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Abstract: 

 Reactive oxygen species (ROS) are oxygen containing free radicals that are generated in 

all aerobic organisms during energy production. Left unchecked, these molecules can damage 

macromolecules within an organism. In humans, ROS have been linked with Alzheimer’s 

disease and aging, highlighting the importance of how these oxidants are detoxified. Recent 

research has shown that α-ketoacids can detoxify ROS via non-enzymatic decarboxylation; our 

laboratory has shown how the tricarboxylic acid cycle is modulated in effort to create a pool of 

α-ketoglutarate. This ketoacid can neutralize ROS with the concomitant formation of succinate, a 

key signalling molecule. In this study, we have discovered that glyoxylate, a ketoacid derived 

from glycine, the only source of nitrogen is indeed utilized as an ROS scavenger by 

Pseudomonas fluorescens. Metabolomic analysis revealed oxalate and formate, two metabolites 

derived from glyoxylate oxidation in the spent fluid from the H2O2 stressed cultures. The 

homeostasis of glyoxylate was also evaluated by monitoring glycine dehydrogenases, and 

transaminases in the control and H2O2 stressed cultures. These enzymes were up-regulated in 

stressed cultures. Furthermore, enzymes involved in glyoxylate metabolism like malate synthase, 

isocitrate lyase and glycolate dehydrogenase were assessed and the results point towards 

accumulation of glyoxylate within the cells. These findings have helped confirm the pivotal role 

metabolism and α-ketoacids play in the modulation of ROS in living organisms. 
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Section 1: Introduction  

 

Keto acids are an important and unique class of organic molecules particularly because of 

their participation in many biochemical reactions and pathways (Berg, et al. 2006). Their unique 

structures involving the electrophilic features of the ketone and carboxylic acid functional 

groups, enable them to participate in a wide array of biological reactions. In α-keto acids, both 

these two functional groups are on the alpha carbon. The retraction of electrons from the alpha 

carbon gives it a partial positive charge making it vulnerable to electrophilic attacks. Keto acids 

are involved in processes such as amino acid synthesis, amino acid degradation, energy 

production, gluconeogenesis, nucleotide synthesis, fatty acid break down, signalling pathways, 

and reactive oxygen species (ROS) detoxification. 

Section 1.1:  ketoacid production 

1.1.1: Keto acid production by amino acid degradation 

When amino acids are broken down, many are converted to α-ketoacids in what is 

essentially the reverse process of the amino acids synthesis (seen in section 1.2.2). One method 

of amino acid degradation is to transfer the α-amino group, via transaminases, from amino acids 

to α-ketoglutarate, forming glutamate (Singh et al. 2009). The nitrogen in glutamate is then 

converted into free ammonium by oxidative deamination yielding α-ketoglutarate. α-

ketoglutarate is generally the α-keto acid derivative of a five carbon amino acid like arginine, 

glutamate, glutamine, histidine, and proline. Some amino acids may be directly deaminated 

without the involvement of an ammonium acceptor like α-ketoglutarate. For example, serine is 

deaminated by serine dehydratase which converts serine into pyruvate, and aspartate is 
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transaminated directly to oxaloacetate. Generally three carbon amino acids are degraded into the 

α-keto acid pyruvate, and four carbon amino acids are degraded into the α-keto acid 

oxaloacetate. As one can see (figure 1) α-ketoacids are integral in amino acid degradation and 

can also serve as amino group acceptors. (Berg, et al. 2006). 

 

Figure:1 Keto acid synthesis by amino acid degradation a) The formation of pyruvate from serine via 

serine dehydratase. b) The use of α-ketoglutarate and aspartate to make oxaloacetate via amino 

transferase. c) The use of glutamate in the biosynthesis of α-ketoglutarate. 



10 

 

1.1.2: Keto acid production in glycolysis, and the TCA cycle. 

α-Ketoacids play crucial roles in glycolysis and the tricarboxylic acid cycle (TCA cycle). 

Pyruvate, oxaloacetate, and α-ketoglutarate are the central α-keto acids in these two processes 

(figure 2) (Alberts et al. 2009). Pyruvate has a unique role in energy production because it is the 

end product of glycolysis, a process that requires no oxygen. If no oxygen is present to power 

oxidative phosphorylation, little aerobic energy will be produced, however, pyruvate has the 

unique property of replenishing NADH via the action of lactate dehydrogenase, allowing for 

anaerobic ATP production via lactic acid fermentation (Lemire et al. 2008). In aerobic 

conditions, pyruvate is a precursor to acetyl CoA, the molecule that supplies new carbon for the 

TCA cycle (Mailloux et al. 2007). Once acetyl CoA is available it can react with oxaloacetate to 

produce citrate. Through the reactions of citrate with acotinase, and isocitrate with isocitrate 

dehydrogenase, α-ketoglutarate is created. This α-ketoacid is particularly important because it is 

involved in one of the three NADH producing reactions in the TCA cycle, necessary for the 

formation of a proton gradient in the mitochondria to drive ATP production (Berg, et al. 2006). 

Without α-ketoacids the two central energy producing mechanisms would not work. 



11 

 

 

Figure 2: The contribution of keto acids to the TCA cycle. Keto acids that are used as intermediates in 

the TCA cycle are boxed. These include pyruvate at the top, α-ketoglutarate on the right and oxaloacetate 

on the left. 
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1.1.3 Keto acids and fatty acids 

 When the body is metabolizing lipids for energy, fatty acids are the molecules that are 

freed from triacylglycerides to produce energy. Fatty acids are processed in the mitochondria via 

β-oxidation where each saturated acyl CoA is degraded by four reactions: oxidation by flavin 

adenine dinucleotide (FAD), hydration, oxidation by NAD
+
 and thiolysis by coenzyme A. This 

reaction yields acetyl CoA which can enter the TCA cycle (Willey et al. 2009). However, in 

times of starvation, glucose is not available and thus oxaloacetate will be funnelled away from 

the TCA cycle towards gluconeogenesis, making it difficult for acetyl CoA to enter the TCA 

cycle to yield any energy. Under these conditions acetyl CoA is changed into a variety of ketone 

bodies including acetoacetate, a β-ketoacid. Acetoacetate is formed via the reaction of two acetyl 

CoA with the help of thiolase to form acetoacetyl CoA. This molecule then reacts with a third 

acetyl CoA to form 3-hydroxy-3-methylglutaryl CoA which is then cleaved to yield acetoacetate 

(figure 3). Acetoacetate can then be used as a fuel in some tissues like heart muscle, the liver and 

the brain (Berg, et al. 2006). 
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Figure 3: The formation of acetoacetate during ketone body formation. Two acetyl-CoA are utilized to 

produce acetoacetate during ketone body formation as an important source of energy for organs under 

starvation conditions. 
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Section 1.2: Aspects of keto acid metabolism. 

 Keto acids are generated via numerous metabolic processes and go on to play an 

important role in all living organisms. For example α-ketoglutarate is necessary for the function 

of many dioxygenases. Keto acids are also important for DNA synthesis, energy for some 

organs, amino acid synthesis, and for the detoxification of reactive oxygen species (ROS) 

(Neidig, et al. 2005).   

Section 1.2.1: Keto acids and dioxygenases. 

 Dioxygenases are enzymes responsible for the addition of an oxygen molecule into a 

substrate (Wackett 2002). These enzymes contain a non-heme iron group and utilize molecular 

oxygen. A particular subgroup of dioxygenases, called α-ketoglutarate dependent dioxygenases 

incorporate two oxygen atoms into the substrate as α-ketoglutarate is covalently attached 

(Neidig, et al. 2005). α-ketoglutarate dependent dioxygenases are important for many organisms 

and serve a variety of functions. For example it was discovered that E. coli grown in sulphate 

starvation conditions up-regulates an α-ketoglutarate-dependent turbine dioxygenase (Eichorn, 

1997). This specific α-ketoglutarate-dependent dioxygenase catalyses the oxygenic release of 

sulphite from taurine alowing E. coli to use it as a new sulphate source for survival (Van der 

Ploeg, et al. 1996). In humans and other aerobic organisms regulation of oxygen levels is 

important because it is essential for life and because of its potential for oxidative destruction. In 

hypoxia conditions the transcription factor HIF-1 is responsible for assembling the 

transcriptional co-activator p300 which promotes transcription of over 100 genes involved in iron 

transport, angiogenesis and basal metabolism.  In response to increasing oxygen a non heme α-
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ketoglutarate dependent dioxygenase, FIH-1, uses oxygen to hydroxylate HIF-1 preventing p300 

from binding HIF thereby turning off expression of p300 dependent genes. (Chen, et al. 2008).   

