram-positive cells the 

internalization of the ferri-siderphore complexes is similar to the final step of the gram-

negative system.  They invoke the participation of a membrane anchored binding protein, 

which has a high affinity towards the ferri-siderophore complex, and brings the complex 

in proximity to the ABC permeases.  Upon entry into the cell the ferri-siderophore 
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complex is reduced by ferric reductases (Fontecave et al. 1994), thus releasing the iron 

from the siderophore, which is either recycled or degraded by the cell.  Once the iron is 

released from the complex it is incorporated into proteins as prosthetic moieties such as 

Fe-S clusters or heme groups.  It may also be stored by iron storage proteins or 

maintained within the labile iron pool.  The iron transport mechanisms for both gram 

positive and gram negative bacteria are shown in figure 2.   

 

 

 

Figure 2.  Schematic representation of siderophore assisted iron uptake 
in gram-negative (A) and gram-positive (B) bacteria (Andrews et al. 
2003). OM= Outer Membrane, CM= Cellular Membrane 

 

 Iron that is not used for metabolic processes as a prosthetic part of proteins or as a 

structural motif, must be stored because of its redox capabilities.  Bacterial systems have 

three recognized iron storage proteins: the ferritins, also found in eukaryotes, the heme 
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containing bacterioferritins, and the smaller Dps proteins.  All three types of proteins can 

exist in a single bacterium (Andrews 1998).  Their architecture allows them to store large 

amounts of iron.  Their multiple subunits (24 for ferritins and bacterioferritins, 12 for the 

Dps proteins) form a spherical shell around a cavity which allows for iron storage.  This 

unique structure stores 2000-3000 iron atoms in the ferritins and bacterioferritins.  The 

smaller Dps molecule can store approximately 500 iron atoms(Andrews 1998).  Within 

the storage proteins the iron is not stored in its soluble ferrous form.  Once the ferrous 

iron is taken up by the protein, an internal ferroxidase activity catalyzes the formation of 

ferric deposits within the central cavity (Ilari et al. 2002).   

 

Mammalian Iron Transport and Storage 

There are three systems by which mammalian cells uptake iron; the redox system, 

which relies on the reduction of iron, the transferrin receptor (TfR)-mediated endocytosis, 

and Tf-independent iron uptake (Tf-IU) systems (Sturrock et al. 1990; Randell et al. 

1994; Pakdaman and El Hage Chahine 1996).  The molecular mechanisms of Tf-

independent iron uptake are not completely understood. However, there is sufficient 

experimental data supporting Tf-IU in many mammalian cell lines including cardiac 

myocytes and fibroblasts (Liu et al. 2003).  The redox system is similar to TfR-mediated 

endocytosis (to be discussed later) thus; it is dependent on the binding of 2Fe3+ to 

transferrin in the extracellular environment.  Once bound the Fe2Tf complex interacts 

with the TfR which is located near a proton and electron pumping NADH:Tf 

oxidoreductase.  Proton efflux is used to destabilize the Fe3+-Tf interaction and allows for 

the reduction of Fe3+ to Fe2+.  Once iron is in its Fe2+ oxidation state it binds to a 

membrane binder and is transported into the cell by a transporter, such as the divalent 
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cation/metal ion transporter (DCT1) (Thorstensen and Romslo 1988; Oshiro 2003).   The 

Tf-IU and redox iron uptake pathways are shown in figure 3. 

 

Figure 3.  Schematic representation of Tf-IU and redox iron uptake.  
Tf= transferrin, TfR= transferrin receptor (Oshiro 2003). 

 

 The TfR-dependent iron uptake mechanism is very complex and tightly regulated 

within mammalian systems.  The mechanism utilizes many different components to bring 

iron into the cell such as; transferrin, transferrin receptor, Fe transporters, and ferric 

reductases.  Transferrins are single chained glycoproteins of about 80kDa and contain two 

structurally similar Fe-binding sites.  The protein is arranged in two lobes, one C-terminal 

and the other N-terminal (Anderson et al. 1987).  The lobes share greater than 60% 

homology and contain deep hydrophilic clefts that strongly but reversibly bind Fe3+.  It is 

known that concomitant with the binding of Fe3+, a synergistic anion (usually carbonate) 
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is also bound to the cleft (Aisen et al. 2001).  Transferrin molecules are secreted out of 

the cell to scavenge Fe3+ in the extracellular environment.  The transport of iron from the 

extracellular environment into the cell is tightly regulated by the transferrin receptor.  The 

TfR is a homodimer consisting of subunits with molecular weights of approximately 

90kDa.  Each subunit contains three asparagine and one threonine linked carbohydrate 

chains, and has a cytoplasmic domain consisting of approximately the first 61 amino acid 

residues, a transmembrane domain containing about 27 residues that spans the lipid 

bilayer once, and an extracellular domain which is instrumental in the binding of the iron-

laden transferrin (Lawrence et al. 1999; Aisen et al. 2001).  The binding of transferrin 

with the receptor is thought to involve the interaction of the C-terminal lobe of transferrin 

with a cleft on the receptor that contains a complementary sequence of amino acids.  It 

has been shown by mutagenesis that a conserved Arg-Gly-Asp sequence in the TfR is 

required for binding transferrin (Dubljevic et al. 1999). The internalization of the iron 

molecules follows a well characterized pathway.  Upon interaction of iron-laden 

transferrin with the transferrin receptor the entire complex is internalized via the 

formation of a clathrin-coated pit which ultimately becomes an endosome (Enns CA 

1996).  The internal environment of the endosome is acidified to a pH of about 5.5 to 6 

depending on the cell type.  The acidic environment allows for the dissociation of the iron 

from transferrin.  The synergistic anion is protonated thus decreasing the overall binding 

strength of the complex (Mellman et al. 1986; Aisen et al. 2001).  However, the acid 

environment is not sufficient to remove the iron.  Other factors are thought to play a role 

in the dissociation, such as iron chelators like citrate, or the reduction of Fe3+ to Fe2+ by a 

membrane-bound ferrireductase that reduces the iron in the transferrin-TfR complex 

(McKie et al. 2001).  Once the iron is released from the complex it is pumped into the 
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cytoplasm via a membrane transporter such as DCT1 or Nramp2.  Once the iron is 

dissociated the next step is for transferrin and the TfR to be reunited with the cellular 

membrane where transferrin is then dissociated from the receptor and released into the 

extracellular environment to be used in the next cycle (Aisen et al. 2001).  A schematic 

diagram of transferrin-receptor mediated iron uptake is shown in figure 4.   

 

Figure 4.  Schematic representation of transferrin mediated iron 
uptake.  Tf= transferrin, TfR= transferrin receptor (Aisen et al. 2001). 

 

As figure 4 demonstrates once Fe is delivered to the intracellular environment it must be 

incorporated into iron proteins, delivered to the mitochondria for use in the electron 

transport chain, or stored in iron storage proteins such as ferritin.  As discussed earlier in 

the prokaryotic model, ferritin is a very large protein that has the ability to store large 

amounts of iron.  Mammalian ferritins are made of heteropolymers consisting of 24 

subunits.  The mature protein has an approximate molecular weight of 450 000 Da, with 
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the subunits organized to form a spherical shell with an inner cavity of about 70-80Å 

(Ferreira et al. 2000).  Within the cavity, the ferritins are able to store up to 4500 iron 

atoms which are oxidized mainly as ferrihydrite, 5Fe2O3·9H2O.  Other forms include 

compounds similar to magnetite, Fe3O4, or hematite, Fe2O3 (Cowley et al. 2000).   

 

Labile Iron Pool and ROS 

 Iron that is not deposited within ferritin or bound to cytosolic and mitochondrial 

proteins is found in what is known as the labile iron pool (LIP).  The LIP is thought to be 

a transient pool where iron is passed from storage proteins to catalytic proteins.  The LIP 

consists of iron weakly chelated to low molecular weight organic chelators, such as, 

citrate, phosphate, carbohydrates, carboxylates, nucleotides, nucleosides, polypeptides, 

and phospholipids.  The variety of ligands provides the opportunity for both oxidation 

states (Fe2+ and Fe3+) to participate in the LIP (Kakhlon and Cabantchik 2002; Petrat et 

al. 2002).  Since iron that is not shielded can catalyze one electron reductions of oxygen 

species which lead to the production of very reactive free radicals known as reactive 

oxygen species (ROS) such as the hydroxyl radical (•OH) (Kruszewski 2003), the 

chelation of iron by the low molecular weight organic compounds is necessary for 

protection against free radical damage.  The LIP is the bridge between the cellular need 

for iron and the potential hazard of •OH production.  ROS produced by the interactions 

with iron are known to induce oxidation of proteins, lipids, lipoproteins, nucleic acids, 

carbohydrates, and other cellular components (Kruszewski 2003).  The oxidation of 

cellular components may lead to global cellular problems that may lead to cell death, 

phenotype changes, tissue damage, and cancer.   
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 Iron’s ability to activate oxygen has made it very toxic when the balance between 

iron storage, iron uptake, and the LIP is disrupted.  Fe2+ can react with O2 and produce the 

highly reactive O2
•-, which can further react with more Fe2+ and generate H2O2.  H2O2 can 

further react to produce •OH in the presence of iron (Breuer et al. 1997).  Equations 1-3 

show the overall chemical reactions: 

 

The hydroxyl radical can interact with the sugar-phosphate backbone of DNA by 

removing a hydrogen atom from deoxyribose; it may also interact with the double bonds 

of the DNA bases and add a hydroxyl group to the pyrimidine or purine ring.  Addition of 

a hydroxyl group to the bases could lead to improper base pairing.  However, damage to 

DNA by the hydroxyl radical requires the chemistry to take place in a very close vicinity 

to the DNA, since the half life of the hydroxyl radical is extremely short (Wallace 1998).  

Other targets of hydroxyl radicals generated via catalysis with iron include lipids and 

proteins.  Lipids have been shown to be extensively damaged in experimental animals 

with iron overload.  The formation of lipid peroxides can lead to further propagation of 

lipid radicals leading to more lipid hydroperoxides (Girotti 1998).  Patients with 

peripheral atherosclerosis have been shown to have increased levels of lipid peroxides in 

their plasma (Traverso 2001).  Proteins are also major early targets of reactive oxygen 

species.  Proteins can contain many targets for oxidation.  Catalytic centres of proteins, 

such as Fe-S clusters are prime targets for superoxides and peroxides (Cairo et al. 2002).  

Oxidation of proteins can result in dysfunctional cell signalling, metabolic disruption 
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leading to metabolite accumulation, and protein degradation.  Both eukaryotic and 

prokaryotic cells have developed highly sophisticated regulatory mechanisms to balance 

the uptake of iron with cellular need; thus, preventing the accumulation of iron and an 

increased LIP.  Iron is an essential component in all living organisms and participates in a 

variety of metabolic processes. 

 

Metabolism and Metabolomics 

 The overall mechanism by which living systems acquire and use stored energy, in 

order to perform the wide array of functions necessary for life is referred to as 

metabolism.  Metabolism is traditionally segregated into two categories, catabolism and 

anabolism.  Catabolism is the degradation of nutrients and cell components into their 

constituents for the production of energy and various products.  The biosynthesis of 

biomolecules from simpler components is referred to as anabolism.  Metabolism is made 

up of different, yet interconnected, pathways.  Each pathway is a series of connected 

enzymatic reactions that lead to specific products.  The chemical compounds that are the 

reactants, intermediates, and products are called metabolites (Voet et al. 1999).  

Depending on the current cellular need the overall metabolite composition can be very 

different, and with changing external factors, such as temperature, pressure, nutrient 

availability, and age the metabolic flux can change in order to adapt to a given 

environment.  Metabolites provide a precise fingerprint of the overall biochemical status 

of a living system.  Their use as biomarkers has greatly increased over the past few years 

(Goodacre 2004).   

 A vast array of informative data has been rapidly generated over the past decade 

due to genome sequencing projects.  Such projects have revealed large amounts of genes 
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whose functions are not fully understood.  The function of a gene and its biological role 

are much more complicated than just deciphering the gene sequence.  Genomic data are 

being produced at a much faster rate than the ability to convert such information into 

useable properties (Bailey 2001).  Understanding the functional “omics” of a cell is 

imperative if one is to elucidate the molecular defects involved in disease progression or 

therapeutic intervention.  Functional studies have opened many doors to the modern 

“omic” revolution.  Analysis of gene expression (transcriptomics), protein translation 

(proteomics), and metabolite networks (metabolomics) have allowed for the gap between 

genotype and phenotype to be bridged.  Unfortunately the genome has become a 

relatively poor source of information when it comes to explaining the differences between 

cells.  Many genes are silent and show no phenotypic disruptions or effects on other 

fluxes when they are deleted (Raamsdonk et al. 2001).  As a result studying the 

metabolome (ie. metabolites in the cell) is becoming a key aspect in the elucidation of 

gene function.  Changes in metabolite concentrations based on altered enzyme ability are 

much larger than the overall effect on metabolic flux within a pathway.  Thus, by 

monitoring the concentrations of individual metabolites within metabolic pathways one 

will be able to delineate altered enzyme functions and ultimately extrapolate (in silico) an 

understanding of gene function.  This reverse method of biochemical research will 

hopefully lead to vast gains in both medical and agricultural technologies (Sanford et al. 

2002).  The notion of pathway engineering in order to improve the properties of cells in 

an effort to make superior cells is of great interest to the biotechnology industry.  

Optimizing overall metabolic networks that may consist of many metabolic pathways will 

require the identification of multiple metabolic nodes that lead to decreased/increased 

efficiency.  Maximization of these cellular processes in order to achieve the desired goals 
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will be controlled by advancements in metabolomic research and the technologies therein 

(Sanford et al. 2002).  The ability to separate and quantify metabolites has been greatly 

enhanced by the coupling of instruments, such as liquid chromatography (LC)-tandem 

mass spectrometry (MSMS) (Buchholz et al. 2001).  Also the use of nuclear magnetic 

resonance (NMR) and two-dimensional NMR have made it easier to recognize certain 

metabolic nodes (Grivet et al. 2003).  The discipline of metabolomics is just beginning to 

be appreciated and with continuous innovation in technology and the increasing interest 

of pharmaceutical companies the field of metabolic profiling will continue to expand 

(Sanford et al. 2002).  Hence the nature of the metabolites operative in a cell at a given 

moment provides a precise picture of the molecular working of the cell. 

 

Tricarboxylic Acid (TCA) Cycle  

 The metabolite, acetyl-CoA, is central to the production of energy in an aerobic 

environment.  Carbohydrates, lipids, and numerous proteins have to transit via this 

metabolite on the route to ATP production.  Further oxidation of acetyl-CoA to two 

molecules of CO2 is carried out by the TCA cycle (figure 5).  The TCA cycle has been an 

extensively studied cycle since its discovery and characterization.  The cycle is a series of 

eight enzymatic reactions that oxidize acetyl-CoA to CO2 in a way that the liberated free 

energy is conserved in the reduced compounds NADH and FADH2.  The TCA cycle is a 

biological engine that has the ability to oxidize unlimited amounts of acetyl-CoA since 

the oxaloacetate used in the first reaction is regenerated in the last step of the cycle.  The 

NADH and FADH2 produced are subsequently oxidized through the electron transport 

chain, which includes complexes I through IV, which are oxidoreductases that generate a 

proton gradient that is tapped for ATP production with the aid of the F1Fo-ATPase 



 15

complex.  In the absence of O2, which acts as the terminal electron acceptor, the entire 

process is inhibited.  The TCA cycle is not just a catabolic cycle that is primarily used in 

the production of energy; many of the intermediate metabolites of the cycle provide 

precursors for anabolic reactions.  The reductive amination of α-ketoglutarate to 

glutamate using NAD+ or NADP+ by glutamate dehydrogenase, and the transamination 

reactions of oxaloacetate and α-ketoglutarate to aspartate and glutamate, respectively, are 

prime examples of amino acid biosynthesis mediated by the TCA cycle.  In addition, 

gluconeogenesis, the ‘de novo’ synthesis of glucose in the cytosol, relies on the 

conversion of oxaloacetate to phosphoenolpyruvate (PEP).  PEP then participates in the 

biosynthesis of glucose via the reverse of glycolysis.  When aconitase (Acn) activity is 

down, or if ATP is in excess, citrate can be used to make acetyl-CoA via the enzyme 

citrate lyase.  The acetyl-CoA can then be used as a precursor for fatty acid synthesis 

(Voet et al. 1999).  A role of the TCA cycle in ROS defence has recently been proposed 

(Beriault 2004).  The multiple functions and biochemical diversity of the TCA cycle have 

made this metabolic network a subject of immense scrutiny.   
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Figure 5.  Schematic representation of the TCA cycle (Horton et al. 2002). 
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Aconitase 

 Aconitase (Acn; E.C. 4.2.1.3) is a critical enzyme of the TCA cycle that catalyzes 

the reversible isomerization of citrate to isocitrate via cis-aconitate.  The reaction begins 

with a dehydration step in which a proton and a hydroxyl group are removed from the 

citrate molecule.  Since citrate is a symmetric molecule with two carboxymethyl groups 

around the central carbon the removal of the water may occur from either side.  Since this 

structure makes citrate prochiral, Acn will remove the water molecule from the lower (pro 

R) arm in order to yield isocitrate with a 2R, 3S-configuration (Voet et al. 1999).  In order 

for the reaction to occur and the proper product to be formed the cis-aconitate 

intermediate of the reaction is flipped in the active site prior to the rehydration step 

(Beinert et al. 1996).  The reaction is shown in figure 6.   