1.2.2: Keto acids in amino acid synthesis 

 Amino acid synthesis is dependent on the addition of an ammonium ion. This is usually 

done by using glutamate and glutamine as ammonium ion donors. To synthesize these two 

crucial amino acids α-ketoglutarate is needed. Gultamate is synthesized via the reaction of NH4
+
 

and α-ketoglutarate along with NADPH for reducing power and H
+
 by the action of glutamate 

dehydrogenase. A second NH4
+
 is added to glutamate by the action of glutamine synthetase to 

create glutamine.  A common feature of amino acid synthesis is that the carbon backbones 

required come from intermediates in metabolism, many of which are α-ketoacids. For example, 

aspartate, alanine and glutamate, are derived from oxaloacetate, pyruvate, and α-ketoglutarate 

respectively (figure 4). To further emphasize the importance of α-ketoacids, it is important to 

note that oxaloacetate and pyruvate both receive their amino groups to create their respective 

amino acids from glutamate, an amino acid derived from α-ketoglutarate. As one can see, α-

ketoacids form the foundation upon which many amino acids are created (Berg, et al. 2006). 
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Figure 4: The importance of keto acids as precursors to the biosynthesis of a variety of amino acids. a) 

The formation of five carbon amino acids such as glutamate from α-ketoglutarate via glutamate 

dehydrogenase. b) The formation of four carbon amino acids such as aspartate from oxaloacetate via 

pyridoxal phosphate-dependent transaminase. c) The formation of three carbon amino acids such as 

alanine from pyruvate via pyridoxal phosphate-dependent transaminase. 
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1.2.3: Keto acids in pyrimidine ring synthesis 

As a result of α-ketoacids involvement in amino acid metabolism they are also involved 

in nucleotide synthesis, specifically in de novo synthesis of pyrimidine rings. Glutamate and 

aspartate, two amino acids derived from α-ketoacids are essential for this process. Essentially 

bicarbonate and ammonia are converted into carbamoyl phosphate in a multistep process 

requiring ATP and ammonia. The ammonia in this step comes from glutamine. Carbamoyl 

phosphate synthetase hydrolyses glutamine to form ammonia and glutamate. The ammonia 

generated travels through a channel in the enzyme to carboxyphosphate subsequently forming 

carbamic acid and then carbamoyl phosphate. Carbamoyl phosphate then reacts with aspartate, a 

pyruvate derived amino acid to form carbamoyl aspartate via the enzyme aspartate 

transcarbamoylase. It is this intermediate formed via the contributions of glutamine and aspartate 

that make de novo synthesis of the pyrimidine ring possible. Without the α-ketoacids responsible 

for these amino acids many pyrimidine ring dependent biochemical pathways like DNA 

synthesis, transcription, and translation would not be possible (Berg, et al. 2006). 

1.2.4: Keto acids and Gluconeogenesis 

The α-ketoacids central to gluconeogenesis are pyruvate and oxaloacetate (figure 5). 

Other molecules that are sources of carbon skeletons for gluconeogenesis are lactate, glycerol, 

and the amino acids alanine and glutamine, the latter two being derived from α-ketoacids as seen 

in section 1.2.2. These molecules have key roles in gluconeogenesis a process necessary for the 

maintenance of blood glucose levels, important in supplying the brain, testes, erythrocytes and 

kidney medulla with glucose, their sole source of energy. Without α-ketoacids this process would 

not be possible. (King, 2010).  
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Figure 5: The utilization of ketoacids in gluconeogenesis. The keto acids pyruvate and oxaloacetate, 

highlighted in blue are essential in gluconeogenesis, and through a variety of reactions can become a food 

supply for glucose dependent organs such as the brain. 
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1.2.5 Keto acids as energy 

Under starvation conditions, the body attempts to maintain blood glucose levels to 

support tissues that depend on glucose as an energy source. In order to conserve glucose levels 

other tissues start using fatty acids and ketone bodies as a source of energy (Williamson D.H. 

1980). As described in section 1.1.3 keto acids are produced in the liver from the metabolism of 

fatty acids in situations where glucose is limited or where it is perceived to be limited as in the 

case of diabetes mellitus, and are also produced during amino acid degradation as described in 

section 1.1.1. Keto acids are an important energy source for some organs under starvation 

conditions, specifically the brain, and renal endothelium and a primary energy source for organs 

like the liver, and cardiac muscles (Berg, et al. 2006). The brain uses keto acids as an alternative 

to glucose during fasting. Uptake is regulated by the concentration of ketone bodies in the blood 

and by the amount of monocarboxylic acid transporters which help increase the permeability of 

the blood brain barrier to ketone bodies (Morris, 2005). Since ketone bodies are soluble in 

aqueous solution, transport to organs is done by the export of ketone bodies from the liver into 

the blood stream where these ketone bodies can be absorbed by tissues and oxidized to acetyl 

CoA where they can be used for energy in the TCA cycle (Gopinathrao, 2003). 

As one can see α-ketoacids are integral in many essential metabolic pathways such as 

amino acid synthesis, gluconeogenesis, de novo synthesis of pyrimidine rings, and in the activity 

of dioxygenases. Without these important biomolecules none of these reactions could occur and 

life could not be sustained. Because of their versatility, α-ketoacids are metabolized in a variety 

of cellular locations and form a foundation for metabolism. 
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Section 1.3: Defects in Keto acid metabolism. 

The necessity of α-keto acids in many biochemical pathways makes them a source of 

disease in the event of altered α-keto acid metabolism. Two diseases caused by defective α-

ketoacid metabolism include maple syrup urine disease, and  ketoacidosis. 

1.3.1: Maple syrup Urine disease 

Maple syrup urine disease (MSUD) results from a defect in the branched-chain alpha-

keto acid dehydrogenase complex, a complex responsible for the catabolism of branched chain 

amino acids.  The enzyme specifically catalyses the decarboxylation of the α-keto acids of 

leucine, isoleucine, and valine into branched chain acyl CoAs which are further metabolized into 

acetyl CoA, acetoacetate, and succinyl CoA. Without a functioning branched-chain alpha-keto 

acid dehydrogenase complex accumulation of leucine, isoleucine, and valine and their 

corresponding keto acids leads to encephalopathy and progressive neurodegeneration in infants. 

The branched-chain alpha-keto acid dehydrogenase complex is analogous to the other α-keto 

acid dehydrogenases, α-ketoglutarate dehydrogenase, and pyruvate dehydrogenase. (Bodamer, 

2008) 

1.3.2 Ketoacidosis 

 In starvation conditions, whether artificial as in the case of diabetes mellitus, or not, an 

organism tries to conserve glucose. The problem arises in prolonged starvation conditions, when 

insulin is at its lowest and ketone body production is high (Berg, et al. 2006). Large amounts of 

ketone bodies including the keto acid acetoacetate can lower the blood pH causing flushing, 

hotness, dry skin, blurred vision, thirst, drowsiness or difficulty waking up, rapid deep breathing, 
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a strong, fruity breath odour, loss of appetite, abdominal pain, and vomiting, confusion, and in 

severe cases coma or death (Rea, 2008).  

Section 1.4 Glycine metabolism 

 Glycine is the simplest amino acid having hydrogen as its side group. Its small size 

allows for it to function as a flexible link in proteins, and as a signalling molecule. Glycine is a 

non-essential amino acid and can be synthesized within an organism (Hall, 1998). Glycine is the 

only amino acid to have no stereoisomers, and by molarity, it is the second most common amino 

acid found in proteins (Davidson, 2004). Glycine is a versatile amino acid, and it is involved in a 

variety of biochemical roles. For example, glycine is important in energy production, and 

porphyrin ring synthesis. 

1.4.1 Synthesis of glycine 

 Glycine can be derived from serine which is obtained from 3-phosphoglycerate an 

intermediate of glycolysis. The first step of the process is the oxidation of 3-phosphoglycerate to 

3-phosphohydroxy pyruvate. This α-keto acid is then transaminated using glutamate as an 

ammonium ion donator as described in section 1.2.3 to create 3-phosphoserine, which is 

hydrolysed to serine. In order to synthesize glycine from serine the enzyme serine α-

hydroxymethyltransferase is used to transfer the side chain of serine to tetrahydrafolate yielding 

methylenetetrahydrofolate, water, and glycine. Glycine can also be synthesized by glycine 

synthase, an enzyme that uses CO2, NH4
+
, NADH and a one carbon donor, tetrahydrofolate 

derivative, a by-product of the previous glycine synthesis mechanism, to yield glycine (Berg, et 

al. 2006). 
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1.4.2 Pathways for glycine metabolism 

 Glycine is a glucogenic amino acid meaning it can be used to generate glucose or a TCA 

cycle intermediate to be used as energy. As described in section 1.2.3 many amino acids are 

degraded into α-keto acids, which can be used immediately as energy in the TCA cycle. Glycine 

in particular can be transformed into pyruvate by the enzymatic addition of a hydroxymethyl 

group to yield serine which is deaminated by serine dehydratase to yield pyruvate and NH4
+ 

(Berg, et al. 2006). 

 Glycine is a crucial amino acid in porphyrin ring synthesis. Porphyrins are synthesized 

from glycine and succinyl-CoA. The first step involves the condensation of glycine and succinyl-

CoA to form δ-aminolevulinate, two δ-aminolevulinate molecules then condense to form 

porphobilinogen, four porphobilinogen molecules then condense via the enzyme 

porphobilinogen deaminase to form a linear tetrapyrrole, the enzyme bound tetrapyrrole cyclises 

to create uroporphyrinogen III via a cosynthase, creating the skeleton of the porphyrin. 

Uroporphyrinogen can go on to become molecules such as heme if uroporphyrinogen III is 

desaturated and its propionate side chains are changed to vinyl groups yielding protoporphyrin 

IX. Subsequent chelation of iron yields a fully functional heme (figure 6) (Diwan, 2008). In 

some bacteria uroporphyrinogen III is utilized as a precursor to vitamin B12. (Berg, et al. 2006). 
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Figure 6: The role glycine plays in porphyrin ring synthesis. The condensation of glycine and 

succinylCoA form δ-aminolevulinate, two δ-aminolevulinate molecules then condense to form 

porphobilinogen, four porphobilinogen molecules then condense via the enzyme porphobilinogen 

deaminase to form a linear tetrapyrrole, the enzyme bound tetrapyrrole cyclises to create 

uroporphyrinogen III via a cosynthase, creating the skeleton of the porphyrin (Dudenhausen, 2004). 
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Section 1.5 α-keto acids as anti oxidants 

1.5.1 α-keto acids and ROS previous studies. 

 It has been known for some time that α-keto acids have a role in the detoxification of 

reactive oxygen species (ROS) in living cells. Along with superoxide dismutase, catalase, and 

glutathione α-keto acids may be essential to the survival of an organism experiencing oxidative 

stress. α-Ketoglutarate, and pyruvate are both examples of α-keto acids that contribute as ROS 

scavengers. 

 Recent research has suggests that pyruvate acts as part of an overall antioxidant defence 

system in mammalian cells. ROS consist of a variety of highly reactive molecules including 

superoxide anion, and hydrogen peroxide (H2O2) (Mailloux, et al. 2009). Only H2O2 has a long 

enough half-life to build up in solution, and therefore it is important to understand the 

mechanisms of its detoxification. H2O2 can decarboxylate pyruvate in a physiologic cell culture 

medium, and the reaction is rapid enough for exogenous pyruvate to protect cells from lysis by 

H2O2 (O`Donnell-Tormey, et al. 1987). Interestingly, all five strains of human and mice cells 

exposed to oxidative stress in this study released pyruvate into the extracellular medium to 

protect themselves from lysis by H2O2. This appears to illustrate the important role that pyruvate 

has when the cells are under oxidative stress. (O'Donnell-Tormey, et al. 1987).  

 A more recent study suggests that α-ketoglutarate is an important molecule in ROS stress 

conditions. It serves the dual purpose as an ROS detoxifier, and as a cornerstone of the TCA 

cycle in Pseudomonas fluorescens. The utilization of α-ketoglutarate as an antioxidant 

effectively diminished ROS while shutting down the TCA cycle to slow further ROS production 

via oxidative phosphorylation. These changes were due to the up regulation of NADP dependent 
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isocitrate dehydrogenase and downregulation of TCA cycle enzymes, a cycle that would utilize 

α-ketoglutarate for energy production rather than ROS detoxification. (Mailloux, et al. 2007). 

1.5.2 Glycine and glyoxylate 

 As described in section 1.4.2, glycine is a precursor to the α-keto acid pyruvate. However 

under ROS stressed conditions, the TCA cycle would be shut down so the formation of pyruvate 

would serve little purpose in terms of energy production (Mailloux, et al. 2007) In these 

conditions the predominant α-keto acid produced from glycine would be glyoxylate. To 

metabolize glycine into glyoxylate three enzymes, glycine dehydrogenase, glycine transaminase, 

and glycine lyase can be used (figure 7). Glycine dehydrogenase catalyses the reaction of 

glycine, water and NAD
+
 to glyoxylate, NH3, NADH and H

+
 by deamination and oxidation of 

glycine. Glycine transaminase catalyses the reaction of glycine NADH and α-ketoglutarate to 

glutamate NAD
+
 and glyoxylate, using α-ketoglutarate as an ammonium ion acceptor. Lastly 

glycine lyase catalyses the reaction of glycine to glyoxylate via the cleavage of the amine group.  
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Figure 7: Three enzymes used to synthesize glyoxylate from glycine. a) Glycine is used to synthesized 

glyoxylate via the enzyme glycine dehydrogenase. b) Glycine is used to synthesize glyoxylate via the 

enzyme glycine transaminase which uses α-ketoglutarate as a nitrogen source. c) Glycine is used to 

synthesize glyoxylate by the enzyme glycine lyase. 

Glyoxylate is predominantly used in the glyoxylate cycle, a cycle used in both 

prokaryotic cells and eukaryotic cells (Willey, et al. 2009). The glyoxylate cycle resembles the 

TCA cycle, however the two decarboxylation steps are skipped via isocitrate lyase which 

synthesizes glyoxylate from isocitrate, and acetyl-CoA derived from the β-oxidation of fatty 

acids can enter the cycle via malate synthase to create oxaloacetate (figure 8). These steps are 

important because no carbon is lost in the cycle.  The glyoxylate cycle can then convert 

oxaloacetate into pyruvate via pyruvate carboxylase, or to phosphoenolpyruvate via inosine 
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triphosphate dependent phosphoenolpyruvate carboxylase kinase (Baron, 1996). Both triose 

compounds can be used to synthesize carbohydrates via gluconeogenesis described in section 

1.2.4. This cycle allows an organism to use fatty acids as a carbohydrate precursor, a process 

necessary in some animals such as hibernating black bears (Davis, et al. 1990).  

 

Figure 8: The glyoxylate cycle. Keto acids are highlighted in blue to reiterate the importance of many 

ketoacids in primary metabolic pathways, including the glyoxylate cycle. 
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1.5.3 Glyoxylate as an antioxidant. 

 α-Keto acids can react with ROS because of their alpha carbon. The ketone and carboxy 

groups are both electronegative drawing electrons away from the alpha carbon giving it a 

positive charge vulnerable to attack. The mechanism by which alpha ketoacids react with ROS is 

called a nonenzymatic decarboxylation reaction (NEDC) where the carboxy group is released as 

CO2 and depending on which α-keto acid was decarboxylated, a resulting carboxylic acid is 

produced. For example the NEDC of α-ketoglutarate would yield CO2 and succinate (Mailloux, 

et al 2007).  

 

Figure 9: The non-enzymatic deacarboxylation of α-ketoglutarate  in the presence of reactive oxygen 

species to form CO2 and the resulting organic acid, succinate. 

Glyoxylate is a particularily important α-keto acid because the product of glyoxylate`s 

oxidation with ROS is oxalate, a molecule that has the potential to further react with ROS via 

NEDC to produce formic acid which can then potentially react with one last ROS to yield CO2. 
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Figure 10: The non-enzymatic decarboxylation of glyoxylate in the presense of reactive oxygen species 

yielding oxalate which can further react with ROS to yeild formate which can potentially react with a 

third ROS yeilding CO2. 