 

 

Figure 6.  Interconversion of citrate to isocitrate via cis-aconitate 
(Beinert et al. 1996). 

 

 Acn belongs to a family of Fe-S proteins; however, the unique nature of the [4Fe-

4S] cluster of Acn has allowed it to be a bifunctional protein.  Mammalian tissues have 
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been shown to contain both a mitochondrial Acn (mAcn) and the bifunctional 

cytoplasmic Acn (cAcn).  The cAcn also serves as an iron-responsive protein (IRP).  The 

[4Fe-4S] cluster is located in the active site of Acn and is bound to the enzyme by three 

cys residues.  In pig heart mAcn, three of the Fe atoms of the cluster form tetrahedral 

ligands to Cys358, Cys421, and Cys424 of the third domain.  The enzyme folds into four 

domains.  The three domains from the N-terminus are tightly associated and form a 

shallow depression. The C-terminus fourth domain is tethered to the other three domains 

by a long polypeptide chain termed the hinge linker.  The fourth domain is 

complementary to the surface created by the other three domains, yet the interface of the 

domains is occupied by solvent molecules (Lauble et al. 1992; Beinert et al. 1996).  As a 

result of this folding there is a large cleft formed leading towards the Fe-S cluster.  The 

active site formed is a result of 21a.a. from all four domains of the protein with their side 

chains surrounding a large polar cavity.  The bifunctional cAcn has been shown to exhibit 

30% sequence identity to the mAcn (Kennedy et al. 1992).  All of the residues considered 

to be active site components are conserved in both enzymes.  The resulting structure of 

the active site leaves one of the Fe atoms in the Fe-S cluster not ligated to any residue on 

the protein.  This is essential for Acn’s activity and its ability to behave as an IRP.  The 

free Fe is able to bind the hydroxyl group of citrate during enzyme catalysis.  The active 

site of Acn is shown in figure 7. 
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Figure 7.  Active site of Acn with bound citrate (Beinert et al. 1996). 

 

 Fe-S clusters play a vital role in electron transfer and in the catalysis of many 

reactions that are essential to metabolic networks.  The Acn reaction is a prime example 

of this.  The multifunctional clusters are found in many other important biochemical 

processes.  As mentioned earlier, they play a key role in electron transfer reactions such 

as those found in the electron transport chain.  Without the diverse ability of Fe-S clusters 

to transfer electrons over a wide voltage gradient (~1V); the generation of ATP would not 

be possible.  Within the electron transport chain there are 13-14 Fe-S clusters.  

Mammalian NADH dehydrogenase has 8-9 Fe-S clusters and is considered to be the 

largest known multi-Fe-S cluster protein (Beinert 2000).  Figure 8 shows the importance 

of Fe-S clusters in the electron transport chain.   
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Figure 8.  Role of Fe-S clusters in the transfer of electrons during 
oxidative phosphorylation.  Cyt= cytochrome, Q= coenzyme Q 
(Beinert 2000). 

 

The formation of Fe-S clusters has been shown to be very controlled process in-

vivo; however, in-vitro Fe-S clusters are able to assemble into reduced apoproteins from 

free Fe2+ and S2-.  The in-vivo process is considered to be much more regulated since the 

conditions required for spontaneous formation would need the accumulation of toxic 

levels of Fe2+ and S2- (Kiley and Beinert 2003).  Specialized assembly factors for Fe-S 

cluster formation have been identified in many organisms.  In E. coli the Isc pathway 

appears to be the major source for Fe-S biogenesis; however, the Suf pathway is also 

needed.  The Isc pathway has been partially characterized and the gene cluster (figure 9.) 

has been identified (Frazzon and Dean 2003). 
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Figure 9.  The gene cluster for the Isc pathway of Fe-S cluster 
biogenesis (Frazzon and Dean 2003). 

 

The cysE2 gene codes for O-acetylserine synthetase and its primary role is to generate cys 

in order to augment the cys pool for the cysteine desulfurase coded by iscS.  Cysteine 

desulfurase is a pyridoxal phosphate-dependent enzyme in which nucleophilic attack by 

an active site cys residue on the pyridoxal phosphate-bound cysteine results in an 

enzyme-bound cys persulfide (figure 10) (Mihara and Esaki 2002).   

 

Figure 10.  Proposed mechanism for cysteine desulfurases (Mihara 
and Esaki 2002). 

 

Most of the mechanisms for Fe-S cluster biogenesis are still unclear however once the 

persulfide is generated molecular scaffolds such as IscU or IscA may bind to the cysteine 
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desulfurase and allow for the generation of the Fe-S cluster.  Molecular chaperones such 

as heat shock cognate A (HscA) and HscB are thought to play a role in the dissociation of 

the Fe-S cluster from the molecular scaffolds (Frazzon and Dean 2003; Kurihara et al. 

2003).  An incomplete proposed mechanism is shown in figure 11.  The dotted lines are 

representative of mechanisms that are not fully understood. 

 

Figure 11.  Mechanism of Fe-S cluster biogenesis.  CsdB and CSD are 
cysteine desulfurases whose mechanisms are not understood (Kurihara 
et al. 2003). 

 

 Fe-S clusters are key elements in the regulatory mechanisms for many biological 

responses.  They play a key role in the transcription factors FNR, IscR, and SoxR.  More 

importantly the disassembly of the [4Fe-4S] cluster of Acn is instrumental in its role as a 

regulatory protein (Kiley and Beinert 2003).  E. coli has been shown to contain two 

isoenzymes of Acn, AcnA and AcnB.  AcnA is the less abundant of the two enzymes and 
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is positively controlled by the SoxRS system under O2
•- stress.  When the cell is under 

oxidative stress SoxR is activated and activates the SoxS gene.  Production of SoxS 

results in an increase of the AcnA protein.  Both AcnA and AcnB contain Fe-S clusters, 

however the cluster of AcnA is not susceptible to oxidative attack in vivo.  This is the 

result of an uncharacterized factor that is present in cellular extracts (Varghese et al. 

2003).  However, the cluster of AcnB, which is the primary Acn for normal metabolism, 

is affected by oxidative attack.  The decrease in activity of AcnB is compensated by that 

of AcnA; however, the retention of AcnB indicates that it must play another role.  AcnB 

activity is in equilibrium with the levels of iron within the cell and has been shown to 

bind to its cognate mRNA.  Also when AcnB activity is low there is accumulation and 

excretion of citrate, a known iron chelator.  Thus, it is thought that AcnB is retained after 

loss of activity in order to sense and respond to iron depletion (Varghese et al. 2003).  

Likewise, the Acn of Bacillus subtilis is known to be an RNA-binding protein.  The 

demetallated protein is able to bind to iron-responsive elements (IRE) of rabbit ferritin in 

vitro as well as IRE-like sequences of the B. subtilis operon that encode an iron uptake 

system.  The binding activity appears to be affected by the availability of iron within the 

cell (Alen and Sonenshein 1999).  Both E.coli and B. subtilis show that the Acn proteins 

in prokaryotes are bifunctional proteins.   

 As briefly mentioned earlier mammalian cells contain a mAcn and a cAcn.  The 

mAcn is known to be vital for the isomerization of citrate to isocitrate, whereas the cAcn 

is considered to be a bifunctional protein and is referred to as iron-responsive protein 1 

(IRP-1) (Haile et al. 1992).  The mechanism by which the cAcn plays a role as a 

regulatory protein is very well understood.  The homeostatic balance of iron was 

discussed earlier and the importance to cellular viability was explained.  The regulation of 



 24

TfR and ferritin levels is tightly controlled by the cellular iron levels.  This is 

accomplished by the response of the cAcn to changing iron levels.  As previously 

described the [4Fe-4S] cluster of Acn contains an unprotected labile Fe atom (Beinert et 

al. 1996).  This atom is easily removed under oxidative and low iron conditions as shown 

in figure 12. 

 

 

Figure 12.  Oxidation and removal of labile iron from the [4Fe-4S] 
cluster of Acn (Beinert et al. 1996). 

 

After the removal of the labile iron from the cluster occurs, complete disassembly of the 

cluster may ensue and is necessary if IRP-1 is to behave as an RNA-binding protein 

(Cairo et al. 2002).  Figure 13 demonstrates that when the cell is under iron-repleted 

conditions the cluster is assembled and IRP-1 has Acn activity, and in iron depleted cells 

the cluster is disassembled and is able to bind to IREs on mRNA.   
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Figure 13.  Simplified representation of the switch between Acn and 
IRP-1 under iron-replete and iron-deplete conditions (Cairo et al. 
2002). 

 

The regulation of iron homeostasis is achieved by the presence of IREs within the 3' 

untranslated region of TfR mRNA and near the 5' CAP of the translation start site of 

ferritin (Eisenstein 2000).  IREs are stem loop structures coded in mRNA of iron-

regulated proteins (Cairo et al. 2002).  The mRNA stem loop structures for some IREs are 

shown in figure 14.  
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Figure 14.  IRE sequences for various mRNA from different 
organisms (Beinert et al. 1996). 

 

When iron levels are high there is no need to transport more iron into the cell, thus the 

requirement for more TfR molecules is absent.  The 3' untranslated region of the TfR 

mRNA contains an instability element that makes it susceptible to ribonuclease 

degradation.  This instability element is near the IREs, thus when iron levels are low IRP-

1 becomes active and is able to bind to the IRE’s and protects the mRNA from 

degradation and allows the translation of more TfR molecules. Under high iron conditions 

the IRP-1 molecule does not bind to the mRNA and the mRNA is then degraded.  

Conversely the mRNA of ferritin contains IREs in its 5' CAP region.  Since ferritin is an 

iron storage protein its production is required when iron levels have reached a level in 

which their use in proteins is satisfied and the remaining iron must be stored for future 

use.  Hence, when iron levels are low the IRP-1 is able to bind and thus blocks the 

translation of more ferritin molecules.  Likewise, when iron levels are high the mRNA is 

not blocked and translation is allowed to occur (Beinert et al. 1996; Eisenstein 2000; 

Aisen et al. 2001; Cairo et al. 2002).   The regulation of TfR and ferritin mRNA by IRP-1 
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is shown in figure 15.  Hence, Acn a key component of the TCA cycle acts as an iron and 

ROS sensor. 

 

Figure 15.  IRP binding and regulation of TfR and ferritin mRNA.  
Note:  IRP2 is a regulatory protein lacking an Fe-S cluster, thus will 
not be discussed in detail (Cairo et al. 2002). 

 

Isocitrate Dehydrogenase (IDH) 

 The isocitrate dehydrogenases (IDH; E.C. 1.1.1.41 and E.C. 1.1.1.42) are known 

to catalyze the oxidative decarboxylation of isocitrate to α-ketoglutarate and the enzymes 

are known to require the cofactors NAD+ and NADP+, respectively.  There are many 

known isoenzymes of IDH that are dependent on different cofactors, have different 

molecular structures and are regulated via different mechanisms.  For example, in 

mammalian cells they are classified based on their cofactors and cellular localization, 

such as the mitochondrial NAD+-dependent isoenzyme, the mitochondrial NADP+-

dependent isoenzyme, and the cytoplasmic NADP+-dependent isoenzyme. The NAD+-

dependent IDH is know to be crucial in the TCA cycle and the subsequent production of 
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NADH for energy production by the electron transport chain; whereas, both the NADP+-

dependent IDHs play a role in the generation of NADPH for antioxidant defence systems.  

The mammalian NAD+-dependent IDHs appear to be regulated by ADP levels (Voet et 

al. 1999).  The yeast, Saccharomyces cerevisiae, has four isoenzymes of IDH, three of 

which are NADP+-dependent.  Extensive research has gone into the characterization of 

the IDHs found in the yeast.  The three NADP+-dependent enzymes are homodimers and 

are encoded by distinct genes.  Their expressions are controlled by different cellular 

conditions.  The mitochondrial isoform is constitutively expressed, whereas the 

expression of the other IDHs is dependent on the carbon source.  The cytosolic isoform is 

expressed when non-fermentable carbon sources are used and the isoform specifically 

targeted to the peroxisome is expressed when fatty acids are the only carbon sources 

(Contreras-Shannon and McAlister-Henn 2004).  The only IDH found in E. coli cells is a 

NADP+-dependent homodimer (~45kDa/monomer) which is regulated via 

phosphorylation of a ser residue at site 113.  The ser residue is located near the active site 

and upon phosphorylation isocitrate is blocked from entering the active site and complete 

activity of the enzyme is lost (McKee et al. 1989).  The importance of IDH regulation has 

been observed when cells are exposed to acetate as their sole carbon source.  E.coli grown 

on acetate relies on the glyoxylate cycle.  IDH competes with ICL for isocitrate thus, IDH 

activity is stopped by phosphorylation and isocitrate is funnelled to ICL as shown in 

figure 16 (Cozzone 1998).   
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Figure 16.  The glyoxalate bypass in response to acetate (Cozzone 1998). 

 

Although some bacteria harbour NAD+-dependent IDH, the NADP+-dependent IDH 

appears to be more common (Inoue et al. 2002).  In some cases the prokaryotic IDHs 

have been shown to utilize both pyridine nucleotides.  The production of NADPH is 

essential as a reducing equivalent in the regeneration of glutathione by glutathione 

reductase and for the NADPH-dependent thioredoxin system.  Thus, NADPH is 

necessary for the protection of the cell from oxidative damage.  NADP+-dependent IDH is 

an important producer of NADPH within cells under oxidative stress.  E. coli mutants 
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lacking IDH have been shown to be sensitive to UV radiation that induce the formation of 

ROS (Lee et al. 1999).  Recent studies have indicated a role for ketoacids in the 

scavenging of ROS.  Oxalic acid has been shown to reduce the levels of lipid 

peroxidation in a variety of plants (Kayashima and Katayama 2002).  α-Ketoglutarate, a 

ketoacid, is the product of IDH and has been shown to behave as an antioxidant in P. 

fluorescens under Ga3+-stress (Beriault 2004). Under Ga3+ stress NADP+-dependent IDH 

activity was increased with an concomitant decrease in α-ketoglutarate dehydrogenase; 

thus, creating a pool of α-ketoglutarate to act as an antioxidant (Beriault 2004).  Hence 

NADP+-dependent IDH is pivotal in the protection of a cell from oxidative stress.  In 

addition to NADPH produced from IDH other NADPH producing enzymes, such as 

glucose 6-phosphate dehydrogenase, are also important in cellular oxidative protection 

(Lee et al. 2002).  ROS are able to interfere with the overall metabolic milieu of a cell by 

inactivating enzymes like Acn and by causing changes in metabolic flux aimed at 

producing antioxidant equivalents.  Metals, such as aluminum, have been shown to 

interfere with endogenous cellular homeostatic processes resulting in cellular damage 

primarily via increased ROS production and iron deprivation.   

Aluminum 

 Although aluminum (Al) is the most widely occurring metal in the earth’s crust, it 

is not known to be utilized in any biological functions.  However, it may be argued that if 

there were no Al in the earth’s crust then there would be no life.  This is because Al plays 

an important role as a solid support for soils.  The presence of aluminosilicate clays 

allows for the growth of roots, the retention of trace elements, the maintenance of pH, and 

the availability of water.  For these reasons Al has been considered to be invaluable to life 

(Hamel 2003).  The ubiquity and toxic nature of Al makes it a threat to most organisms; 
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however, its toxic properties have been limited due to the insolubility of the metal.  The 

industrial revolution has dramatically changed this situation and Al is more widespread in 

the environment.  Anthropogenic activities have led to an increase in the amount of acid 

rain and industrial wastes.  These factors have allowed for a decrease in the 

environmental pH (<4.5-5.0) with the subsequent mobilization of ionic Al (Gosavi et al. 

2004).  In addition to Al availability caused by anthropogenic pollution, numerous foods 

contain aluminum.  Plants grown in soils with low pH, fish raised in acidic waters, and 

the addition of Al in the purification of drinking water may all increase our dietary intake 

of this trivalent metal.  Food additives in processed cheese, baking powder, cake mixes, 

and frozen dough are also sources of Al.  The introduction of Al through medications 

such as aspirin, antacids, and anti-diarrheal products also contributes to the accumulation 

of Al in humans (Nayak 2002).   

 Due to the increase of Al in human diets, understanding Al toxicity has become an 

important preoccupation of the scientific community. Al has been shown to accumulate in 

different organs with the highest levels found in bone.  Al3+ is known to interfere with 

many cellular components such as negatively charged molecules like phosphates in 

phospholipid bilayers, DNA, iron proteins, and biochemical reactions involving calcium.  

Al3+ also competes for Mg2+ binding sites with great affinity.  Al3+ has a much higher 

affinity than Mg2+ for ATP, thus enzymes that rely on ATP as a cofactor can be greatly 

inhibited by low levels of Al (Hamel 2003).  The pro-oxidant effects of Al3+ have also 

been shown to play a vital role in Al toxicity.  Al3+ has the ability to facilitate lipid 

peroxidation, NADH oxidation, and the formation of •OH- (Exley 2004).  Al has been 

shown to be linked to many neurodegenerative disorders.  Many neuropathologies in 

humans including memory loss, tremors, impaired coordination, sluggish motor 
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movement and generalized convulsions have been attributed to the intoxication of Al 

(Nayak 2002).  These neuropathologies are common to many disorders and link Al to the 

etiology associated with Alzheimer’s disease (AD).  There has been much controversy 

surrounding Al and its role in AD.  It is unclear whether Al is an opportunistic bystander 

that is accumulated in the brain after the onset of AD or whether Al is the root cause of 

the disease (Zatta et al. 2003).  Tf is known to be the main protein carrier for Al and the 

uptake of Al in the brain is characterized by the large amounts of TfR present on the 

cellular surfaces in regions of the brain greatly affected by AD (Zatta et al. 2000).  This 

transport mechanism allows Al to cross the blood brain barrier (BBB) and deposit in 

amyloid-beta (Aβ) plaques within the brain.  Al is also known to have a negative 

influence on numerous enzymes that contribute to AD.  Acetylcholinesterase and 

monoamine oxidase type B are two enzymes that are increased by Al and have been 

shown to be significantly altered in AD (Zatta et al. 2002).  There is much evidence 

suggesting that Al plays an important role in neurological disorders however, the precise 

understanding of its molecular role is still unknown.   

 Micromolar levels of Al are known to inhibit the root elongation of many plants 

within minutes to hours of exposure.  As a result plants experience poor water and 

nutrient uptake which results in diminished growth and productivity (Comin et al. 1999).  

However, many plants have evolved mechanisms by which they detoxify this trivalent 

metal.  Two types of strategies have been suggested.  One is the exclusion mechanism 

where the Al is excluded from the root tips and the other is the internal tolerance 

mechanism (Ma and Furukawa 2003).  Much evidence has shown that organic acids such 

as oxalic, malic, and citric acids are pivotal to the resistance of plants to Al (Ma 2000).  

Organic acids are able to form stable complexes with Al3+, thus preventing the binding of 
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Al to cellular components.  Plants secrete large amounts of these organic acids in 

response to increased Al in their external environment.  However, the amount and nature 

of organic acids secreted in response to Al stress are specific to the types of plants (Ma 

2000).  Some plants have the ability to secrete the organic anions immediately when 

exposed to Al indicating the presence of pre-existing channels for secretion.  However, 

other species have a time delay between exposure to Al and secretion of the acid.  This is 

most likely a result of the requirement for gene induction to occur (Ma 2000).  An 

example of gene induction requirement has been observed in an Al-resistant soybean 

(Glycine max L.) known to utilize citrate to sequester the toxic metal. This species relies 

on an increase in citrate synthase acitivity in order to augment the secretion of citrate 

while maintaining internal concentrations (Ma and Furukawa 2003).  The understanding 

of plant resistance to Al is highly important to agriculture where genetically modified 

crops resistant to Al may lead to higher agricultural output. 
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Thesis Objectives 

The aim of this study is to evaluate the metabolic adaptation evoked by a cellular 

system under Al-stress.  Cells are constantly responding to their external/internal 

environments in order to survive.  Each cell must adapt and overcome external stresses in 

order to propagate within an environment.  Changes in temperature, pH, salinity, 

pressure, osmotic pressure, metals, nutrient availability, or a combination thereof are 

common abnormal situations an organism has to face.  Industrialization has triggered a 

sharp rise in metal pollutants.  Al is one metallic element that has become an 

environmental hazard due to its negative interactions with most living systems.  Indeed in 

humans, its implications in numerous neurological disorders have been reported.  

Although its toxic impact is well known, the precise biochemical interactions of Al are 

not fully understood.  Our laboratory has been investigating the effects of Al on the soil 

microbe Pseudomonas fluorescens.  This soil microbe was selected for it has nutritional 

versatility, short doubling time, and its widespread use in numerous medical, food and 

agricultural industries (Appanna and Hamel 1999).    

 Previous studies in our laboratory have demonstrated that P. fluorescens is able to 

survive millimolar levels of Al by sequestering the trivalent metal as an insoluble residue 

consisting of oxalate and phosphatidylethanolamine (PE) (Hamel and Appanna 2001; 

Hamel and Appanna 2003).  Although oxalic acid plays an invaluable role in the 

detoxification of Al, the metabolic shift that enables P. fluorescens to elaborate this 

dicarboxylic acid is still a subject of active study.  It has been shown that the production 

of oxalic acid is mediated by glyoxylate dehydrogenase.  Thus, the glyoxylate cycle plays 

a critical role in this process.  Isocitrate lyase (ICL; E.C. 4.1.3.1) activity has been shown 

to be increased by 4-fold in an effort to augment the production of glyoxylate (Hamel and 
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Appanna 2001; Hamel et al. 2004).  Other enzymes that are important in the overall 

homeostasis of isocitrate and thus, the flux of glyoxylate production have also been 

evaluated.  The decrease in membrane bound enzymes, NAD+-dependent IDH and α-

ketoglutarate dehydrogenase (α-KDH), appears to funnel isocitrate to ICL for the 

subsequent production of oxalic acid (Hamel and Appanna 2001).    

Al is known to interfere with Fe homeostasis and to promote the generation of 

ROS.  In the present study the fate of Acn, an Fe, and ROS sensitive enzyme that is a key 

participant in citrate metabolism has been evaluated.  The activity, expression and 

integrity of this protein have been monitored.  The involvement of other citrate degrading 

enzymes like citrate lyases and/or a novel Acn resistant to ROS in the survival of 

Pseudomonas fluorescens to Al-stress has also been examined.  NADPH generating 

enzymes such as NADP+-dependent IDH, G6PDH, malic enzyme (ME; E.C. 1.1.1.40), 

and 6-phosphogluconate dehydrogenase (6-PGDH) are important components of the ROS 

defence strategies invoked by numerous organisms; hence, the significance of these 

enzymes in Al tolerance has been probed.  As enhanced lipogenesis (Hamel and Appanna 

2003) has been shown to be pivotal to the survival of Pseudomonas fluorescens exposed 

to Al, the role of NADPH and acetyl CoA carboxylase in lipid production has been 

monitored.  Hence, the interconnectivity between the metabolic pathways mediating the 

response of Pseudomonas fluorescens to Al has also been assessed.  
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Material and Methods 

List of Reagents and Equipment 

2,4-Dinitrophenol; ICN Biochemicals (Cleveland,Ohio) 

2,6-Dichloroindophenol; Sigma Chemical Company (St. Louis, Missouri) 

5,5’- Dithio-bis-(2-nitrobenzoic acid); Sigma Chemical Company (St. Louis, Missouri) 

6-Phosphogluconic acid (Barium salt); Sigma Chemical Company (St. Louis, Missouri) 

Accumet pH Meter 910; Fisher Scientific (Unionville, Ontario) 

Acrylamide; Bio-Rad Laboratories (Mississauga, Ontario) 

Acetyl coenzyme A; Sigma Chemical Company (St. Louis, Missouri) 

Adenosine 5' triphosphate (ATP); Sigma Chemical Company (St. Louis, Missouri) 

α- Ketoglutaric acid;ICN Biochemicals (Cleveland,Ohio)  

Ammonium chloride (NH4Cl); Sigma Chemical Company (St. Louis, Missouri) 

Ammonium molybdate; Fisher Scientific (Unionville, Ontario) 

Ammonium persulphate (APS);Bio-Rad Laboratories (Mississauga, Ontario) 

Ammonium sulphate (NH4)2SO4; Sigma Chemical Company (St. Louis, Missouri) 

Bio-Rad Mini-Protein II Dual Slab Cell; Bio-Rad Laboratories (Mississauga, Ontario) 

Bis(2-hydroxyethyl)imino-tris(hydroxymethyl)methane ; Sigma Chemical Company (St. 

Louis, Missouri) 

Bovine serum albumin; Sigma Chemical Company (St. Louis, Missouri)   

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

Centrifuge Model J2-MI; Beckman Instruments (Mississauga, Ontario) 

Citric-2,4-13C2 acid; Isotech Inc (Miamisberg, Ohio) 

Citric acid monohydrate; Sigma Chemical Company (St. Louis, Missouri) 

Coenzyme A (sodium salt); Sigma Chemical Company (St. Louis, Missouri)  
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Coomassie G 250 Sigma Chemical Company (St. Louis, Missouri) 

Coomassie R 250 Sigma Chemical Company (St. Louis, Missouri) 

Deuterium oxide, 99.9 atom %D; Sigma Chemical Company (St. Louis, Missouri) 

D- glucose; Sigma Chemical Company (St. Louis, Missouri) 

DL-Dithiothreitol; Sigma Chemical Company (St. Louis, Missouri) 

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

D,L-aspartic acid; Fisher Scientific (Unionville, Ontario) 

ECL Plus™ reagents; Amersham Pharmacia Biotech (Piscataway, NJ, USA) 

ε-amino-n-caproic acid;  Sigma Chemical Company (St. Louis, Missouri) 

Ferric chloride (FeCl36H2O); Fisher Scientific (Unionville, Ontario) 

Ferrous ammonium sulfate (Fe(NH4)2(SO4)2); Sigma Chemical Company (St. Louis, 

Missouri) 

Ferrozine; Sigma Chemical Company (St. Louis, Missouri) 

Gallium (III) nitrate (hydrate); Sigma Chemical Company (St. Louis, Missouri) 

Glacial acetic acid; CanLab (Toronto, Ontario) 

Glucose; Sigma Chemical Company (St. Louis, Missouri) 

Glucose-6-phosphate (disodium salt); Sigma Chemical Company (St. Louis, Missouri) 

Glutamic acid (monosodium salt); Sigma Chemical Company (St. Louis, Missouri) 

Glycerol; Sigma Chemical Company (St. Louis, Missouri) 

Glycine; Sigma Chemical Company (St. Louis, Missouri) 

Glyoxylic acid (monohydrate); Sigma Chemical Company (St. Louis, Missouri) 

Guanidine hydrochloride; Sigma Chemical Company (St. Louis, Missouri) 

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

Hybond™- P: PVDF membrane; Amersham Pharmacia Biotech (Piscataway, NJ, USA) 

Hydrochloric acid (HCl); CanLab (Toronto, Ontario) 
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Hydrogen peroxide (30% (w/w) solution); Sigma Chemical Company (St. Louis, 

Missouri) 

Iodonitrotetrazolium chloride; Sigma Chemical Company (St. Louis, Missouri) 

Isocitrate dehydrogenase EC 1.1.1.42 (porcine heart); Sigma Chemical Company (St. 

Louis, Missouri) 

Magnesium chloride hexahydrate (MgCl2•6H2O); BDH Laboratory Chemicals Division 

(Toronto, Ontario) 

Malachite green (oxalate salt); Sigma Chemical Company (St. Louis, Missouri) 

Malic acid; BDH Laboratory Chemicals Division (Toronto, Ontario) 

Malic dehydrogenase (from porcine heart); Sigma Chemical Company (St. Louis, 

Missouri) 

Malonic acid (disodium salt); Sigma Chemical Company (St. Louis, Missouri) 

Menadione (sodium bisulfite); Sigma Chemical Company (St. Louis, Missouri) 

n-Dodecyl β-D-maltoside; Sigma Chemical Company (St. Louis, Missouri) 

Nitric acid (HNO3); CanLab (Toronto, Ontario) 

Nicotinamide adenine dinucleotide (oxidized form); Sigma Chemical Company (St. 

Louis, Missouri) 

Nicotinamide adenine dinucleotide (reduced form); Sigma Chemical Company (St. Louis, 

Missouri)  

Nicotinamide adenine dinucleotide phosphate (oxidized form); Sigma Chemical 

Company (St. Louis, Missouri) 

Nicotinamide adenine dinucleotide phosphate (reduced); Sigma Chemical Company (St. 

Louis, Missouri) 

N,N-Methylene-bis-acrylamide; Bio-Rad Laboratories (Mississauga, Ontario) 

N,N,N=,N=- Tetramethylenediamine (TEMED); Bio-Rad Laboratories (Mississauga, 

Ontario) 

Oxaloacetic acid; Sigma Chemical Company (St. Louis, Missouri)  
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Phenazine methosulphate ; Sigma Chemical Company (St. Louis, Missouri) 

Phenylmethylsulphonylfluoride (PMSF); Sigma Chemical Company (St. Louis, Missouri) 

Potassium phosphate monobasic (KH2PO4); Sigma Chemical Company (St. Louis, 

Missouri) 

Pyruvic acid (sodium salt crystalline); Sigma Chemical Company (St. Louis, Missouri) 

Sodium carbonate anhydrous; Mallinckrodt Inc. (Kentucky) 

Sodium phosphate dibasic (Na2HPO4); Sigma Chemical Company (St. Louis, Missouri) 

Sodium hydroxide (NaOH); Fisher Scientific (Unionville, Ontario) 

Sodium dodecyl sulphate (SDS); Sigma Chemical Company (St. Louis, Missouri) 

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

Sulphuric acid (H2SO4);CanLab (Toronto, Ontario) 

Tricarballylic acid; Sigma Chemical Company (St. Louis, Missouri) 

Trichloroacetic acid; Fisher Scientific (Unionville, Ontario) 

Tricine; Sigma Chemical Company (St. Louis, Missouri) 

Tris(hydroxymethyl)aminomethane (Tris) HCl and Tris base; Sigma Chemical Company;  

(St. Louis, Missouri) 

Tween-20; Bio-Rad Laboratories (Mississauga, Ontario) 

Varian Gemini 2000 Spectrometer (Palo Alto, California) 

 

Organism and culture conditions 

 The bacterial strain Pseudomonas fluorescens 13525 was obtained from the 

American Type Culture Collection (ATCC), Rockville, Maryland.  The bacterium was 

kept on a mineral medium containing citric acid in 2 % agar.  The sterile agar test tubes 

were maintained at 4 oC.  The bacteria were subcultured every week. 

 

 

 



 40

Agar Media  

 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); pH 2.75) 

were added to double distilled water.  The pH was raised to 6.8 with dilute NaOH and the 

final volume was adjusted to 400 ml with ddH2O.  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 17 lbs/in2, 121 oC) the test tubes were placed on an angle and allowed to 

solidify at room temperature.  Slants were stored at 4 oC. 

 

 

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 litre of media.  The pH was increased to 6.8 with 

dilute NaOH and the media was divided into 100 ml aliquots in 250 ml Erlenmeyer 

flasks.  The flasks were capped with foam stoppers and autoclaved for 20 min at 17 

lbs/in2, 121 oC.  These preculture media were inoculated with a loop of Pseudomonas 

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

of incubation.  

 

Growth media 

 The following reagents were added in order to 600 ml of ddH2O: Na2HPO4 (6.0 

g); KH 2PO4 (3.0 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 
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supplemented medium.   The pH of the medium was increased to 6.8 with dilute NaOH 

and the volume was adjusted to 1 l with ddH2O.  The media was divided into 200 ml 

aliquots in 500 ml Erlenmeyer flasks and inoculated with 1 ml of the precultured bacteria.  