 In conclusion Keto acids serve many purposes in metabolism, and new roles for these molecules 

are continuously being discovered. It can be said that a large amount of metabolism is built upon the 

foundation of keto acids, and therefore it is important to continue to study and understand these important 

organic molecules.  
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Section 2: Objectives  

 Because of the potential for the detoxification of multiple ROS molecules glyoxylate 

would be a useful defence mechanism against ROS in organisms that have the ability to produce 

glyoxylate. Pseudomonas fluorescens has been shown to be a versatile organism, especially 

when faced with large amounts of ROS (Mailloux, et al 2007). This bacterium has many ways to 

biochemically adapt to its environment making it an ideal model for the study of ROS 

detoxification. The goal of this study was to investigate whether or not Pseudomonas fluorescens 

grown in media containing glycine as the sole nitrogen source, and 500 µM H2O2 as a source of 

ROS will modulate its metabolism towards the production of glyoxylate for the purpose of ROS 

detoxification. To examine glyoxylate production, enzymes involved in the production of 

glyoxylate from glycine and enzymes that metabolized glyoxylate were examined via Blue 

Native Polyacrylamide Gel Electrophoresis (BN PAGE). It was expected that to overcome the 

oxidative stress Pseudomonas fluorecens would up-regulate glyoxylate producing enzymes and 

down-regulate glyoxylate utilizing enzymes. Metabolites produced by the bacterium were 

quantified. It was expected that glyoxylate levels and its NEDC by-products would be higher in 

the stressed cells than the control cells. To establish a base line for the activity of the enzymes 

being studied and the normal amount of metabolites in Pseudomonas fluorecens a control culture 

was grown alongside the stressed culture, both being processed in the same manner. 
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Section 3: Materials and Methods 

Section 3.1: Bacterial Growth 

Section 3.1.1: Culture Preparation. 

 A defined citrate minimal mineral media was used to grow the Pseudomonas fluorescens 

under experimental conditions. The media was made by adding 0.423M Na2HPO4, 0.02204M 

KH2PO4, 15.00x10
-3

M glycine, 8.1146x10
-4

M MgSO4∙7H2O, 0.1904M citrate, and 1mL of trace 

elements to approximately 200mL of double distilled water (ddH2O) until completely dissolved 

by stirring. Double-distilled H2O was subsequently added up to a volume of 1L. The defined 

citrate media was then divided into four 200mL aliquots into 500mL erlenmeyer flasks and two 

100mL aliquots into 250mL Erlenmyer flasks. To sterilize the media for inoculation of 

Pseudomonas fluorescens the media was covered with sponge stoppers and autoclaved. 

Section  3.1.2: Bacterial Preparation. 

 Pseudomonas fluorescens 13525 obtained from ATCC was used for this experiment. The 

bacteria were maintained on a citrate agar slant and kept refrigerated until use. Asceptic 

technique was enforced to maintain culture purity and after every inoculation a fresh slant was 

made to mainatain the population. To prepare the bacteria for the experiment a preculture was 

grown. Bacteria were inoculated from a citrate slant and placed in an erlenmyer flask containing 

100mL of defined citrate media (described previously) using aseptic technique. Both of the 

innoculated media was placed in a water bath set at 32
o
C and rotated at 168rpm for 

approximately 24hrs after which time the bacteria have grown to confluency. 
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Section 3.1.3: Culture Innoculation. 

 Two cultures were made for the experiment, one control culture, and one stress culture. A 

sterile 1mL pipette was used to transfer 1mL of preculture into 200mL of defined citrate media 

(described previously) using aseptic technique. A new 1mL pipette was used to transfer another 

1mL of the same preculture into 200mL of defined citrate media (described previously) using 

aseptic technique. To the stress culture, 500µM H2O2 was added to serve as ROS stress. 

Section 3.1.4: Growth Curve. 

 Bacteria show a specific pattern of growth consisting of the lag phase the exponential 

growth phase and the stationary phase (Willey, et al. 2009). The time needed to reach stationary 

growth phase varies according to environmental conditions. In order to make comparisons of 

bacteria they must be examined at the same period of development, therefore a growth profile 

must be done to see when both the control culture and stressed culture reach the stationary 

growth phase. After culture inoculation the cultures were placed in a water bath set at 32
o
C and 

rotated at 168rpm. After approximately 4 hours, using aseptic technique, a 10mL aliquot of the 

two cultures was obtained using a 10mL pipette and transferred into two separate 15mL 

centrifugation tubes. The two tubes were then be spun at 1750 g’s at 4
o
C for 20 min. After 

centrifugation the spent fluid was separated and kept in a freezer (-21
o
C). The remaining cell 

pellet was resuspended in 1mL of 0.5N NaOH (allows the release of proteins from other cellular 

constituents) and a Bradford assay was done to assess protein concentration. To measure the 

protein concentration a UV/Visible spectrophotometer was used set at a wavelength of 595nm, 

the absorbance wavelength of Coomassie Brilliant Blue G-250 when bound to protein. 
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Approximately every four hours this process was repeated until the control and stressed cultures 

had reached their maximum protein concentration (approximately 50 hours), indicating the 

stationary growth phase has been reached. A plot of protein concentration vs time was made and 

the stationary growth phase time was noted for each culture at the inflection point of their 

respective growth curves. 

3.2 Cell growth and Cell-free Extract Preparation 

3.2.1  Experimental Cell Growth and Isolation. 

 The stressed (500µL H2O2) defined citrate media was inoculated with a 1mL aliquot of 

preculture (described previously) and allowed to grow in a rotary water bath set at 32
o
C for 50 

hours. The control cultures were grown in the same manner, except with no ROS stress and a 

shorter the growth time of 28 h for the control.  

 Once both control and stressed cultures had reached their stationary growth phase the 

media was transferred into two separate large centrifugation tubes and centrifuged for 4 min at 

11 000 rpm at 4
o
C. 10 mL of spent fluid from the control and stressed culture was collected and 

placed in the freezer (-21
o
C) for further analysis. The cell pellet was resuspended in a minimum 

of 0.85% NaCl for washing purposes. The resuspension from the control and stressed cultures 

were placed into two separate small centrifugation tubes and again centrifuged for 4 min at 11 

000 rpm at 4
o
C. The liquid was removed and the cell pellets was resuspended in 500µL cell 

storage buffer. 
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3.2.2 Isolation of Membrane and Cytosolic Fractions. 

 The tubes containing the resuspended cells from the control and stressed cultures were 

placed in an ice bath and sonicated three times with 5 minute intervals to effectively lyse the 

bacteria. After sonication the control and stressed samples were centrifuged in the sorvall T-890 

centrifuge at 213 626 relative centrifugation force for 3 hours at 4
o
C. Once the centrifugation 

was finished the sample was separated into cytosolic in the aqueous top layer, and membrane on 

the bottom as a pellet. The cytosolic layers of both control and stressed cells were removed and 

placed in individual, 1mL labelled Eppendorf tubes. The membrane fractions were then both 

resuspended in 500µL of cell storage buffer and placed in their own 1mL labelled Eppendorf 

tubes. 

3.2.3 Bradford Assay 

 Both cytosolic fractions were diluted by a factor of 25, by adding 40µL of fraction into 

1mL Eppendorf tubes and the volume was brought to 1mL with ddH2O. Membrane fractions 

were prepared differently for the Bradford assay because the membrane proteins must be 

separated from the membrane before analysis. Both membrane fractions were diluted by a factor 

of 50 by adding 20µL of membrane fraction into ependorf tubes and filling to 1mL with 0.5N 

NaOH and then boiled for 10 min. Each 1mL cuvette was prepared by adding 200µL of Bradford 

reagent, 770µL of ddH2O and 30µL of sample from the prepared ependorf samples. Cuvettes 

were mixed and placed into the spectrophotometer and absorbance was measured at a 

wavelength of 595nm. Three trials were done for each sample and the average protein 

concentration was calculated. 
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3.2.4 Blue Native Polyacrylamide Gel Electrophoresis Preparation 

 Now that the concentration of protein in the original sample has been calculated samples 

for BN PAGE can be prepared at a concentration of 4µg/µL in a total volume of 500µL. Because 

keeping the protein in native conformation is very important, the solution must have 1x blue 

native buffer added to the solution consisting of 1.5 M aminocaproic acid, 150mM Bis Tris, and 

set to a pH of 7.0 at 4
O
C (166.7µL 3x blue native stock). Cytosolic fractions were prepared by 

adding 166.7µL of blue native buffer, the appropriate amount of cytosolic protein depending on 

its concentration, and then set to 500µL with ddH2O. The remaining cytoplasmic fraction was 

boiled for 10 min for use in HPLC as the cell free extract. The membrane fractions were 

prepared slightly differently, again because the proteins must be separated from the membrane 

before analysis. The only difference in procedure was the addition of 1% maltoside, a gentle 

detergent that preserves protein activity while displacing the membrane (Singh R. et al. 2008). 