The cultures were incubated at 26 oC on a gyratory water bath shaker model G76 (New 

Brunswick Scientific) at 140 rev•min-1.   

 

Control growth media 

 The media void of the test metal(s) constituted the control media.  The media were 

dispensed in 200 ml amounts in 500 ml Erlenmeyer flasks, stoppered with foam plugs and 

autoclaved for 20 min at 121 oC.  Studies were also done utilizing 19 mM Glucose as the 

carbon source. Glucose cultures were prepared as the control media but glucose was 

substituted for citrate. 

 

Metal-growth media 

 Media supplemented with various metals were prepared in the same manner as their 

respective control medium with the following modifications: 4.0 g citric acid 

monohydrate and the metal were first allowed to complex in approximately 70 ml ddH2O 

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 complexed to citric acid.  

The media were prepared as above, however 3.621 g of AlCl3 (M.W. 241.4g/mol) and  

4.0 g of citric acid monohydrate (MW 210.1g/mol) was used in order to obtain a final 

concentration of 15 mM Al3+ and 19 mM citric acid.  Studies utilizing other metal-citrate 

media were also performed and consisted of 19 mM citrate complexed to 1.0 mM 

gallium, 1 mM calcium, 100 µM mercury, 100 µM selenium, 15 mM aluminum/25 µM 

iron or 15 mM aluminum/1.0 mM iron respectively.   
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Harvesting of P .fluorescens  

 Pseudomonas fluorescens were collected by centrifugation at 10,000 x g for 10 

min at 4 oC.  The supernatant was removed and 0.85 % NaCl was used to suspend the 

bacterial pellet. The bacteria were centrifuged again for 10 min and the procedure was 

repeated (Figure 17).  If a gelatinous residue was present the following procedure was 

utilized to separate this matrix from the bacterial cells.  Following centrifugation at 10 

000 x g to yield the pelleted cells and the gelatinous residue, the pellet was suspended in 

0.85 % NaCl and centrifuged at 100 x g for 20 min.  The supernatant fluid (containing the 

bacterial cells) was collected with gentle aspiration.  The pellet, containing the gelatinous 

residue and some bacterial cells, was suspended in 0.85 % NaCl and centrifuged at 100 x 

g for 20 min.  The supernatant was collected as previously indicated.  The procedure was 

repeated 3 times to collect bacterial cells free of the gelatinous residue (figure 17). 
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Figure 17: Bacterial isolation and gelatinous residue separation. 
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Preparation of Cell Free Extract (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 ultrasonically disrupted using a Brunswick sonicator, power level 4 for 15 sec 

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

1 min.  The soluble fraction of the cell free extract (CFE) was collected and centrifuged at 

180 000 x g for 60 min at 4 oC to yield membrane and soluble components.  The soluble 

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

free system.  Both the membrane and soluble fractions were stored on ice in the 

refrigerator.  For storage greater than one week to a maximum of 4 weeks, soluble 

fractions were stored at -20 oC. 

 

 

13C NMR analyses of citrate metabolism in CFE  

13C NMR analyses were performed using a Varian Gemini 2000 spectrometer 

operating at 50.38 MHz for 13C.  Experiments were conducted with a 5 mm dual probe 

(35 o pulse, l-s relaxation delay, 8 kilobytes of data).  Chemical shifts were referenced to 

the shifts of standard compounds obtained under similar conditions.  Membrane and 

soluble fractions, equivalent to 2 mg/ml of protein obtained after 24 h of growth in a 

citrate medium or 30 h for Al-stressed medium, were placed in a phosphate buffer (10 

mM Na2HPO4, 5 mM MnCl2, pH 7.3, 10 % D2O).  The reaction was initiated in 1.5 ml 

conical tubes by addition of labeled (5 mM) Al-citrate (1:1; prepared by mixing equal 

moles of AlCl3 to [2,4-13C] citrate, pH adjusted to 7.0 with 0.5 M NaOH) and [2,4- 13C] 

citrate respectively; if required for enzyme activity, 0.5 mM of the respective cofactor 

was utilized.  Following a 60 min incubation at 26 oC, the membrane fractions were 

frozen overnight and subjected to 13C NMR proton decoupled analyses.  The number of 

transients was varied to yield optimal signal to noise ratios.     
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In-Vitro Reactivation of Acn 

 Reactivation of Acn was performed with 1 mg protein equivalent from soluble 

CFE in the presence of 10 mM DTT and 0.5 mM Fe(NH4)2(SO4)2 in the cell storage 

buffer.  The reaction mixture was incubated for 5 min and Acn activity was monitored. 
 
 
Measurement of Fe-S cluster in proteins 
 
 The integrity of iron-sulfur clusters in the soluble fraction of control and Al-

stressed cells were monitored using UV/Vis scanning spectroscopy.  Briefly, 5.0 mg/ml 

of soluble CFE protein was submitted to UV/Vis (200 nm-900 nm) scanning.  The 

integrity of iron containing proteins attributable to a band in the 395-415 nm region was 

observed (Soum et al. 2003). 

 

Measurement of Fe concentrations in soluble CFE 

 The levels of Fe in the soluble CFE were measured using the Ferrozine assay as 

described by (Stookey 1970).  Briefly, 2.5 mg protein equivalent from soluble CFE was 

added to 500 µl of ddH2O.  Subsequently 20 µl of colour reagent (0.0514 g ferrozine, 1.00 

g hydroxylamine hydrochloride, 5 ml conc. HCl, 5 ml ddH2O) was added and the mixture 

was heated for 10 min in a boiling water bath.  After heating, 20 µl of colour developing 

reagent (4.0 g ammonium acetate, 3.5 ml conc. Ammonium hydroxide, 6.5 ml ddH2O) 

was added to the mixture and the volume was adjusted to 1 ml.  Absorbance was 

measured at 562 nm and Fe concentrations were calculated using ε = 27 900 M-1cm-1.   

Measurement of H2O2 generation by Al-citrate 

 Briefly 200 µg protein equivalent from soluble CFE was incubated with 5 mM Al-

citrate, 1 mM NADP+, 15 mM p-anisidine (100 mM in ddH2O), and 10 units peroxidase 
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for 15 min at RT.  Subsequently the absorbance was measured at 458 nm and H2O2 

concentrations were calculated using  ε = 1.173 M-1cm-1 (Yumoto et al. 2000). 

 

Measurement of O2
•- generation by Al-citrate 

 Briefly 200 µg protein equivalent from soluble CFE was incubated with 5 mM Al-

citrate, 1 mM NADP+, and 50 µM NBT (nitro-blue tetrazolium) for 15 min at RT.  

Subsequently the absorbance was measured at 550 nm (Fang and Beattie 2003). 

 

Measuring enzyme activity in CFE from P.fluorescens 

 The CFE from Pseudomonas fluorescens were isolated as previously outlined. 

The protein concentrations of each fraction were measured by the method of Bradford 

(Bradford 1976) using the kit supplied by BioRad.  The methods utilized to monitor the 

various enzymatic activities are described below.  All experiments were performed at 

least three times and in duplicate. 

 

Aconitase (Acn) activity 

 The activity of Acn (EC 4.2.1.3) was determined in the soluble and membrane 

fractions of the CFE.  Precautions were taken to increase the stability of Acn in the 

soluble fraction of CFE.  Therefore, tricarballylic acid (10 mM) was added to the whole 

cells prior to cellular disruption.  The assay consisted of activity buffer (25 mM Tris–HCl, 

5 mM MgCl2), 10 mM substrate (citrate or metal-citrate) and 200 µg/ml soluble protein.   

The reaction was monitored at 240 nm for the formation of cis-aconitate as previously 

described (Jordan et al. 1999).  Aconitate served as the standard and specific activities 

were calculated using ε = 3.6 mM-1 •l-1.  Blanks were prepared in a similar fashion 

however, omitting the substrate/protein from the mixture.  
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Assay for aldehydes and ketoacids 

 The levels of aldehydes and ketoacids were measured using 2,4-

dinitrophenylhydrazine (DNPH) as reported by Katsuki and modified by Romonov 

(Katsuki et al. 1971; Romanov 1999).  DNPH reacts readily with most aldehydes and 

ketones to yield 2,4-dinitrophenylhydrazones.  Initially the reaction of DNPH with the 

ketoacids occurs under acidic conditions (5 mM DNPH in 2 N HCl), and then addition of 

a base (1 N NaOH) was used to deprotonate and colourize the 

2,4-dinitrophenylhydrazones.  The absorbance was then monitored at 450 nm (ε = 16 000 

M-1 cm-1). 

 All enzymatic reactions were performed in 1 ml 50 mM Tris-HCl buffer, pH 7.3 

containing 5 mM MgCl2.  Just prior to stopping the reaction the samples were divided 

into 2 x 0.5 ml fractions at which time 0.1 ml 2,4-DNPH (5 mM in 2 N HCl) was added 

to stop the enzyme reaction.  The samples were allowed to react at room temperature for 

15 min.  The sample was diluted to 1 ml with water and 1 ml of NaOH (1 N) was added.  

The absorbance at 450 nm arising from dinitrophenylhydrazone was measured within 15 

min.  Appropriate controls were utilized for each enzymatic assay.  The respective keto 

acids and aldehydes served as standards. 

 

Isocitrate dehydrogenase (IDH-NAD+) activity  

  IDH-NAD+ (EC 1.1.1.41) catalyzes the oxidative decarboxylation of isocitrate to 

form α- ketoglutarate.  IDH-NAD+ activity was assayed in 25 mM Tris-HCl, 5 mM 

MgCl2 buffer (pH 7.3) containing 2 mM isocitrate and 0.5 mM NAD+, 4 mM malonate 

(to inhibit any contaminated ICL activity) and approximately 200 µg/ml membrane 

protein. Blanks were prepared in a similar manner except the substrate, isocitrate, was 

omitted.   IDH-NAD+ activity was determined by measuring the formation of 
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α-ketoglutarate.  The amount of ketoacid produced was determined 

spectrophotometrically using 2, 4-DNPH. α-Ketoglutarate served as the standard.  

                                                

                                              IDH 

 

 

Glucose-6-phosphate dehydrogenase (G6PDH) activity 

 The oxidation of glucose-6-phosphate to form phosphoglucono-δ-lactone is 

catalyzed by G6PDH (EC; 1.1.1.49), an enzyme that uses NADP+ as a co-substrate.  The 

reduction of NADP+ was determined by monitoring at 340 nm, according to the method 

described by Wynn (Wynn et al. 1997).  The following modification were performed; the 

assay consisted of 25 mM Tris–HCl, 5 mM MgCl2 buffer, pH 7.3 with 1 mM 

glucose-6-phosphate, 0.5 mM NADP+, and 200 µg/ml soluble protein for a final volume 

of 1.0 ml.  The absorbance at 340 nm was recorded over 5 min at 10 s intervals. The 

specific activity was calculated using the molar extinction coefficient for NADPH, ε = 

6.22 mM-1•l-1.  

 

G6P + NADP+ phosphoglucono-lactone + NADPH + H+
G6PDH

 

6-Phosphogluconate dehydrogenase (6PGDH) activity 

 6-PGDH (EC; 1.1.1.44) catalyzes the oxidative decarboxylation of 

6-phospho-D-gluconate to form D-ribulose 5-phosphate  using NADP+ as a co-substrate.  

The reduction of NADP+ was determined by monitoring at 340 nm according to the 

method described by Wynn (Wynn et al. 1997) with the following modifications; the 

assay consisted of 25 mM Tris–HCl, 5 mM MgCl2 buffer (pH 7.3) to which 1 mM 

6-Phosphogluconate, 0.5 mM NADP+, and 200 µg/ml soluble protein was added for a 

Isocitrate + NAD+ α-ketoglutarate + NADH + H+ + CO2
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final volume of 1.0 ml.  The absorbance at 340 nm was plotted over 10 min at 10 s 

intervals. The specific activity was calculated using the molar extinction coefficient for 

NADPH, ε = 6.22 mM-1•l-1.   

Isocitrate dehydrogenase (IDH-NADP+) activity 

  The oxidative decarboxylation of isocitrate to form α-ketoglutarate using NADP+ 

as a co-substrate is catalyzed by IDH-NADP+ (EC; 1.1.1.42).  The reduction of NADP+ 

was determined by monitoring the formation of NADPH at 340 nm as described by Plaut 

(Plaut et al. 1983).  The following modifications were performed: the assay consisted of 

25 mM Tris–HCl, pH 7.3, 5 mM MgCl2, 2 mM isocitrate, 0.5 mM NADP+, and 50 µg/ml 

soluble protein. 4 mM malonate was used in the reaction to inhibit ICL.  The absorbance 

at 340 nm was plotted over 100 s at 10 s intervals. The specific activity was calculated 

using the molar extinction coefficient for NADPH.  α-Ketoglutarate formation was also 

recorded via the DNPH assay. 

 

Acetyl CoA Carboxylase (ACC) activity 

 ACC (EC 6.4.1.2) was assayed in 25 mM Tris, 5 mM MgCl2 activity buffer.  In a 

final volume of 1.0 ml 200 µg of soluble CFE protein, 10 mM HCO3, 1 mM ATP and 2.0 

mM acetyl CoA was added.  The reaction was incubated for 30 min and the reaction 

samples were heated for 3 min in a water bath to terminate the reaction.  The samples 

were then centrifuged at 14000 rpm for 20 min to remove protein debris.  Thereafter, 25 

µl of each sample was diluted to 1.0 ml with activity buffer.  According to the method 

described by Baykov (Baykov et al. 1988), 250 µl of working solution (10 ml of 0.12 % 

malachite green in 3 N H2SO4, 2.5 ml of 10 % ammonium molybdate and 200 µl of 11 % 

Tween 20) was added to the 1.0 ml diluted samples for 10 min and the absorbance was 

recorded at 630 nm.  Standards were obtained as mentioned above, however proteins 

were omitted.   
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Enzymatic activities at various growth intervals 

 Pseudomonas 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 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 Media and Growth conditions section 

with the following modifications:  The aluminum content was varied from media not 

containing aluminum (control cultures) to media containing 0.1, 1.0, 5.0, 10.0 and 15.0 

mM Al and cells were harvested at late logarithmic phase (24, 24, 25, 27, 30 and 30 h 

respectively).  The CFE were isolated and the specific activities of various enzymes were 

determined as previously described.  

 

Al,  ROS and the modulation of enzymatic activities 

 Pseudomonas fluorescens was grown in Al-citrate for 30 h and 10 mg of whole cell 

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

supplemented with 15 mM H2O2 or 1 mM menadione.  These cultured were allowed to 

grow for 6 h.  The CFE were assessed for activities of various enzymes. 
 

 

Regulation of enzymatic activities and protein levels. 

10mg protein equivalent of Al-stressed cells or control cells were transferred to 

various citrate or Al-citrate media, respectively, supplemented with 50 ug/ml rifampicin 

(100 mg/ml stock dissolved in DMSO) solution, and 50 ug/ml chloramphenicol (100 

mg/ml stock dissolved in DMSO). Following an incubation of 6-8 h, cells were harvested 
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and the soluble cellular extracts were assayed for enzymatic activities and protein 

concentrations.   

Electrophoresis 

Blue Native Polyacrylamide Gel Electrophoresis (BN PAGE) (gradient gels 10% - 

16%) 

 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 10 % 

acrylamide and 2.9 ml 16 % acrylamide solutions per gel where used to create a linear 

gradient (10 %-16 %) using a gradient former (BioRad) for a broad range separation. 

 

 (all values in are in microliters) 

 After pouring of the gel the sample wells were dried with filter paper and samples 

(80 µg protein equivalent) were applied and carefully overlaid with the blue cathode 

buffer (50 mM tricine, 15 mM bis-tris, 0.02 % Coomassie G-250, 1 mM tricarballylate, 

pH 7.0 at 4 oC).  The rest of the inner chamber was filled with the blue cathode buffer. 

The anode buffer (50 mM bis-tris, pH 7.0 at 4 oC) is added to the outer chamber. 80 V 

was used for running the proteins through the stacking gel. Once the proteins reached the 

separating gel the voltage was increased to 200 V or a constant current of 15 mA. After 

 10 % 16 % 
Stacking Gel (sample 

loading) 
Acryl-Bis mix (49.5 %T, 

1.5 % C) 568 937 273 

3 x buffer 967 967 1136 
water 1670 194 1983 

75 % glycerol --- 773 -- 
100 mM tricarballylate 29 29 17 

10 %APS 9.7 7.6 30 
TEMED 1.0 0.8 2.5 
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the running-front is at the middle of the separating gel, the blue cathode buffer was 

exchanged with the colourless cathode buffer (blue cathode buffer without Coomassie G-

250) and the voltage was increased to 300 V. The chamber was not washed so that a small 

amount of Coomassie still remained. Electrophoresis was stopped before the running 

front moved out of the gel (Schagger and von Jagow 1991; Schagger 2001). 

 

Activity stain in Blue Native gels for soluble enzymes 

 Soluble fraction from CFE was isolated from Pseudomonas fluorescens grown in 

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

by diluting the soluble fraction with 3 X Blue Native (BN) buffer (150 mM bis-tris, 1.5 M 

ε-amino-n-caproic acid, pH 7.0) and water to a final concentration of 3mg/ml protein 

equivalent and 1 X BN buffer (50 mM Bis-Tris, 500 mM ε-amino-n-caproic acid, pH 7.0) 

respectively.  To each lane 80 µg of protein (26.7 µl of sample) were loaded per lane and 

electrophoresed 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, cofactor, and/or enzymes for coupled reactions) and incubated for 

various times.  The activity in the gels was visualized using phenazine methosulfate 

(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 pink substance (formazan) in the presence of the electron donor (eg: NADH).  

Under such conditions care was taken to avoid exposing the staining solution to the light, 

as this will result in a high background and 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 IDH: 
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isocitrate

α-ketoglutarate

NADPH

NADP+

PMS

INT

Formazan

  

NADPH producing enzymes: IDH, ME, G6PDH.  

 The activity of these enzymes was visualized using INT.  As indicated above, 

INT, a tetrazolium is 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 buffer (25 mM Tris-HCl, pH 7.3, 5 mM MgCl2) plus 0.2 mg/ml 

PMS, 0.4 mg/ml INT, 0.1 mM NADP+ and the appropriate substrate depending on the 

respective enzyme to be detected:  2 mM isocitrate (for IDH-NADP+ activity), 5 mM 

malate (for ME activity) and 5 mM glucose-6-phosphate (for G6PDH activity).  The total 

volume of the activity buffer was 1.5 ml per lane.  Upon visualization of a pink 

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

methanol, 10 % acetic acid).  This stopped the reaction and served in removing the 

Coomassie G 250 from the gel leaving a clear gel and a pink band at the site of enzyme 

activity.  

 

Detection of Acn activity by BN PAGE 

 The in-gel activity of Acn was visualized using IDH from porcine heart.  The gels 

were placed in equilibration buffer (25 mM Tris-HCl, pH 7.3, 5 mM MgCl2) containing 

60 units of IDH, 0.5 mM NADP+, 10 mM citrate plus 0.2 mg/ml PMS and 0.4 mg/ml 
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INT.  The total volume was 1.5 ml/lane.  The band corresponding to Acn was apparent 

after approximately 10 min of incubation.  

 

Activity stain in Blue Native gels for membrane enzymes 

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

solubilized using dodecylmaltoside:  Samples were prepared by diluting the membrane 

fraction with 3 X Blue Native (BN) buffer, 10 % dodecylmaltoside, and water to give a 

final concentration of 4 mg/ml protein equivalent, 1 X Blue Native (50 mM BisTris, 500 

mM aminocaproic acid, pH 7.0), and 1 % dodecylmaltoside respectively.  The samples 

were incubated on ice for 60 min with intermittent mixing.  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 equilibration buffer (25 mM Tris-HCl, pH 7.3, 5 mM MgCl2) for 

15 min.  In an effort to identify the nature or presence of the membrane enzymes the gels 

were placed in equilibration buffer plus 5 mM substrate, 0.2 mg/ml PMS, 0.4 mg/ml INT, 

0.5 mM NAD+ unless specified otherwise.  Upon visualization of a pink precipitate at the 

site of enzyme catalysis the gel was placed in destaining solution (50 % methanol, 10 % 

acetic acid).  This stopped the reaction and served in removing the Coomassie G 250 from 

the gel leaving a clear gel and a pink band at the site of enzyme activity. 

 

2D BN PAGE  

 The protein of interest (IDH-NADP+ or Acn) was first detected enzymatically in 

the first two lanes (citrate and Al-citrate fractions) of the first dimension BN PAGE.  The 

corresponding region in the next two lanes were cut in the first dimension BN PAGE and 

inserted between the glass plates of another 10-16 % polyacrylamide gel.  A 10 % gel was 

subsequently added around the gel pieces (Note: 4 x the recommended volume of 10 % 

APS was used to increase the rate of polymerization).  To avoid the formation of air 
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pockets, the gel casting may be tilted to one side.  After polymerization, the gels were 

electrophoresed and enzyme activity was detected as previously described. 

 

Protein levels 

 Slab-gels were fixed and stained with 10 % acetic acid, 50 % methanol, and 0.2 % 

Coomassie Brilliant Blue R-250.  The gels were left in the staining solution overnight.  

The gels were destained in a solution of 10 % acetic acid and 50 % methanol.  

 

Sodium Dodecyl Sulfate  Polyacrylamide Gel Electrophoresis of 2D BN PAGE 

 The band corresponding to Acn/IDH activity as visualized by formazan 

precipitation was cut from the 2D BN gel, incubated in electrophoresis buffer for 30 min 

and inserted between two plates containing the SDS gel.  The gel slabs were kept wet to 

facilitate the insertion between the two plates.  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 

(Laemmli 1970), with the following modifications.  The separation gel contained; 10 % T 

and 0.8 % C, 375 mM Tri-HCl (pH 8.8), 0.1 % SDS, 0.06 % TEMED, and 0.03 % APS.  

The stacking gel comprised of; 4 % T and 0.8 % C, 0.1 % SDS, 625 mM Tris-HCl (pH 

6.8), 0.06 % TEMED, and 0.03 % APS.  The electrode buffer (pH 8.3) contained 25 mM 

Tris, 192 mM glycine, and 0.1 % SDS.  Electrophoresis was carried out with a constant 

voltage of 200 V until the Coomassie blue marker from the 2D BN PAGE reached the 

bottom of the gel.   

  

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 (3.03 g tris-base, 14.4 g glycine, 200 ml methanol in 1 l ddH2O) for at least 
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10-20 min.  Hybond™-P (PVDF membrane) was pre-wet by placing in 100 % methanol 

for 10 s 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 BioRad laboratories.  The proteins were 

transferred overnight at 4 oC 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 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 1/20 000 for Acn in 5 % Blotto.  The 

antiserum to mAcn was raised in rabbits, and was supplied by Dr. R. Eisenstein, 

University of Wisconsin (Eisenstein 2000).  The membranes were then briefly washed 

with excess TTBS followed by 2 x 5 min washes in the same buffer.  Following 60 min 

incubation with the appropriate dilution of the secondary antibody-HRP conjugate 

(1/5000) in 5 % Blotto, the blots were washed 1 x 15 min and 4 x 5 min with excess 

volume of TTBS.  All electrophoretic gels were repeated at least twice.   

 
 

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 5min incubation at room temperature, the blots 
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were visualized with autoradiography film, Hyperfilm™ ECL (Amersham Pharmacia 

Biotech). 

 

Quantification of bands 

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

Maryland USA).  Gel images were saved using file extension .tif and the image width 

was kept below 500 pixels (Note: Scion image will not open the file if the file name has 

too many characters).  After opening Scion Image, Gel Plot 2 macros were loaded prior to 

opening image file.  Once the image was opened the lanes were marked and the histogram 

quantification was plotted.  Band intensity values were measured from the histogram and 

inserted into the plot.  Refer to pages 68-69 of the Scion Image user manual for further 

details.   

Statistical Analyses 

 A student’s t-test was used 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 (4 degrees of freedom) 

then the means are significantly different and p is said to be ≤ 0.05. 
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Results 
 
Acn Activity in response to Al-stress 
 

When P. fluorescens was grown in the presence of Al the ability of Acn to 

metabolize citrate to isocitrate was hindered.  Figure 18 A shows that, when soluble CFE 

from cells grown in media without the test metal, was incubated with 2,4-13C-citrate, Acn 

was able to convert citrate to cis-aconitate.  This is indicated by the presence of the 

olefinic C2 present in cis-aconitate showing a distinct signal at 129 ppm.  However, when 

soluble CFE from cells grown in the presence of Al was used, the signal at 129 ppm was 

absent, thus demonstrating that the presence of Al in the culture has a negative effect on 

Acn activity (figure 18 B).  However, when NADP+ was used to promote the enzymes 

isocitrate dehydrogenase and isocitrate lyase in the Al-stressed soluble CFE signals 

corresponding to α-ketoglutarate and succinate at 32.9 and 30 ppm respectively were 

detected (figure 19) 
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Figure 18. Proton decoupled 13C NMR spectra of soluble fraction of CFE 
(2mg of protein) incubated with 13C citrate (5mM) for 1 hr.  A: Soluble 
CFE from cells unamended with Al.  B: Soluble CFE from cells stressed 
with Al.

Citrate
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Figure 19.  Proton decoupled 13C NMR spectra of soluble fraction of 
CFE (2 mg of protein) incubated with 2,4-13C-citrate (5 mM) and 1 
mM NADP+.   
 
 

To demonstrate further that the activity of Acn is affected by the addition of Al to the 

culture media the specific activity of Acn was monitored under both control and Al-stressed 

conditions.  Soluble CFE fractions isolated from cell cultures were tested for Acn activity by 
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monitoring the formation of the double bond in cis-aconitate at 240 nm using various substrates 

as shown in table 1.   

 
Table 1.  Influence of various substrates on Acn activity from control 
and Al-stressed P. fluorescens.  Control and Al stressed soluble extracts 
were measured for Acn activity with a variety of substrates.  Values are 
mean ± SD, n = 3-6.  Significant changes in activity as compared to 
control are indicated as * (P<0.05). (Middaugh et al. 2004) 

 

 

There is an obvious decrease in Acn activity when CFE obtained from Al cultures is 

incubated with various substrates.  However, when exposed to Al-citrate complexed in a 

1:1.26 ratio there is no marked difference between control and Al-stressed.   

 

BN PAGE Analysis of Acn Activity 

 Blue native PAGE analysis further supported the observed inactivity of Acn in the 

Al-stressed cultures.  Soluble CFE from cells grown in both control and Al-stressed 

cultures were subjected to non-denaturing BN-PAGE and analysed for Acn activity.  

Figure 20 shows the marked decrease of Acn activity under Al-stress.   

0.018 (+/- 0.016)* 
0.018 (+/- 0.016)* 
0.046 (+/- 0.042)* 
0.004 (+/- 0.001)* 
0.029 (+/- 0.012) 

0.034 (+/- 0.012)* 
0.003 (+/- 0.003) 

0.124 (+/- 0.012) 
0.194 (+/- 0.036) 
0.176 (+/- 0.043) 
0.015 (+/- 0.006) 
0.034 (+/- 0.010) 
0.075 (+/- 0.008) 
0.011 (+/- 0.010) 

Citrate 
Isocitrate 
cis-Aconitate 
Al-citrate (1:1) 
Al-citrate (1 :1.26) 
Ga-citrate (1:1) 
Zn-citrate (1:1) 

Al Stressed Control 

Specific Activity (umole•min-1• mg prot-1) Substrate 
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Figure 20. In-gel activity assay for Acn.  cis-Aconitate as the substrate.  
Lane: 1. Soluble extracts from control cells; 2. Soluble extracts from Al-
stressed cells.  A. 10 min incubation.  B. 25 min incubation   

 

The band intensities of panel A from figure 20 were measured using scion image software 

in order to quantitate the decrease of Acn activity, shown in figure 21.  

1 2

A 

B 
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Figure 21. In gel activity assay for Acn.  cis-Aconitate as 
substrate.  Lane: 1. Soluble extracts from control cells; 2. Soluble 
extracts from Al-stressed cells.  Band intensities were measured 
using Scion Image software. (Middaugh et al. 2004) 

 

Further BN PAGE analysis was performed in an effort to examine the time dependence of 

Acn activity in the control and Al-stressed cultures.  Figure 22 shows that there was no 

significant change in Acn activity evident in cells grown in control media.  The Al-

stressed cells showed a decrease in Acn activity up to 40 h.  However, after 45 h of 

incubation, a growth interval known to coincide with the immobilization of Al as a PE 

and oxalic acid containing residue (Hamel and Appanna 2003), a marked increase in Acn 

activity was observed. 

A 

Con                                               Al-Stressed 

B 
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Figure 22. Acn activity at different growth intervals.  Activity 
staining of soluble extracts for Acn on BN PAGE.  Note:  The time 
intervals correspond to similar growth phases. (Middaugh et al. 
2004) 
 

 

In order to establish if a direct relation between the concentration of Al in the culture and 

the overall activity of Acn existed, cultures were grown in varying concentrations of Al 

and their soluble CFE were subsequently subjected to BN PAGE analysis to monitor Acn 

activity (figure 23).   

 

Figure 23.  Relationship of Al concentration to Acn activity.  
Activity staining on BN PAGE of soluble extracts for Acn from 
cells grown in varying concentrations of Al.  Lanes 1-6, 0.0, 0.1, 
1.0, 5.0, 10.0, 15.0 mM Al respectively. (Middaugh et al. 2004) 
 

 

Acn 

1                2               3                  4               5                  6 
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Al 

20 h                 25 h                     35 h                     45 h

   25 h                    35 h                     45 h                  60 h
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Maximal deficiency in Acn activity is observed in cells subjected to 10-15 mM Al.  Cells 

grown with 0.1-1 mM Al showed no obvious decrease in Acn activity.  At 5 mM Al there 

was a noticeable change in Acn activity.   

Acn Activity in Cultures with Different Carbon Sources 

Acn activity was monitored in soluble CFE from cells grown in media containing 

glucose by BN PAGE analysis and compared to that of the control citrate and Al-citrate 

media (figure 24). 

 

Figure 24.  BN PAGE of soluble fraction of CFE.  Detection by 
activity stain for Acn using cis-aconitate as the substrate. 1. Cells 
grown in citrate control medium.  2.  Cells grown in Al-citrate stressed 
medium. 3.  Cells grown in glucose medium.  

 

Acn activity was highest in the control citrate medium.  However, the activity of Acn in 

the Al-stressed media was still much less than that of the glucose media.  Furthermore 

when citrate was complexed to different metals the response of Acn was varied.  Figure 

25 demonstrates the specific activity of Acn from cells grown under different stressed 

conditions. 

1 2 3
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Figure 25.  Media influence on Acn activity.  Soluble extracts 
from cells grown in various growth media were monitored for Acn 
activity. Values are mean ± SD, n = 3-6.  Note: 100%= 0.124 
µmole•min-1• mg prot-1.  Significant decreases as compared to 
citrate are indicated as * (P< 0.05) (Middaugh et al. 2004) 

 

This spectrophotometric analysis showed a 6-fold decrease of Acn activity in the Al-

stressed cells.  Likewise, when Ga3+, another known pro-oxidant metal was used a 3-fold 

decrease in Acn activity was observed.  However, when Fe3+ complexed to citrate was the 

carbon source, there was no significant perturbation in Acn activity.  In fact Fe3+ (1 mM) 

did reverse the negative trend observed under Al-stress.  When redox inactive Ca2+ was 

the test metal only a slight diminution in Acn activity was evident.  Again when glucose 

was utilized as the source of carbon, a dramatic 5-fold decrease in Acn activity was 

observed compared to the control citrate medium. 

 

 

0

20

40

60

80

100

120

140

Citrate Al-
citrate

Al-
citrate
with Fe

Ga-
citrate

Glu Ca-
citrate

Fe-
citrateR

el
at

iv
e 

A
cn

 a
ct

iv
ity

 (%
 a

co
ni

ta
te

 c
on

su
m

ed
)

* *
*

*



 67

Regulation of Enzymatic Activity and Protein Levels 

To further evaluate the notion that Al is the effecter and is causing a decrease in 

Acn activity, cells were subjected to Al and then transferred to various citrate media 

containing no added Al, Fe, menadione and H2O2.  The cells were subsequently incubated 

for 6 h.  SDS PAGE immunoblotting and BN PAGE analyses were done to test Acn 

protein levels and activity as shown in figure 26. 