The membrane samples were placed on ice for 30 min to allow maltoside to work while avoiding 

protein degradation. After preparation, both samples were stored in the freezer (-21
o
C) for later 

use. 

3.2.5 High Performance Liquid Chromatography Preparation 

 A metabolomic analysis was done on the cell free extract (CFE) and spent fluid. To 

prepare the samples for HPLC they were diluted 10x in mobile phase (20mM KH2PO4
 
at a pH of 

2.9) and filtered. Detection was done via the absorbance at 210nm to detect organic acids. 
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Section 3.3 Experimentation Procedure 

3.3.1 BN PAGE  

 For all BN PAGE analysis a 4%-16% polyacrylamide gel was poured to ensure 

appropriate protein separation along with a stacking gel for loading to ensure the proteins entered 

the separating gel at the same time. 15µL of 4µg/µL samples were loaded into the wells and 

10µL of bovine serum albumin (BSA 200mg/mL) and apoferritin were added to one of the wells 

as molecular mass markers. The proteins were visualized using blue cathode buffer which 

contains Coomassie brilliant blue G-250, allowing for visualization of the running front. The 

blue cathode buffer was replaced with clear cathode buffer at the point where the running front 

has passed through half of the gel, this allows easier viewing of the running front.  After the 

running front reached the bottom of the gel the power supply was shut off and the gel was placed 

in the reaction buffer in preparation for its particular enzyme assay. The BSA/apoferritin ladder 

was placed in a solution containing Coomasie brilliant blue G-250 allowing for visualization of 

the ladder. 

Section 3.4 Enzyme Assays 

3.4.1 Glycine Dehydrogenase NADP
+
 Dependent 

 The first enzyme to be examined was glycine dehydrogenase NADP
+
 dependent (GDH-

NADP
+
). Eight lanes of gel were used for this experiment, 4 for a negative control, and 4 for the 

enzyme assay each consisting of cytosolic control, cytosolic stressed, membrane control, and 

membrane stressed. The gel was run until the running front had reached the end of the gel, the 
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gel was then placed in reaction buffer for 15-30min in preparation for the assay. 6mL of reaction 

mixture were used for the 4 lanes in each situation. The reaction consisted of 0.5mM of NADP
+
 

300µL of 100mM glycine, 0.5mg/mL of INT, 0.3mg/mL of PMS and volume to 6mL with 

reaction buffer. The production of NADPH by the presence of GDH-NADP
+
 oxidizes PMS 

which reduces INT forming a red insoluble formazan precipitate where GDH-NADP
+
 is acting 

(figure 11). The negative reaction consists of the same reactants with the exception of glycine. If 

a precipitate forms at the same point in the negative control as in the regular reaction then 

glycine dehydrogenase was not observed because without glycine, GDH-NADP
+
 could not 

produce the necessary NADPH to produce the precipitate. No reaction in the negative control is a 

good indication of the observance of GDH-NADP
+ 

 

Figure 11: Diagram illustrating the transformation of glycine to glyoxylate by glycine dehydrogenase and 

subsequent detection of the reaction by reduction of PMS ad oxidation of INT. 
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3.4.2 Glycine Transaminase 

 Eight lanes of gel were used for this enzyme linked assay, 4 for a negative control, and 4 

for the enzyme assay each consisting of cytosolic control, cytosolic stressed, membrane control, 

and membrane stressed. The gel was run until the running front had reached the end of the gel, 

the gel was then placed in reaction buffer for 15-30min in preparation for the assay. Reaction 

mixture (6mL) was used for the 4 lanes in each situation. The reaction consisted of 0.5mM of 

NAD
+
 10mM glycine, 5mM α-ketoglutarate, 5 units of glutamate dehydrogenase, 0.5mg/mL of 

INT, 0.3mg/mL of PMS and volume to 6mL with reaction buffer. The production of glutamate 

by the presence of glycine transaminase (GTA) allows glutamate dehydrogenase to produce α-

ketoglutarate and NADH, NADH then oxidizes PMS which reduces INT forming a red insoluble 

formazan precipitate where GTA is acting (figure 12). The negative reaction consists of the same 

reactants with the exception of glycine. 

 

Figure 12: Diagram illustrating the transformation of glycine to glyoxylate by glycine transaminase and 

α-ketoglutarate and subsequent detection of the reaction by reduction of PMS and reduction of INT. 
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3.4.3 Glycine Lyase 

 Six lanes of gel were used for this enzyme linked assay, 2 for a first negative control, 2 

for a second negative control and 2 for the enzyme assay each consisting of membrane control, 

and membrane stressed. The gel was run until the running front had reached the end of the gel, 

the gel was then placed in reaction buffer for 15-30min in preparation for the assay. 3mL of 

reaction mixture were used for the 2 lanes in each situation. The reaction consisted of 0.5mM of 

NAD
+
 150µL of 100mM glycine, 5 units of lactate dehydrogenase, 0.5mg/mL of INT, 0.3mg/mL 

of PMS and volume to 3mL with reaction buffer. The production of NADH by the presence of 

lactate dehydrogenase, which utilizes glyoxylate produced by glycine lyase (GL) allows the 

oxidization of PMS which reduces INT forming a red insoluble formazan precipitate where GL 

is acting (figure 13). The negative controls consisted of the same reactants with the exception of 

NAD
+
 in one and lactate dehydrogenase in the other. 
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Figure 13: Diagram illustrating the transformation of glycine to glyoxylate by glycine lyase and 

subsequent detection by linking the reaction to lactate dehydrogenase and subsequent detection of this 

reaction by reduction of PMS ad oxidation of INT. 
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3.4.4 Malate Synthase 

 Six lanes of gel were used for this enzyme linked assay, 2 for a first negative control, 2 

for a second negative control and 2 for the enzyme assay, each consisting of cytosolic control, 

and cytosolic stressed fractions. The gel was run until the running front had reached the end of 

the gel, the gel was then placed in reaction buffer for 15-30min in preparation for the assay. 3mL 

of reaction mixture were used for the 2 lanes in each situation. The reaction consisted of 0.5mM 

of NAD
+
, 5mM glyoxylate, 5 units of malate dehydrogenase, 0.1mM acetyl-CoA, 0.5mg/mL of 

INT, 0.3mg/mL of PMS and volume to 3mL with reaction buffer. The production of malate by 

malate synthase (MS) allows malate dehydrogenase to produce NADH needed for the 

oxidization of PMS which reduces INT forming a red insoluble formazan precipitate where MS 

is acting (figure 14). The negative controls consisted of the same reactants with the exception of 

malate dehydrogenase in one and acetyl-CoA in the other. 
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Figure 14: Diagram illustrating the transformation of glyoxylate to malate by malate synthase and 

subsequent detection subsequent detection by linking the reaction to malate dehydrogenase and 

subsequent detection of this reaction by reduction of PMS ad oxidation of INT. 
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3.4.6 Isocitrate Lyase 

 Eight lanes of gel were used for this enzyme linked assay, 4 for a negative control, and 4 

for the enzyme assay each situation consisting of cytosolic control, cytosolic stressed, membrane 

control, and membrane stressed. The gel was run until the running front had reached the end of 

the gel, the gel was then placed in reaction buffer for 15-30min in preparation for the assay. 6mL 

of reaction mixture were used for the 4 lanes in each situation. The reaction consisted of 1mM of 