Figure 26.  Regulation of Acn: Activity and Concentration A: Acn levels 
by Western blots  B: Acn activity stain 1.  Control 2. Al-stressed 3.  Al-
stressed cells transferred to control media for 6 h. 4. Al-stressed cells 
transferred to control media with 25 µM Fe for 6 h.  5. Al-stressed cells 
transferred to control media with 1 mM menadione for 6 h.  6.  Al-stressed 
cells transferred to control media with 15 mM H2O2 for 6 h.  Band 
intensities of (B) were measured using scion image software.  (Middaugh et 
al. 2004) 

1                         2                        3                      4                     5                       6             

A 

B 
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The Al-stressed cells underwent an obvious increase in Acn activity in the cultures 

containing citrate and citrate with 25 uM Fe.    However, in the cultures with H2O2 and 

menadione no improvement in Acn activity was evident, thus indicating the susceptibility 

of Acn to oxidative stress.  Furthermore there was no significant decrease in the levels of 

protein. 

 In order to further probe the role of protein expression and the influence of Al on 

the levels of Acn protein, various experiments were performed.  Cells exposed to Al-

stressed and control media were transferred to control and Al-stressed media respectively.  

In addition the cells were also transferred to their respective media containing rifampicin 

and chloramphenicol.  The cells were incubated for 6hrs and the soluble CFE was isolated 

and analyzed by SDS-PAGE immunoblotting and BN-PAGE for Acn activity as shown in 

figure 27. 
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Figure 27.  Concentration and activity of Acn after various treatments.  
A: Activity stain 1. Al-stressed, 2. Al-stressed transferred to control 
media 3. Al stressed transferred to control with rifampicin, and 4. Al-
stressed transferred to control with chloramphenicol.  B: Immunoblot 
of (A).  C:  Activity stain 1. Control  2. Control transferred to Al-
stressed 3. Control transferred to Al-stressed with rifampicin and 4. 
Control transferred to Al-stressed with chloramphenicol.  

 

Acn activity is shown to return when cells from Al-stressed media were transferred to 

control media.  However, in the presence of protein synthesis inhibitors, rifampicin and 

chloramphenicol, there was no obvious increase in activity.  Western blot analysis, 

however, shows that the levels of protein are similar throughout.  Furthermore, when cells 

were transferred from control media to Al-stressed media Acn activity was compromised.  

In addition, when cells were transferred from control media to control media with the 

protein synthesis inhibitors a slight decrease in Acn activity was observed (data not 

shown).  However, this decrease in activity was not as pronounced as the decreased 

activity in the presence of Al and the inhibitors. 

  1                2                  3                 4 
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 In light of the absence of Acn activity and similar protein levels in the cells 

exposed to rifampicin and chloramphenicol, further studies were performed to confirm 

the concentration of Acn using many different techniques.  Figure 28 shows a western 

blot following a BN-PAGE.  In this instance a native polyclonal antibody for Acn was 

utilized.  The immunoblot is adjacent to a BN-PAGE activity stain for Acn in order to 

show the relationship of protein levels and activity.  A Coomassie stain was also 

performed on the PVDF membrane following the blot to ensure equal protein loading.   

Figure 28.  A.  1-2  Immunoblot of Acn from soluble CFE of cells 
grown in control, Al-stressed media respectively.  3.  Acn from Sigma. 
4-5  BN PAGE activity stain of Acn from soluble CFE of cells grown 
in control, and Al-stressed media respectively.  B.  1-2 Coomassie stain 
of soluble CFE of cells grown in control and Al-stressed media 
respectively.  3-4 BN PAGE activity stain of Acn from soluble CFE of 
cells grown in control, and Al-stressed media respectively.  

 

Figure 28 shows that there is no significant difference between the protein concentration 

of Acn in control and Al-stressed cells (it appears that the latter might be slightly higher).  

Multidimensional analysis was done to further confirm that the decrease in Acn activity 

in Al cultures was not due to diminished levels of this protein.  2D BN-PAGE analysis 
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was done on soluble CFE from cells grown in both control and Al-stressed cultures.  The 

gels were analysed for activity, and protein levels as shown in figure 29. 

 

Figure 29.  2D Blue Native PAGE of soluble fraction of CFE.  A.  
Detection by activity stain for Acn.  B. Detection by Coomassie stain 
of panel A.  C. Immunoblot for Acn.  1. Cells grown in citrate control 
medium.  2.  Cells grown in Al-citrate stressed medium. 

 

It is quite evident that the protein concentration attributable to Acn in both control and 

Al-stressed cultures were not significantly different.  Similar results were found when the 

soluble CFE was subjected to native conditions in the first dimension and then subjected 

to denaturing condition in the second dimension.  Figures 30 and 31 demonstrate by 

immunoblotting and Coomassie staining that the protein levels of Acn are unchanged in 

the Al-stressed cells.   
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B 

C 
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Figure 30.  2D immunoblot of Acn.  1D blue native, 2D SDS. 1. Cells 
grown in citrate control medium.  2.  Cells grown in Al-citrate stressed 
medium. 

 

 

Figure 31.  2D PAGE of soluble fraction of CFE.  1D blue native, 2D 
SDS.  Detection by Coomassie stain. 1. Cells grown in citrate control 
medium.  2.  Cells grown in Al-citrate stressed medium. 

 

A 3D analysis was performed on the soluble CFE of cells from control and Al-stressed 

cultures.  The soluble CFE was subjected to 2D BN PAGE and then further purified by a 

3D SDS PAGE.  The protein was then stained using Coomassie as shown in figure 32. 

1 2 
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Acn 
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Figure 32.  3D PAGE of soluble fraction of CFE.  1D  and 2D blue 
native, 3D SDS.  Detection by Coomassie stain. 1. Cells grown in 
citrate control medium.  2.  Cells grown in Al-citrate stressed 
medium.  Spot intensities were measured using Scion Image 
software.  

 

The level of Acn protein appeared to be higher in the Al-stressed cultures as compared to 

the control media; however, the overall activity of Acn was diminished approximately 6-

fold.   

ROS Generated by Al-citrate 

 The susceptibility of Acn to Al was further studied by evaluating the production 

of ROS by Al-citrate in both control and Al-stressed soluble CFE.  Table 2 shows that 

when Al-citrate was incubated with control and stressed protein there was an increase of 

1                                                          2 

Acn 
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H2O2 and O2
•- in the reactions with Al-citrate.  Likewise the overall levels of the two 

oxidants are higher in the reactions containing Al-stressed protein (Singh et al. 2004). 

 Table 2.  In-vitro generation of ROS by Al-citrate and citrate in control 
and Al-stressed soluble CFE from P. fluorescens.   Values are mean ± SD, 
n = 3  All changes are significant (P<0.05) (Singh et al. 2004). 

 
H2O2 (nmol•min-1•mg prot-1) 

Production 

O2
•- (nmol•min-1•mg prot-1) 

Production 

Substrate Control cells Al-stressed cells Control cells Al-stressed cells

Citrate 4.60 (± 0.108) 17.9 (± 0.178) 1.96 (± 0.210) 18.3 (± 0.129) 

Al-citrate 6.64 (± 0.098) 23.1 (± 0.178) 2.83 (± 0.200) 34.4 (± 0.163) 

 

Fe Levels and Fe-S Cluster Integrity 

Al in known to antagonize iron homeostasis in numerous living systems and since 

Acn is an iron-containing protein it is possible that Al is interfering with the iron 

metabolism of P. fluorescens.  This is seen in figure 25 where the specific activity of Acn 

was unaffected when the cells were grown in a media containing 15 mM Al with an 

added 1 mM Fe.   

 The levels of total Fe were measured in both control and Al stressed soluble CFE 

by the ferrozine assay.  The level of absorbance is directly related to total amount of Fe 

contained within the soluble fractions.  The relative Fe concentrations within the control 

and Al-stressed CFE are shown in figure 33. 
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Figure 33.  Total Fe levels in soluble CFE.  Fe measured by the 
ferrozine assay.  Values are mean ± SD, n = 3.  Significant decrease in 
Fe levels is indicated as 
* (P< 0.05) 

 

It is evident from figure 33 that the Fe levels within the Al-stressed cells were 

approximately 7-fold lower than that of the control.  Since Acn activity is dependent on 

Fe the decreased levels of Fe may be a factor in the disparate activity found in the Al-

stressed cells.  Thus, the addition of Fe under reducing conditions may lead to an increase 

in the observed activity of Acn.  Incubation of the soluble CFE with 0.5 mM 

Fe(NH4)2(SO4)2 and 10 mM DTT was done and Acn activity was monitored via the 

production of cis-aconitate by observing the change in absorbance at 240 nm (figure 34). 

*
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Figure 34.  In-vitro reactivation of Acn activity.  Light bars represent normal Acn activity 
from control and Al-stressed soluble CFE and dark bars represent reactivated Acn activity 
from control and Al-stressed soluble CFE.  Reactivation was done with 0.5 mM 
Fe(NH4)2(SO4)2 and 10 mM DTT. Values are mean ± SD, n = 3. Significant increase in 
Acn activity upon reactivation is indicated as * (P< 0.05) (Middaugh et al. 2004) 
 
The Al-stressed cultures showed a significant increase in Acn activity when incubated 

with Fe under reducing conditions.  However, the cells grown in control media showed no 

increase as compared to the non-reactivated soluble CFE.  This result indicates that there 

is a direct relationship between Acn activity and Fe.  

 To further support the idea that Fe is able to reverse the effects of Al on Acn, cells 

were subjected to media containing 15 mM Al and 1 mM Fe.  The addition of Fe was 

used to increase the availability of Fe.  By having Fe more readily available to the 
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bacterium, it is possible to evaluate if Al is directly involved in the decrease of Acn 

activity.  BN PAGE analysis was performed on cells grown in control, Al-stressed, and 

Al-stressed supplemented with Fe.  The results are depicted in figure 35.   

 

Figure 35.  BN PAGE of soluble fraction of CFE.  Detection by 
enzyme activity for Acn. 1. Cells grown in citrate control medium.  2.  
Cells grown in Al-citrate stressed medium.  3.  Cells grown in Al-
citrate stressed medium supplemented with 1 mM Fe. 

 

It is evident that the addition of 1 mM Fe is able to reverse the effects of Al on Acn 

activity.   

Fe-S Cluster in Acn from Control and Al-stressed Cultures 

Spectrophotometric analysis was done to examine the integrity of Fe-S clusters 

within the soluble CFE of the cells.  [4Fe-4S]2+ clusters show a broad band absorption 

pattern around 400 nm.  However, [3Fe-4S]+ clusters have no discernable absorption 

pattern in this region.  Hence, UV/Vis wavelength scanning is very useful in determining 

the integrity of the Fe-S clusters.  Fe-S cluster integrity was monitored on soluble CFE of 

cells grown in varying concentrations of Al in the culture medium as shown in figure 37.   

 

 

 

1                          2                             3  
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Figure 37.  UV-vis spectra of soluble CFE from cells exposed to 
varying concentrations of Al (0-15 mM). 

 

10.0mM Al 

15.0mM Al 
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Figure 37 shows that as the concentration of Al increased there was more Fe-S cluster 

perturbation within the cells.  Maximal perturbation was observed at 10-15 mM Al, which 

was consistent with the Acn activity measurements observed earlier.  Further cluster 

analysis was performed on the integrity of the Fe-S clusters and their response to control 

and control with 25 µM Fe environments.  Cells from Al-stressed media were transferred 

to control and control with Fe media and incubated for 6 h.  Subsequently the soluble 

CFE was isolated and subjected to UV/Vis spectroscopy.  The integrity of the Fe-S 

clusters was monitored and the ability of Fe to maintain this cluster was evident, figure 

38. 
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Figure 38. UV-vis spectra of soluble CFE from 1. Al-stressed cells, 2. 
Al-stressed cells transferred to control media and 3.  Al-stressed cells 
transferred to control media with 25 µM Fe. 

 

It is evident from figure 38 that when cells grown under Al-stressed conditions were 

transferred back into media void of Al and media void of Al with Fe the presence of the 

1. 2. 

3. 
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band at approximately 400 nm is noticeable.  This indicates that the integrity of the Fe-S 

cluster in the 4Fe-4S form was maintained. 

 

Other Citrate Metabolizing Enzymes 

 With the dramatic decrease in Acn activity under Al-stress it was important to 

investigate if the organism was invoking other citrate degradating enzymes in order to 

survive.  A modified Acn and citrate lyase (CL), an enzyme that cleaves citrate into 

oxaloacetate and acetyl CoA, may be involved.  No discernable citrate lyase activity in P. 

fluoresncens has been recorded under both citrate and Al-citrate conditions.  The presence 

of an Acn isoenzyme in the membrane fraction of the CFE from control and Al stressed 

cultures was examined by spectrophotometric and BN PAGE analyses, figure 39. 

 

Figure 39.  BN PAGE of membrane CFE for Acn activity.  1. Control 
2. Al-stressed   

 

1                                                         2 



 84

No Acn-like activity was detected in both control and Al-stressed cultures.  The faint 

band observed in the control lane appeared after a long incubation period (16 h) may be 

due to contamination from the soluble CFE.   

 

Enzymes Involved in the Degradation of Isocitrate 

As no novel citrate-degrading enzyme was observed in Al-stressed cells, it 

became important to elucidate how these cells were adjusting to the decrease in Acn 

activity.  Three enzymes that act on the product of the Acn reaction, isocitrate, are 

isocitrate lyase (ICL), NADP+-dependent isocitrate dehydrogenase (IDH), and NAD+-

dependent IDH.  Isocitrate lyase, which produces glyoxylate and succinate via the 

glyoxylate shunt, was shown to increase by approximately 4-fold under Al-stress, Table 3 

(Hamel and Appanna 2001). Following the similar pattern NAD+-dependent IDH was 

investigated in order to understand the overall metabolic fate of isocitrate.  NAD+-

dependent IDH, which is membrane bound, was reported to decrease under Al-stress, 

Table 3 (Hamel 2003). 
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Table 3.  Specific activity of enzymes involved in isocitrate 
degradation in control and Al-stressed P. fluorescens;  s= soluble, m= 
membrane. Values are mean ± SD, n = 3. Significant changes in 
activity as compared to conrol are indicated as * (P<0.05). ** Results 
taken from (Hamel 2003). 
 

Specific Activity (nmol•min-1•mg prot-1) 

Enzyme Control Al-stressed 

ICL** 11 (±6.0) 51 (±8.0)* 

IDH-NADP+
(s) 173 (±20) 222 (±10)* 

IDH-NAD+
(m)** 134 (±33) 91(±21) 

 

The decrease in activity of membrane bound NAD+-dependent IDH was further supported 

by BN PAGE analysis, figure 40. 

 

Figure 40.  Effect of Al on IDH-NAD+ activity.  Activity stains of the 
membrane fractions of CFE for IDH-NAD+ on BN PAGE. 1. control 
membranes.  2.  Al-stressed membranes. 
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Also depicted in table 3 the soluble NADP+-dependent IDH was increased under Al-

stress.  1 and 2D BN PAGE analysis on the soluble CFE of control and Al-stressed cells 

did confirm that there was an increase in the activity of NADP+-dependent IDH in Al-

stressed cells (figure 41). 

 

 

Figure 41.  Effect of Al on IDH activity.  Activity Stains of soluble 
CFE for IDH on 1D and 2D BN PAGE. 1 Control soluble CFE.  2. Al-
stressed soluble CFE. 

 

NADP+-dependent IDH Regulation and Protein Concentration 

Similar to Acn it was necessary to find out if the increase in IDH activity was due 

to a change in protein levels.  Multidimensional electrophoresis was performed on the 

soluble CFE of both control and Al-stressed cells.  The multidimension gels were 

required to separate Acn and IDH.  The gels were subjected to Coomassie Brilliant Blue 

1 2 
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staining and it was found that there was a significant increase in protein levels in the Al-

stressed cells (figure 42).  

 

 

Figure 42.  3D PAGE of soluble fraction of CFE.  1D  and 2D BN-
PAGE, 3D SDS-PAGE.  Detection by Coomassie stain. 1. Cells grown 
in citrate control medium.  2.  Cells grown in Al-citrate stressed 
medium. 

  

The response of NADP+-IDH at various growth intervals was also monitored.  

Both control and Al-stressed cells were harvested at different incubation times and the 

soluble CFEs were probed for enzyme activity using BN-PAGE analysis (figure 43). 

IDH 
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Figure 43. IDH activity at different growth intervals.  Activity staining 
of soluble CFE (80 µg) for IDH on BN PAGE.  Note:  The time 
intervals correspond to similar growth phases. 

 

It is obvious that there is increased IDH-NADP+ activity under Al-stress.  Maximal 

activity was recorded at approximately 45 h of growth.  In addition the appearance of an 

additional band with IDH activity was also detected suggests the existence of a possible 

isoenzyme (upper band).  This apparent isoenzyme is as well markedly increased in the 

Al-stressed cultures with the same pattern as the lower band.   

 The effect of Al on the activity of NADP+-IDH was further monitored by 

exposing P. fluorescens to increasing concentrations of Al and then isolating the soluble 

CFE and analyzing them for enzyme activity by BN PAGE.  Membrane bound NAD+-

IDH was also monitored for comparison (figure 44). 

 

Control 

Al-Stressed 

20 h                       25 h                         35 h                         45 h 

   25 h                             35 h                     45 h                        60 h 
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Figure 44.  In-gel activity for membrane and soluble IDH, of cells 
grown in increasing concentrations of Al: 0, 0.1, 1.0, 5.0, 10.0, 15.0 
mM.  (1-6) respectively.   

 

The membrane isoenzyme of IDH (IDH(m)) showed a marked decrease in activity as the 

concentration of Al increased.  In the 15 mM cultures, this enzyme was barely visible.  In 

contrast, the soluble NADP+-dependent isoenzyme (IDH(s)) showed a gradual increase in 

activity concomitant with the increase of Al in the growth medium.  In addition the other 

soluble IDH-NADP+ isoenzyme also revealed a similar pattern of activity in relation to 

Al.   

The notable increase in NADP+-dependent IDH protein levels was further studied 

by examining the machinery involved in protein synthesis.  Cells grown in control media 

were transferred to Al-stressed media, Al-stressed media with rifampicin, and Al-stressed 

media with chloramphenicol.  Once transferred the cells were incubated for 6 h and the 

soluble CFE were isolated.  BN PAGE analysis was then carried out to identify any 

changes in IDH activity.  The results are depicted in figure 45.   

1      2      3      4      5     6  

IDH(m) 

IDH(s) 
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Figure 45.  Regulation of IDH(s), analyzed by BN PAGE.  1. Control, 
2. Control cells transferred to Al-stressed media.  3. Control cells 
transferred to Al-stressed media with rifampicin.  4. Control cells 
transferred to Al-stressed media with chloramphenicol.  Band 
intensities were quantified with the aid of Scion image software. 

 

The cells transferred to Al-stressed media void of the inhibitors showed an increase in 

IDH activity.  However, the cells transferred to Al-stressed media containing the 

inhibitors demonstrate showed a decrease in IDH activity.   

1                       2                       3                      4
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To further investigate the response of NADP+-IDH to the potential oxidative 

environment produced by Al, P. fluorescens were grown in media containing Al with Fe, 

Fe, Ca, and Se.  Al and Fe are both pro-oxidant metals, whereas Ca is redox inactive.  The 

specific activity of NADP+-IDH was measured in the soluble CFE of the cells grown in 

the aforementioned media (figure 46).  

Figure 46.  Specific activity of IDH from soluble extracts of P. 
fluorescens grown in various culture media.  Values are mean ± SD, n 
= 3.  Significant changes in IDH activity are indicated as * (P<0.05) 
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Figure 46 shows an obvious increase in NADP+-IDH activity in media containing the pro-

oxidant metals Al and Fe.  However, there was no increase in activity from the cells 

grown in Ca, and the cells grown in Se showed a decrease in activity.   

The increase in the soluble NADP+-dependent IDH was further studied to 

understand the biochemical significance of this change.  It was noticed that the migration 

of IDH was similar to that of Acn in BN PAGE.  Thus, experiments were designed to test 

whether or whether not the two proteins were co-migrating.  Figure 47 shows an activity 

stain of Acn, followed by an activity stain for IDH on the same gel.   

 

Figure 47.  BN PAGE of the soluble fraction of CFE.  Detection by 
enzyme activity stains of Acn, followed by IDH on the same gel. 1. 
Cells grown in citrate control medium.  2.  Cells grown in Al-citrate 
stressed medium. 

 

It is evident from figure 47 that the two enzymes are found at the same location on the 

gel.  It is possible that the two enzymes are associated with each other to funnel 

metabolites.  This idea was tested by analyzing Acn activity in the soluble CFE from 

control cells with and without commercial IDH as the coupling enzyme required to 

generate NADPH.  It can be noted in figure 48 that both BN PAGE analyses of Acn with 

Acn/IDH 

1 2
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and without commercial IDH, showed Acn activity; thus, indicating that the two 

enzymes, IDH and Acn, are found at similar positions in the non-denaturing gel. This 

result points to the possibility that Acn and IDH may be associated.   

 

Figure 48.  Acn BN PAGE activity stain of control soluble CFE.  1. 
Reaction with commercial IDH in the reaction mixture.  2. Reaction 
without added commercial IDH. 

 

Other NADPH Generating Enzymes 

 Al is known to be a pro-oxidant metal and is able to generate an oxidative 

environment within living organisms.  NADPH is a reductive cofactor that assists in 

maintaining the reducing environment inside cells.  NADPH also plays an invaluable role 

as a necessary cofactor in lipid production.  The detoxification of Al in P. fluorescens 

requires mass production of PE to sequester the Al.  The oxidative environment and the 

increased demand for lipids triggered by Al would demand enhanced production of 

NADPH; hence, other NADPH-generating enzymes were also evaluated.  Such enzymes 

include malic enzyme (ME), glucose-6-phosphate dehydrogenase (G6PDH), and 6-

1                               2 
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phosphogluconate dehydrogenase (6PGDH).  Table 3 shows the specific activity of 

NADPH generating enzymes in control and Al-stressed cells.   

 
Table 4. Specific Activity of NADPH generating enzymes in P. fluorescens.  
** (Hamel 2003); cells at late logarithmic phase were analyzed.  Values are 
mean ± SD, n=3.  Significant increase in activity as compared to control is 
indicated as * (P<0.05). 

 
 
 

 

It is quite evident that except for ME, all the other enzymes showed a significant increase 

in activity.  In gel activity staining also confirmed this observation (figure 49). 

82 (±3) 77 (±5) ME** 

6.9 (±0.3)* 4.6 (± 1.4) 6PGDH 

29 (±6)* 17 (±2) G6PDH** 

222 (±10)* 173 (±20) NADP+-IDH 

Al-stressed Control   

Specific Activity (nmole•min-1•mg protein-1) Enzymes 
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Figure 49. In gel activity assay for G6PDH. 1. Soluble CFE from 
control cells 2. Soluble CFE from Al-stressed cells. 

  

The effect of Al on the activity of G6PDH was further monitored by exposing P. 

fluorescens to increasing concentrations of Al and examining the soluble CFE for enzyme 

activity by BN PAGE (figure 50).   

 

Figure 50.  In-gel activity for G6PDH, of cells grown in increasing 
concentrations of Al: 0, 0.1, 1.0, 5.0, 10.0, 15.0 mM.  (1-6) 
respectively.  

 

There was a concomitant increase in G6PDH activity with increasing Al concentrations.  

Further, at least 3 separate bands were detected with G6PDH activity suggesting possible 

G6PDH isoenzymes.  The existence of possible isoenzymes was studied by transferring 

cells from control media to media containing Al, Al with rifampicin, and Al with 

1                                                2 

1        2        3       4        5        6  

G6PDH 
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chloramphenicol.  The soluble CFEs isolated from these cells after 6 h incubation were 

subjected to BN PAGE and monitored for G6PDH activity (figure 51). 

  

Figure 51.  Regulation and activity of the three detected G6PDH bands 
from soluble CFE, analyzed by BN PAGE.  A: G6PDH-A B: G6PDH-
B C: G6PDH-C 1. Control, 2. Control cells transferred to Al-stressed 
media 3. Control cells transferred to Al-stressed with rifampicin, and 4. 
Control cells transferred to Al-stressed with chloramphenicol. 

 

All three activity staining bands of G6PDH showed an increase in activity when 

transferred to media containing Al.  However when rifampicin and chloramphenicol are 

added to the media, there was no discernable increase in activity observed.  This suggests 

that the bands are regulated similarly.  

 1                               2                               3                                 4 
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 The variation in G6PDH activity at various growth intervals was also monitored.  

Both control and Al-stressed cells were cultured for different incubation times and the 

soluble CFE from cells at similar growth phases were monitored for G6PDH enzyme 

activity using BN PAGE analysis (figure 52).   

 

Figure 52. G6PDH activity at different growth intervals.  Activity 
staining of soluble extracts for G6PDH on BN PAGE.  Note:  The time 
intervals correspond to similar growth phases. 

 

There was a marked increase in G6PDH activity in the Al-stressed cells with maximal 

activity at approximately 60 h.   

 

 

Con 
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20h                          25h                          35h                       45h 

   25h                              35h                      45h                    60h 



 98

From table 4 it can be seen that ME is not greatly affected by Al stress.  BN-PAGE 

analysis did confirm this observation (figure 53). 

 

Figure 53 In gel activity assay for Malic Enzyme. 1. Soluble CFE 
from control cells 2. Soluble CFE from Al-stressed cells. 

 

Lipid producing Enzyme 

 Acetyl CoA carboxylase (ACC) is a key enzyme in the biosynthesis of lipids in 

that it catalyzes the formation of malonyl CoA from acetyl CoA.  Although fatty acid 

synthesis requires a continuous supply of NADPH, ACC may also help promote the 

condensation of acetyl CoA.  Soluble CFE was isolated from control and Al-stressed cells 

and ACC activity was monitored by measuring the amount of free Pi liberated from the 

reaction.  There is no significant change in ACC activity in Al-stressed cells as compared 

to the control (figure 54). 

1                                   2 
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Figure 54.  Specific Activity of Acetyl CoA Carboxylase in control 
and Al-stressed soluble CFE.  Values are mean ± SD, n =3 
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Discussion 
 

The aforementioned results clearly point to the possible deleterious effects of Al on 

Acn activity, iron homeostasis and show how metabolic reconfiguration is vital to the 

survival of Pseudomonas fluorescens confronted with Al stress.  The fluctuation in 

enzyme activity can be a result of numerous factors.  Regulatory mechanisms that control 

enzyme activity can be due to the covalent modifications of the enzyme, for example 

phosphorylation, binding of inhibitory proteins, proteolysis, down-

regulation/upregulation of protein levels by cessation/activation of translation or 

transcription, and removal of prosthetic moieties (Huber and Hardin 2004).  In 

Pseudomonas fluorescens, Al appears to be an important effecter of the metabolic 

changes observed.  The susceptibility of Acn to ROS and Fe limitation make it a prime 

target for Al toxicity as this trivalent metal is known to promote these situations.  Al was 

shown to cause a marked decrease in the activity of Acn with no concomitant decrease in 

protein concentration. The activity of Acn under Al stress was shown to have a direct 

relation with the concentration of the trivalent metal in the media.  Hence, this 

interference may result from a direct interaction of Al with Acn or by some indirect 

mechanism leading to conditions unfavourable for an active Acn.  There are many 

possible models by which Al may interfere with Acn without affecting the levels of the 

protein.  Al is able to interfere with Fe homeostasis, create ROS, and possibly block the 

active site of Acn by interacting directly with its Fe-S cluster (figure 55).   
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Figure 55.  Possible models of Al interference with Acn activity. 

 

Interaction of Al with the Fe-S cluster of Acn  

It has been shown that Al is internalized by P. fluorescens (Hamel 2003); hence, it 

is likely that there is perturbation of iron homeostasis in the cell.  Toxic metals are known 

to interfere with metal containing proteins and impede their biological functions.  The 

cubane Fe-S cluster of Acn is very solvent accessible, thus it is possible for Al to enter the 

cleft in the protein where the cluster resides.  Interaction of Al with the Fe-S cluster or the 

amino acid residues that bind to the Fe-S cluster may lead to decreased Acn activity.  

Divalent metals such as Mn, Ni, Cu, Cd, and Hg have been shown to bind to the Fe-S 

cluster of cytoplasmic Acn under Fe-depleted conditions (Oshiro et al. 2002).  Binding of 

these metals to the active site of Acn forms [1 non-Fe metal + 3Fe]-4S clusters that affect 
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the ability of the cAcn to behave as an IRP and as an enzyme.  It has been hypothesized 

that Al may behave in a similar manner to these metals and form a [1 Al + 3Fe]-4S 

cluster, which may decrease the affinity of Acn as an IRP (Oshiro 2003).  The millimolar 

concentrations of Al utilized in our study would make such a possibility likely. Indeed, 

when Acn from the control cultures was incubated with Al-citrate, the enzymatic activity 

was markedly reduced.  

Acn and ROS  

The ability of Al to promote an oxidative environment may also contribute to the 

inhibitory influence on Acn.  The interaction of Al with Fe containing proteins may lead 

to an increase in labile Fe.  Free Fe is known to participate in Fenton chemistry where the 

production of the hydroxyl radical (OH•) occurs (Kruszewski 2003).  Intermediates of 

Fenton chemistry, superoxide and peroxide are known to interact with the Fe-S cluster of 

Acn resulting in the oxidation of the cluster which is a hallmark of diminished enzyme 

activity (figure 56) (Bulteau et al. 2003). 
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Figure 56.  Inactivation of Acn by H2O2 and O2
•- (Bulteau et al. 2003). 

 

Oxidation of the cluster by O2
•- has been shown to remove the Fea from the cluster 

with the concomitant complete disassembly of the cluster.  The inactivation of Acn by 

H2O2 does not directly remove the Fea from the cluster; it is suggested that the 

inactivation is a result of H2O2 activating a membrane component that interacts with Acn 

and leads to inactivation (Bulteau et al. 2003).  Removal of the labile Fe from Acn has 

been reported to play a role in generating the OH• (Vasquez-Vivar et al. 2000).  The 

released Fe can interact with H2O2 and catalyze the production of the hydroxyl radical 

(figure 57.). 
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Figure 57. Acn as a source of •OH by its reaction with O2
•- (Vasquez-

Vivar et al. 2000). 
 

Thus, it is likely that P. fluorescens stressed by Al would show signs of oxidative stress.  

Al has been proposed to be a pro-oxidant by forming complexes with O2
•- and increasing 

its reactivity by three fold (Exley 2004).  The AlO2
•2+ complex could enable the reduction 

of Fe3+ back to Fe2+ thereby facilitating the reduction of H2O2 to generate OH•.  The 

hydroxyl radical is very invasive in that it damages DNA, lipids, and proteins, thus its 

increased generation is detrimental to the cell.  P. fluorescens has been shown to have 

increased levels of oxidized lipids, and proteins when exposed to pro-oxidant metals like 

Ga and Al (Beriault 2004).  Hence, it is quite likely that the diminished Acn activity 

observed in Al-stressed P. fluorescens may be a result of oxidative stress.  UV/Vis 

spectrophotometric scans suggested that the perturbation of Fe-S clusters was directly 
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related to the levels of Al in the media.  Generation of H2O2, O2
•-

 , and AlO2
•2+ could lead 

to oxidation of the Fe-S cluster and cause cluster disassembly.  The oxidation of the Fe-S 

cluster is reversible in the presence of sufficient Fe and a reducing environment (Beinert 

et al. 1996).  Indeed the reactivation of Acn by the addition of Fe(NH4)2(SO4)2 and DTT 

to the soluble CFE of P. fluorescens was shown in this study.   

 

Al-stress, Fe Uptake Mechanisms, and Decreased Acn 

Acn is known to be sensitive to cellular Fe levels since its dual role as an IRP is 

dependent on its ability to react to changing Fe environments (Eisenstein 2000).  With 

millimolar amounts of Al and micromolar levels of Fe in the external environment it is 

likely that the ability of P. fluorescens to acquire Fe from the extracellular fluid is 

compromised.  It has been shown in numerous biological systems that Al has the ability 

to interfere with Fe uptake processes.  Chemical characteristics such as ionic radius, 

charge density and coordination number allows Al to act as an Fe mimetic.  This makes it 

possible for Al to bind such Fe-proteins like Tf.  Al-laden Tf is unable to bind and 

transport Fe, thus resulting in decreased Fe uptake (Oshiro 2003).  Not only is Al shown 

to bind to Tf, but also the Tf-Al complex is able to interact with TfR on the cellular 

surface and enter the cell using receptor-mediated endocytosis.  This allows for 

accumulation of this trivalent metal in the cytosol of cells.  In addition to Al uptake by the 

Tf/TfR mechanism it is shown that Al can be also taken up by the Tf-independent uptake 

system (Oshiro et al. 1998).   

In some organisms siderophores are essential for the uptake of iron and other 

essential metals.  Al has been shown to induce siderophore production in Rhizobium sp. 