NADH, 5mM isocitrate, 5 units of lactate dehydrogenase, 0.5mg/mL of INT, 150μL DCPIP and 

volumed to 3mL with reaction buffer. The production of glyoxylate by isocitrate lyase (ICL) 

allows lactate dehydrogenase to produce NAD
+
 needed for the transfer of an electron to DCPIP 

which in turn reduces INT forming a red insoluble formazan precipitate where ICL is acting 

(figure 15). The negative control consisted of the same reactants with the exception of isocitrate. 
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Figure 15: Diagram illustrating the transformation of isocitrate to glyoxylate by isocitrate lyase and 

subsequent detection by linking the reaction to lactate dehydrogenase allowing for the production of NAD 

which leads to the transfer of an electron to DCPIP allowing for the reduction of INT. 
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3.4.7 Acylating Glyoxylate Dehydrogenase 

 Four lanes of gel were used for this enzyme assay, consisting of cytosolic control, 

cytosolic stressed, membrane control, and membrane stressed. The gel was run until the running 

front had reached the end of the gel, the gel was then placed in reaction buffer for 15-30min in 

preparation for the assay. 6mL of reaction mixture were used for the 4 lanes. The reaction 

consisted of 0.83mM of NADP
+
, 5mM glyoxylate, 5 units of malate dehydrogenase, 0.6mM 

Coenzyme A 0.5mg/mL of INT, 0.3mg/mL of PMS and volume to 6mL with reaction buffer. 

The production of acetyl-CoA by acylating glyoxylate dehydrogenase (AGODH) leads to the 

production of NADPH needed for the oxidization of PMS which reduces INT forming a red 

insoluble formazan precipitate where AGODH is acting (figure 16). 
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Figure 16: Diagram illustrating the transformation of glyoxylate and coenzyme A to oxalyl-CoA by 

acylating glyoxylate dehydrogenase and subsequent detection subsequent detection by the production of 

NADPH which reduces PMS and reduces INT allowing for detection. 
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3.4.8 Glycolate Dehydrogenase 

Eight lanes of gel were used for this enzyme assay, 4 for NAD
+
 dependent glycolate 

dehydrogenase (GLDH), and 4 for NADP
+
 dependent GLDH, each consisting of cytosolic 

control, cytosolic stressed, membrane control, and membrane stressed. The gel was run until the 

running front had reached the end of the gel, the gel was then placed in reaction buffer for 15-

30min in preparation for the assay. 6mL of reaction mixture were used for the 4 lanes in each 

situation. The reaction consisted of 0.5mM of NAD
+
/NADP

+
, 5mM glyoxylate, 300µL of 

DCPIP, 0.5mg/mL of INT and volume to 6mL with reaction buffer. The production of glycolate 

by GLDH allows for the production of NAD
+
 needed for the transfer of an electron to DCPIP 

which reduces INT forming a red insoluble formazan precipitate where GLDH is acting (figure 

17). 

 

Figure 17: Diagram illustrating the transformation of glyoxylate to glycolate by glycolate dehydrogenase 

and subsequent detection subsequent detection by the production of NAD which causes the transfer of an 

electron to DCPIP which reduced INT allowing for the detection of the reaction. 
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3.5 Regulation Experiment 

3.5.1 Cell growth 

 The cells were grown and isolated in the same manner described in section 3.2.1, except 

instead of being resuspended in 500µL of cell storage buffer they were resuspended in 500µL of 

new media. The stressed cells were then innoculated into control media, and the control cells 

were inoculated into new media stressed with 500 µM H2O2. Cells were allowed to grow for 4 

hrs and then isolated as described previously and this time, resuspended in 500µL of cell storage 

buffer. The cells were then sonicated and the membrane and cytosolic fractions were separated 

as described in section 3.2.2. A Bradford assay was done to determine protein concentration and 

the samples were prepared for BN PAGE and HPLC as described in sections 3.2.3-3.2.5. 

3.5.2 Glycine Dehydrogenase Regulation 

 This gel was done in the same manner as described in section 3.4.1, except since it was 

now known that GDH-NADP
+
 appeared in the membrane, only the membrane fractions were 

tested. In order to compare the enzyme activity of the cells that changed media to ones that did 

not each of the 4 lane groups consisted of control to stressed membrane fraction, stress to control 

membrane fraction, membrane control, and membrane stress. A negative control without glycine 

was done to ensure the enzyme being observed was in fact GDH-NADP
+
. 

3.5.3 Glycine Transaminase Regulation 

 This gel was done in the same manner as section 3.4.2, except since it was now known 

that GTA appeared in the membrane, only the membrane fractions were tested. . In order to 
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compare the enzyme activity of the cells that changed media to ones that did not each of the 4 

lane groups consisted of control to stressed membrane fraction, stress to control membrane 

fraction, membrane control, and membrane stress. A negative control without glycine was done 

to ensure the enzyme being observed was in fact GTA. 
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Section 4: Results  

 Previous research done on α-ketoacids such as α-ketoglutarate has led us to investigate 

the role of other α-ketoacids in the detoxification of ROS stress. Research done previously in the 

lab indicated that glycine was useful to Pseudomonas fluorescens in combating ROS leading us 

to examine the role of glyoxylate, a glycine derived ketoacid in the detoxification of ROS in this 

present study. 

4.1 Growth curve 

 Pseudomonas fluorescens is an organism noted for its ability to survive in harsh 

environments by modulation its metabolism to utilize available resources to survive (Mailloux, et 

al. 2008). Bacteria typically exhibit three stages of growth, the lag phase, the exponential growth 

phase and the stationary phase, and each phase change is marked by an inflection point (Leipzig, 

2004). When Pseudomonas fluorescens was stressed with H2O2 the lag phase was markedly 

longer than the lag phase in the control cells (figure 18). The bacteria were isolated at the 

stationary growth phase, the phase where the bacteria had adapted to their surroundings allowing 

for maximum growth. Based on the protein absorbance of samples taken from cultures at 595nm 

the stationary growth phase for the control cells was 28 hrs and the stationary growth phase for 

stressed cells was 50hrs. 
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Figure 18: Growth profile of Pseudomonas fluorescens grown in a defined citrate media with glycine as a 

source of nitrogen. The curve with square data points indicates stressed Pseudomonas fluorescens 

whereas the curve with diamond data points indicates the growth of a control culture. A: The lag phase. 

B: The exponential growth phase. C: The stationary growth phase. 

4.2 HPLC  

4.2.1 Spent fluid 

 To determine if glyoxylate was being exported into the media to combat ROS stress a 

metabolomic analysis was done on the spent fluid retrieved from matured cultures. The results 

indicate that oxalate, the organic acid of glyoxylate, had accumulated to a relatively high level in 

the media whereas glyoxylate and formate are relatively low (figure 19). 
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Figure 19: Metabolomic analysis of glyoxylate, oxalate, and formate in the spent fluid. All three 

molecules of interest were up in the stressed Pseudomonas fluorescens compared to the control cells. 

4.2.2 Cell Free Extract 

 To determine if glyoxylate was present inside the bacteria, a metabolomic analysis using 

HPLC was performed paying specific attention to three molecules, glyoxylate, oxalate, and 

formate. The HPLC analysis turned out to be counter intuitive and suggested that, glyoxylate, 

oxalate, and formate were down inside the cells, despite our hypothesis (figure 20).  
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Figure 20: Metabolomic analysis of glyoxylate, oxalate, and formate in the cell free extract. Levels of all 

three molecules of interest were down in the stressed Pseudomonas fluorescens compared to the control 

cells. 