(Roy and Chakrabartty 2000). Increased siderophore production allows for chelation of 
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the Fe found in the extracellular environment to be internalized by the cell.  Metals such 

as Mn and Ni are also known to stimulate siderophore production in bacteria and fungi 

(Hofte et al. 1993).  Although Rhizobium show an increase in siderophore production 

when exposed to Al, there was a marked decrease in cell growth and viability as Fe had to 

compete with Al to gain access to the cells (Roy and Chakrabartty 2000).  The inhibitory 

influence of Al was reversed by increasing the amount of Fe within the growth media.  

Thus, it is quite conceivable that the Al found in the external environment may be 

blocking Fe uptake by competing for the siderophores.  P. fluorescens grown in media 

containing 15 mM Al showed a marked decrease in the concentration of intracellular Fe.  

It is likely that the Al in the media is preventing siderophores produced by P. fluorescens 

to bind with Fe and transport this essential metal to the intracellular environment.  Since 

Acn activity is dependent on Fe, a decrease in intracellular Fe concentrations could lead 

to an observed decrease in Acn activity within cellular extracts as shown in figure 58.  

Indeed there was 4-fold less Fe in the soluble CFE from the Al-stressed cells as compared 

to the control. 
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Figure 58.  Schematic representation of decreased Fe uptake by 
Al competition leading to decreased Acn activity in P. 
fluorescens. 
 

However, when P. fluorescens was exposed to Al-stressed media supplemented with 1 

mM Fe the activity of Acn was comparable to the control cultures.  Thus, the presence of 

Fe in the medium was able to reverse the inhibitory influence of Al.  When P. fluorescens 

cells grown in Al-stressed media were transferred to control media and media containing 

Fe, Acn activity was restored indicating that the absence of Al in the media allowed for 

regeneration of the Fe-S cluster possibly by increasing the uptake of Fe.   

Many Fe-containing proteins are regulated by the levels of intracellular Fe.  It is 

well established that the production of the prosthetic moieties of proteins is concomitant 

with or even precedes that of their respective protein.  Often when Fe is limited within a 

cell, the synthesis of the prosthetic groups is inhibited, as is the production of the 

respective proteins.  As a result Fe-dependent protein levels are decreased.  However, the 

amounts of Acn in P. fluorescens grown in media with 15 mM Al were similar to the 
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control. Thus, it appears that Acn protein levels are unaffected by the toxic metal.  It is 

possible that Acn synthesis is not dependent on the levels of intracellular Fe.   It was 

shown that when P. fluorescens exposed to Al were subsequently transferred to control 

media (ie. no Al), and control media containing Fe, menadione, H2O2, rifampicin, and 

chloramphenicol respectively the protein levels of Acn were similar to that of the control.  

Even the transcription inhibitor rifampicin and blocker of translation, chloramphenicol, 

did not significantly modify the levels of Acn protein.  This further supports the notion 

that the activity of Acn is compromised not by a reduction in protein amounts, but as a 

result of perturbation of the Fe-S cluster in response to a diminished Fe environment.  

UV/Vis spectroscopy showed that when cells from Al-stressed media were added to 

control and Fe media the integrity of the Fe-S clusters was restored.   

It is reasonable to assume that when the cells from Al media were transferred to 

control media containing rifampicin and chloramphenicol that the Fe within the media 

would allow for the regeneration of the Fe-S cluster and thus the reactivation of Acn.  

However, it was shown by BN PAGE that the activity of Acn did not return to normal 

levels.  It is conceivable that the iron uptake mechanisms in P. fluorescens are down-

regulated under Al-stressed conditions to limit the entry of Al in the cell.  This would 

explain why Acn activity did not return to control levels when the cells were transferred 

to media containing inhibitors of transcription and translation.  The presence of the 

inhibitors would prevent the synthesis of the necessary cellular receptors, and proteins 

involved in replenishing intracellular Fe levels.  However, it should be noted that 

rifampicin and chloramphenicol could directly inhibit Fe transport, Fe availability, or 

even Acn activity.  The activity of Acn is clearly affected by the presence of Al in the 

culture media.  Therefore, it is probable that the diminished activity is caused by 
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perturbation of the Fe-S cluster, since the concentration of Acn is unaffected by Al.  The 

Fe-S cluster perturbation is most likely a result of the decreased Fe levels within the cell 

and the pro-oxidant nature of Al (figure 59). 

 

Figure 59. Schematic representation of Acn 
inactivation in P. fluorescens by decreased Fe levels 
and ROS as a result of Al toxicity 
 

 

 

 

 

Al

Al

Siderophore 
production 

Al Uptake 

Al

Fe uptake

Intracellular Fe

ROS 

Active Acn
(4Fe-4S) 

Inactive Acn 
(3Fe-4S) 

Membrane 
receptors 



 110

Acn as a Regulatory Protein in P. fluorescens 

With citrate as the only carbon source, diminished Acn activity would be 

detrimental to the overall metabolic capacity of the cell.  However, the survival of the 

bacterium was not found to be assured by other citrate degrading enzymes.    Citrate lyase 

and ATP citrate lyase activities were not detectable, thus, their contribution in degrading 

citrate is not likely to be significant.  While ATP-citrate lyase’s requirement on ATP 

would augment the energy demand on an already energy-starved cell,  citrate lyase would 

produce acetate and oxaloacetate which need further processing in order to generate 

energy and as no discernable Acn-like activity was found in either fraction of the CFE,  

the Acn activity observed appeared sufficient to deliver isocitrate for further metabolic 

processes.  Thus, it is tempting to propose that P. fluorescens has maintained the use of 

Acn to regulate the tricarboxylic acid (TCA) cycle.  Acn is known to behave as a 

regulatory protein in bacterial systems such as E. coli and Bacillus subtilis (Alen and 

Sonenshein 1999; Varghese et al. 2003).  In B. subtilis Acn is known to have RNA 

binding capabilities when the bacterium is deprived of Fe; on the other hand when Fe is 

plentiful Acn reverts to its metabolic role (Alen and Sonenshein 1999).  E. coli contains 

two major Acns, AcnA and AcnB (Varghese et al. 2003).  Both are Fe-S cluster 

containing proteins and have the ability to catalyze the production of isocitrate from 

citrate.  AcnA is the less abundant isoenzyme and is positively controlled by SoxS in 

response to oxidative stress.  AcnA is thought to be the more stable of the two 

isoenzymes to oxidative stress because of a bound uncharacterized factor that is found in 

cell extracts; whereas, AcnB is highly susceptible to oxidative stress.  Thus the induction 

of AcnA by SoxS provides a mechanism by which the TCA is still functional under 

oxidative stress.  AcnB is the primary Acn within E. coli and is shown to be responsive to 
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its surrounding Fe pool.  When Fe is low the [4Fe-4S] cluster of AcnB is demetallated 

and is able to bind to its cognate mRNA.  The dynamic equilibrium between AcnB and 

the Fe pool is essential for E. coli to sense the iron status in its environment and respond 

to diminished iron levels (Varghese et al. 2003).  P. fluorescens under the influence of Al 

has diminished Acn activity; however the protein concentration of Acn is unchanged.  It 

is likely that the decreased Acn activity is a result of lost Fe from the Fe-S clusters; thus 

allowing Acn to behave as a sensor.  Experiments with supplemented Fe in-vivo and in-

vitro have allowed for the reactivation of Acn.  Likewise, the UV/vis spectroscopy 

supported the idea of Fe-S cluster perturbation.  The advantage of P. fluorescens having 

its Acn acting as a regulatory protein enables it to control the metabolic flux within the 

cell and activate Fe uptake mechanisms to cope with the stress.  With high levels of Al in 

the external environment the amount of Fe entering the cell is compromised.  Acn, a 

known Fe responsive protein in most mammalian systems and some bacteria, is the most 

probable of all Fe proteins to participate in Fe depletion defence.   Although Acn’s role as 

an Fe responsive protein is most probable, it is also tempting to postulate that Acn may 

have a role in regulating the flux of the TCA cycle and thus the generation of energy.  If 

Fe levels are compromised by the presence of Al then it is reasonable to assume that the 

Fe-dependent electron transfer chain is also affected.  Thus, Acn may slow the flux of 

citrate to isocitrate that may result in the decreased production of electron carriers such as 

NADH and FADH2.  This decreased process would prevent a build up of metabolites and 

electrons within the cell thus, mitigating the generation of ROS.  Hence, Acn may serve 

as a modulator of Fe homeostasis and metabolic flux in P. fluorescens subjected to stress.   
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Figure 60.  Proposed role for inactive Acn protein in Al-
stressed P. fluorescens. 
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the cells exposed to Al-citrate are still using citrate as their sole carbon source and do 

possess similar levels of Acn when compared to the control cells.  Thus, even though the 

flux of citrate to isocitrate is likely to be sufficient to allow for growth and reproduction 

there may be a mechanism by which the Al-stressed cells are compensating for the 

decreased Acn activity in order to maintain the observed growth rate.  The two enzymes 

IDH and ICL, which cleave isocitrate, appear to play a pivotal role in the overall 

metabolic strategy evoked by P. fluorescens to survive this toxic trivalent metal.  ICL has 

been shown to be increased by 4-fold under Al-stress and is essential for the production 

of glyoxylate, the precursor essential in the biosynthesis of oxalic acid, a key component 

of the Al-detoxification strategy in P. fluorescens.(Hamel and Appanna 2003).  In 

addition the results presented here clearly indicate that the role of IDH-NADP+ dependent 

is invaluable to the survivability of P. fluorescens.  The activity of NADP+-dependent 

IDH is markedly higher in the Al-stressed cultures and is concomitant with an increase in 

protein concentration as shown by the multidimensional PAGE analysis.  The activity of 

IDH-NADP+ is directly related to the concentration of Al in the culture, with maximal 

activity shown at 15 mM Al.  The response of IDH-NADP+ is possibly transcriptionally 

regulated as shown by the absence of increased activity when control cells were 

transferred to Al-media containing the transcription inhibitor rifampicin, whereas when 

no inhibitor was used there was a marked increase in the activity of the enzyme.  

However, it is possible that the inhibitors directly affect IDH activity.  The increased 

levels of the two isocitrate degrading enzymes allow for further isomerization of citrate 

by Acn.  To further drive the reaction, the Al-stressed cells appear to initiate the 

production of an additional IDH band, that may represent and an IDH isoenzyme.  BN-

PAGE did establish a direct relationship between this protein and the Al concentration.  
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This additional IDH band increased with Al present in the culture media. With the 

diminished activity of Acn and the absence of other citrate metabolizing enzymes, the 

funnelling of metabolites by the increased activities of ICL and NADP-IDHs, is critical 

for the survival of P. fluorescens exposed to the toxic trivalent metal that is shown to 

trigger Fe limitation and ROS.  It is reasonable to postulate that the role of NADP-IDH in 

the Al-stressed cells may not be simply mono-functional as to draw isocitrate from Acn 

but multifunctional with a myriad of different duties.   

IDH and Acn are shown to co-migrate on the BN PAGE suggesting the possibility 

that the two enzymes interact to form a metabolon.  However, it is possible that this co-

migration may be due to similar physical properties of these enzymes.  It is reasonable to 

suggest that NADP+-IDH may be acting as a protective enzyme of Acn under Al-stress.  

The pro-oxidant capabilities of Al are detrimental to Acn.  The reaction of IDH produces 

two metabolites that are known to nullify ROS.  NADPH and α-ketoglutarate have been 

shown to be pivotal in protecting living systems from the threat of ROS stress.  NADPH 

is vital to maintaining a reductive environment and is a major reducing agent for many 

ROS defence mechanisms such as glutathione reductase.  Likewise α-ketoglutarate has 

been shown to react with H2O2 and decarboxylate to succinate while removing the 

oxidant from the environment (Sokolowska et al. 1999; Beriault 2004).  The possible 

metabolon of IDH and Acn would allow for the two enzymes to work symbiotically 

where Acn provides IDH with its necessary substrate and IDH, in turn, removes isocitrate 

from Acn, and provides NADPH and α-ketoglutarate to protect Acn from the oxidative 

stress generated by Al.  The funnelling effect of ICL and IDH is a prime example of how 

metabolites behave as cellular regulators and are utilized by cellular systems to gauge the 

biochemical status triggered by changing environmental conditions.  In P. fluorescens the 
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two enzymes create a metabolic circuit that allow the organism to produce oxalic acid for 

detoxification of Al while maintaining the reducing environment to combat ROS 

produced by the trivalent metal (figure 61). 

 

Figure 61..  Metabolic reconfiguration in Al-stressed P. fluorescens.  CL, citrate lyase; 
ACL, ATP citrate lyase; Acn, aconitase; IDH, isocitrate dehydrogenase; ICL, isocitrate 
lyase.  (Increased activity and expression of ICL and IDH allow the degradation of citrate 
under decreased Acn activity)  (Middaugh et al. 2004). 
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stressed cultures are also characterized by enhanced activity of 6PGDH.  The detoxifying 

strategy evoked by the microbe requires the large production of 

phosphatidylethanolamine (PE) and thus, an overproduction of lipids.  The enzyme, 

acetyl CoA carboxylase (ACC), which is a major gateway enzyme to lipid anabolism, did 

not appear to be significantly different in the Al-stressed and control cells.  Hence, it is 

quite conceivable that the increased lipogenesis observed under Al-stress may be 

promoted by NADPH.  Indeed the lipogenic attribute of NADPH has been shown.  In 

Mortierella alpine, overproduction of lipids is due to the increased activity of ME (Wynn 

et al. 1999). In this study three of the four NADPH enzymes monitored showed increased 

activity under Al-stress.  ME did not show any increase in activity.  Since part of the TCA 

cycle is already compromised [IDH(m), and α-KGDH are markedly decreased (Hamel and 

Appanna 2001)] and there appears to be a significant decrease in NADH production the 

use of malate to drive malate dehydrogenase to create NADH would be beneficial for the 

generation of energy.  In addition the oxaloacetate produced can be metabolised to 

phosphoenolpyruvate (PEP) by PEP carboxykinase where PEP can be used for 

gluconeogenesis or be oxidized to pyruvate.  In addition to the increase in activity of 

6PGDH and G6PDH, there are possible isoenzymes of G6PDH that are increased only 

under Al-stress and may be transcriptionally regulated.  Hence it is not unrealistic to 

conclude that the enhanced production of NADPH observed in Al-stressed cells may also 

be fulfilling a lipogenic function.   
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Conclusions 

 It is obvious that the overall metabolism of P. fluorescens is reconfigured in 

response to the toxic environment created by Al.  The high levels of Al in the culture 

media has forced the microbe to survive in an Fe-limited and oxidative environment.  Acn 

activity is compromised and the decreased activity of Acn caused by Fe-S cluster 

perturbation is a direct result of the decreased Fe levels, and the ROS generated by Al.  

Demetallated Acn is known to behave as an IRP and promote Fe uptake when cells are 

under Fe-deplete conditions, and it is likely that in P. fluorescens Acn plays such a role.  

This diminished Acn activity is compensated by the increased activities of ICL and IDH.  

Such a metabolic adaptation evoked by Al-stress, enables the organism to utilize citrate in 

conditions that promote less than optimal Acn activity.  The two metabolites, glyoxylate 

and α-ketoglutarate, generated by these enzymes are instrumental in the survival of the 

microbe. Furthermore the NADP+-dependent IDH appears to interact with Acn and the 

two enzymes may work in a symbiotic fashion.  NADP+-IDH protects Acn from further 

oxidative damage and Acn isomerizes citrate to isocitrate for further metabolic 

processing.  Finally, the detoxifying strategy invoked by P. fluorescens is also driven by 

the increased activity of NADPH generating enzymes G6PDH, 6PGDH, and IDH.  The 

NADPH produced by these enzymes augments the synthesis of the fatty acids and 

provides a reductive environment for the organism to proliferate.  This work also 

demonstrates that the response to a given stress usually entails a complete overhaul of 

cellular metabolism.  It is inconceivable to imagine a cellular function devoid of 

metabolic consequences.  The demand for a particular metabolite affecting a biological 

process necessitates a comprehensive adjustment of the catabolic and/or anabolic 

processes mediating the homeostasis of that metabolite.  Hence, the stress imposed by Al 
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has a far-reaching influence on the biochemical processes of the cell, than the 

detoxification of the trivalent metal initiated by the metabolites, oxalate and PE.  The 

metabolites (metabolomics) and the proteins (proteomics) that operate in tandem do 

indeed provide a precise snapshot of any cellular phenotype and are pivotal tools in 

deciphering the workings of living systems. 
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Scheme 1.  Metabolic reconfiguration initiated by of P. fluorescens to 
counter response to Al stress.  Red text indicates decreased activity; 
Blue text indicates increased activity. Green Al-citrate: starting point. 
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