4.3 BN PAGE 

4.3.1 Glycine Dehydrogenase NADP
+ 

Dependent 

 Glycine dehydrogenase an enzyme that produces glyoxylate was found to be up in the 

stressed membrane fraction of the BN PAGE (figure 21 panel 1). The negative control lanes 

without glycine produced no formazan precipitate indicating that the original band was in fact 

glycine dehydrogenase (figure 21 panel 3). Although Pseudomonas fluorescens may have up-

regulated glycine dehydrogenase to produce glyoxylate, a potential ROS detoxifier, it must be 

considered that NADPH is also produced in this reaction, a reducing factor known to be required 

to regenerate ROS detoxifiers such as glutathione, superoxide dismutase, and catalase (Singh, et 
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al. 2008). The regulation experiment provided further insight into the up-regulation of glycine 

dehydrogenase. The cells that were transferred from a control media to a stressed media 

exhibited an increase in glycine dehydrogenase activity over control cells, while the cells 

transferred from stressed media to control media exhibited constant glycine dehydrogenase 

activity compared to the cells that were in the stressed media (figure 21 panel 2). It must be 

noted that the samples used to represent cells that did not switch media were older than the 

samples used for the regulation experiment thus accounting for discrepancies in activity between 

the stressed samples and the samples that were stressed but then transferred to control media. A 

loading control (figure 21 panel 4) was done by loading four of the lanes with the same samples, 

but instead of performing an enzyme assay all four lanes were stained with coomasie brilliant 

blue G-250 to visualize the protein. The staining ensured that the differences in the observed 

activity are actually due to a modulation of metabolism instead of a difference in the amount of 

protein loaded. It appears as if the stressed Pseudomonas fluorescens had up-regulated glycine 

dehydrogenase purely as a response to ROS. 
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Figure 21: BN PAGE analysis of GDH NADP dependent. Panel 1: A) BN PAGE analysis of GDH in 

control Pseudomonas fluorescens.B) BN PAGE analysis of GDH in Pseudomonas fluorescens stressed 

with H2O2. Panel 2: A) BN PAGE analysis of GDH in Pseudomonas fluorescens grown in control media 

to the stationary growth phase and then switched to stressed media and grown for 4 hours. B)  BN PAGE 

analysis of GDH in Pseudomonas fluorescens grown in stressed media to the stationary growth phase and 

then switched to control media and grown for 4 hours. C) BN PAGE analysis of GDH in control 

Pseudomonas fluorescens for comparison. D) BN PAGE analysis of GDH in Pseudomonas fluorescens 

stressed with H2O2 for comparison. Panel 3: A) Negative control without glycine for GDH in control 

Pseudomonas fluorescens. B) Negative control without glycine for GDH in stressed Pseudomonas 

fluorescens. Panel 4: A) loading control for control cells changed to stressed media. B) A loading control 

for stressed cells changed to control media. C) A loading control for control cells. D) A loading control 

for stressed cells. 
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4.3.2 Glycine Transaminase 

 Glycine transaminase, the second enzyme in this study that produces glyoxylate was also 

up-regulated in the stressed membrane fraction of the BN PAGE (figure 22 panel 1). For the 

regulation experiment, it was discovered that cells grown in a control media and transferred to a 

stressed media for 4 hours drastically up-regulated glycine transaminase, exceeding the activity 

of glycine transaminase in cells grown in stressed media and almost matching the enzyme 

activity in the cells that were grown in stressed media and changed to control media (figure 22 

panel 2). It must be noted that the samples used to represent cells that did not change media were 

significantly older than the regulation samples, possibly accounting for the low activity of the 

stressed membrane fraction in lane D of panel 2 below. However this does not detract from the 

results because the contrast between control and stressed samples when they are fresh can be 

seen in panel 1where the control cells exhibit no glycine transaminase activity in contrast to the 

great activity when control cells were changed to stressed media. A loading control (figure 22 

panel 3) was done for the regulation experiment in a similar manner to the one done for glycine 

dehydrogenase. It appears as if glycine transaminase was up-regulated as a response to ROS. 
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Figure 22: BN PAGE analysis of GTA. Panel 1: A) BN PAGE analysis of GTA in control Pseudomonas 

fluorescens.B) BN PAGE analysis of GTA in Pseudomonas fluorescens stressed with H2O2. Panel 2: A) 

BN PAGE analysis of GTA in Pseudomonas fluorescens grown in control media to the stationary growth 

phase and then switched to stressed media and grown for 4 hours. B) BN PAGE analysis of GTA in 

Pseudomonas fluorescens grown in stressed media to the stationary growth phase and then switched to 

control media and grown for 4 hours. C) BN PAGE analysis of GTA in control Pseudomonas fluorescens 

for comparison. D) BN PAGE analysis of GTA in Pseudomonas fluorescens stressed with H2O2 for 

comparison. Panel 3: A) loading control for control cells changed to stressed media. B) A loading control 

for stressed cells changed to control media. C) A loading control for control cells. D) A loading control 

for stressed cells. 
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4.3.3 Glycine Lyase 

 Glycine lyase, the third glyoxylate producing enzyme was also up in the stressed 

membrane fraction (figure 23 panel 1). However, a repeated enzyme assay revealed that glycine 

lyase was up-regulated in the control membrane sample, however slightly less up-regulated than 

the stressed membrane fraction (figure 23 panel 2). The negative control revealed no activity in 

the membrane fractions, thus confirming that the observed enzyme was in fact glycine lyase. 

 

Figure 23: BN PAGE analysis of GL. Panel 1: A) BN PAGE analysis of GL in control cytoplasmic 

fraction.B) BN PAGE analysis of GL in stressed cytoplasmic fraction.  C) BN PAGE analysis of GL in 

control membrane fraction. D) BN PAGE analysis of GL in stressed membrane fraction Panel 2: A) BN 

PAGE analysis of GL in control membrane fraction. B) BN PAGE analysis of GL in stressed membrane 

fraction. Panel 3: A) Negative control without glycine for the control membrane fraction. B) Negative 

control without glycine for the stressed membrane fraction.   
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4.3.4 Isocitrate Lyase 

 After finding evidence that Pseudomonas fluorescens uses glyoxylate to combat ROS 

stress, we decided to probe other enzymes associated with glyoxylate metabolism. Isocitrate 

lyase is an important enzyme in glyoxylate metabolism because it uses isocitrate to synthesize 

glyoxylate (Baron, 1996). Isocitrate is a molecule that is also used by isocitrate dehydrogenase to 

synthesize α-ketogluterate, an α-ketoacid known to be used by Pseudomonas fluorescens to 

detoxify ROS by NEDC (Mallioux, et al 2007). Iosocitrate lyase was found to be up-regulated in 

the stressed cells, and a negative control was done to ensure that isocitrate lyase was actually 

being observed (figure 24).    

 

Figure 24: BN PAGE analysis of isocitrate lyase. Panel 1: A) BN PAGE analysis of ICL in control 

cytoplasmic fraction.B) BN PAGE analysis of ICL in stressed cytoplasmic fraction. Panel 2: A) Negative 

control without  isocitrate for the control membrane fraction. B) Negative control without isocitrate for 

the stressed membrane fraction.   

4.3.5 Malate synthase 

 After testing isocitrate lyase for up-regulation in stressed conditions it was logical to test 

malate synthase, an enzyme that utilizes glyoxylate in the glyoxylate cycle producing malate. It 

was expected that malate synthase would be down-regulated in stressed conditions producing a 

pool of glyoxylate to combat ROS in a similar manner to which α-ketogluterate dehydrogenase 
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was down-regulated in stressed conditions to create a pool of α-ketogluterate for ROS 

detoxification (Maillioux, et al. 2007). Unfortunately the experiment produced two bands in the 

gel and both of the performed negative controls turned up positive suggesting that the observed 

bands were not malate synthase, therefore further research could be done in this area.  

4.3.6 Glycolate Dehydrogenase 

 In order to determine if glyoxylate was being utilized in Pseudomonas fluorescens for 

purposes other than ROS detoxification an enzyme assay for glycolate dehydrogenase was done. 

The results revealed multiple bands in different locations on the gel, one set which was relatively 

high on the gel, and another set which was relatively low on the gel. Based on the molecular 

weight of glycolate dehydrogenase and the molecular weight of BSA and apoferritin it was 

determined that the bands that most likely represented glycolate dehydrogenase were the series 

of bands on the top. Glycolate dehydrogenase was found to be up in the control cultures and only 

in the NAD
+
 dependent form (figure 25).  

 

Figure 25: BN PAGE analysis of GLDH. Panel 1: A) BN PAGE analysis of GLDH (NAD
+
 dependent) 

in control cytoplasmic fraction. B) BN PAGE analysis of GLDH (NAD
+
 dependent) in stressed 

cytoplasmic fraction C) BN PAGE analysis of GLDH (NAD
+
 dependent) in control membrane 

fraction.D) BN PAGE analysis of GLDH (NAD
+
 dependent) stressed membrane fraction. Panel 2: A) BN 

PAGE analysis of GLDH (NADP
+
 dependent) in control cytoplasmic fraction.B) BN PAGE analysis of 
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GLDH (NADP
+
 dependent) in stressed cytoplasmic fraction C) BN PAGE analysis of GLDH (NADP

+
 

dependent) in control membrane fraction.D) BN PAGE analysis of GLDH (NADP
+
 dependent) stressed 

membrane fraction.  

4.3.7 Acylating Glyoxylate Dehydrogenase 

 Knowing that the TCA cycle is effectively shut down during ROS detoxification we 

decided to examine other routes of ATP production. Since it was shown that glyoxylate was 

being produced by stressed cells it could potentially be used as a source of energy by the enzyme 

acylating glyoxylate dehydrogenase. This enzyme converts glyoxylate into oxalyl-CoA which 

can subsequently generate ATP. The results of the enzyme assay revealed that acylating 

glyoxylate dehydrogenase was up in the stressed cytosolic fraction relative to the control (figure 

26), negative controls must be done to confirm this observation.  

 

Figure 26: BNPAGE analysis of acylating glyoxylate dehydrogenase. Panel 1: A) BN PAGE analysis of 

acylating glyoxylate dehydrogenase in control cytoplasmic fraction.B) BN PAGE analysis of acylating 

glyoxylate dehydrogenase in stressed cytoplasmic fraction.   
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Section 5 Discussion 

 The objective of this thesis was to discover if Pseudomonas fluorescens was able to use 

glycine as a source of glyoxylate to detoxify ROS, and to discover whether or not glyoxylate is a 

potent anti-oxidant compared to other keto acids known to detoxify ROS such as α-ketoglutarate. 

 ROS have been associated with conditions such as Alzheimer’s disease and aging, 

making ROS a popular subject in medicine. A variety of antioxidants have been put on the 

market advertised to reduce the effects of aging. ROS oxidizes proteins, lipids, carbohydrates 

very quickly leading to molecular abnormalities causing physiological problems. The NADPH 

oxidase complex is an important protein complex for the removal of infection. ROS are 

generated as a response to bacterial infection inside macrophages to kill the invading organism. 

A disease called chronic granulomatus disease (CGD) involves a mutation in one of the genes 

coding for one or several parts of the NADPH oxidase complex. Patients with CGD exhibit 

frequent bacterial infections and are particularly susceptible to unusual organisms such as 

Staphlococcus aureus infections since their removal from the body requires destruction by the 

NADPH oxidase complex (Vignais, 2002). As one can see ROS is essential for some organisms 

to survive as well as being a source of physiological problems.  

 Previous research has shown that keto acids are important in ROS detoxification. In a 

study done by O`Donnell-Tormey,et al. mammalian cells were observed excreting pyruvate, a α-

ketoacid, into the media it was growing in, in response to ROS stress. In Pseudomonas 

fluorescens, it has been shown that α-keto glutarate acts as an ROS detoxifier. Modulation of 

enzymes towards the production of a pool of α-ketoglutarate and the large amounts of α-
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ketoglutarate’s resulting organic acid, succinate was found indicating that α-keto glutarate was 

acting on ROS in stressed cells (Mailloux. et al 2007). The evidence found thus far suggests that 

α-ketoacids can play a role as ROS detoxifiers across a variety of species highlighting their 

importance. In this study glyoxylate was found to have a similar role to that of α-ketoglutarate in 

stressed Pseudomonas fluorescens. This discovery has important meaning in the context of 

understanding ROS detoxification, as it lends to the idea that α-ketoacids play a large role in 

ROS detoxification on top of their regular roles in a variety of biochemical pathways. In fact α-

ketoacids may serve a purpose as ROS guards because they are in constant production, recycling 

and constant synthesis. Enzymes classically designated to ROS detoxification like super oxide 

dismutase, and catalase detoxify ROS extremely fast, however in times of massive amounts of 

ROS stress, α-keto acids could be used as a partner to SOD and catalase in the detoxification of 

ROS.  

 This study has shed some light on how Pseudomonas fluorescens detoxifies ROS with 

glyoxylate. This knowledge is useful because many pathogenic bacteria may share similar 

adaptation mechanisms. By understanding how bacteria adapt it may help combat infections 

stubborn to the body’s natural defences. The results from the growth curve revealed a lag in the 

time for stressed bacteria to reach stationary phase. This lag is an indication of metabolic 

adaptation to deal with the ROS in order to proliferate. This initial result means that 

Pseudomonas fluorescens is overcoming the stress and adapting to the harsh environment. 

 To see how Pseudomonas fluorescens was adapting, a metabolomic analysis of the spent 

fluid was done. Despite the prediction of high levels of glyoxylate, high levels of oxalate were 

found. It is possible that glyoxylate quickly reacts with ROS, and upon its exportation to the 
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media it may be oxidized to oxalate almost immediately, and oxalate may be decarboxylated to 

formate. This means that glyoxylate may be present, however we can only detect its remnants, 

and if glyoxylate is detoxifying ROS as we propose it is most likely only detoxifying one ROS 

moleculedue to the high levels of oxalate in the spent fluid. 

 After the metabolomic analysis of the spent fluid was done, the cell free extract was 

examined for glyoxylate. The results indicated that glyoxylate, along with its two NEDC 

products were lower in the stressed cell free extract. This observation lends support to the idea 

that glyoxylate is being exported from the cell to the media to possibly detoxify ROS. A series of 

glyoxylate producing enzymes were examined by BN PAGE, and the consensus was that 

Pseudomonas fluorescens was in fact trying to produce glyoxylate. In addition to this, knowing 

that a high amount of oxalate was found in the spent fluid, and low amounts of glyoxylate were 

found in the cell free extract leaves only one option, Pseudomonas fluorescens was creating 

glyoxylate via GDH, GTA, GL and ICL and exporting it, where it rapidly was converted to 

oxalate by oxidation with ROS. 

 To lend credence to our conclusion that glyoxylate was being used as a major ROS 

scavenger, enzymes that utilize glyoxylate for reasons other than ROS detoxification were 

examined. What was discovered was that glyoxylate was being conserved in the stressed cells, 

most likely for ROS detoxification. Glyoxylate was also examined for its potential to generate 

ATP via AGODH. The results indicated that besides ROS detoxification, glyoxylate allows 

Pseudomonas fluorescens to synthesize ATP anaerobically. This finding is important because the 

lack of ROS production from oxidative phosphorylation is beneficial to an organism already 
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suffering from ROS stress, and may be part of the reason why Pseudomonas fluorescens can 

adapt so well in this situation. 

 

Figure 27: Summary of results. Glyoxylate producing enzymes such as GDH, GTA, GL, and 

ICL were found to be up, a glyoxylate utilizing enzyme, GLDH was found to be down, AGODH 

was found to be up-regulated, and the by-product of a glyoxylate ROS interaction, oxalate was 

found to be up.  
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Conclusion 

 In conclusion, the results of my research suggest that glycine is being utilized by 

Pseudomonas fluorescens to produce glyoxylate in ROS stressed conditions. Glyoxylate 

producing enzymes such as glycine dehydrogenase, glycine transaminase, and glycine lyase were 

up-regulated and glyoxylate utilizing enzymes like glycolate dehydrogenase were down-

regulated. High amounts of oxalate, the organic acid derivative of glyoxylate were found in the 

spent fluid suggesting that the non-enzymatic detoxification of glyoxylate occurred in the spent 

fluid. It appears that Pseudomonas fluorescens was actively producing glyoxylate and stream 

lining it for rapid exportation into their environment to detoxify ROS. This action made their 

environment more habitable, allowing for the bacterial colony to develop. Although it was 

purposed at the beginning of this experiment that glyoxylate may be more potent than other α-

ketoacids at detoxifying ROS it appears that each glyoxylate molecule was only detoxifying one 

ROS, making it similar in effectiveness to α-ketoglutarate. Further research could be done on 

enzymes that utilize glyoxylate to obtain a clearer picture of whether or not a pool of glyoxylate 

is being produced in Pseudomonas fluorescens. It would be interesting to study the relationship 

between the use of α-ketoglutarate and glyoxylate as ROS detoxifiers because isocitrate can act 

as a precursor to both keto acids. The comparison of isocitrate dehydrogenase (NADP 

dependent) and isocitrate lyase would shed light on the importance of these keto acids in relation 

to each other. 
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