
 
 

 

 

A functional study of tryptophanase, a key player in bacterial dormancy and infection 

By 

Alexandrine Martel 

 

 

 

 

 

 

 

 

An Undergraduate Thesis submitted to the Department of Chemistry and Biochemistry at 

Laurentian University 

In partial fulfillment for an Honours Bachelor of Science Degree in Chemistry 

 

 

 

 

 

Approved by: 

Supervisor:    ____________________________  Date: __________________ 

Second Reader:  ____________________________  Date: __________________ 

 

 



 

i 
 

Abstract  

Indole and its various derivatives have long been known to play important signaling 

roles across biological kingdoms. In prokaryotes, this molecule has been associated with 

diverse functions such as amino acid metabolism, drug export, plasmid maintenance and the 

regulation of pathogenicity.  Extracellular indole has been shown to regulate the formation 

of biofilms and induce virulence factors, parameters which are important determinants of a 

microbe’s pathogenicity. Trytophanase, which catalyzes the conversion of L-tryptophan to 

pyruvate and indole, appears to be the primary source of this signaling molecule. Preliminary 

research from our group has pointed to the increased activity of this enzyme when the 

microbe Pseudomonas fluorescens is exposed to nitric oxide (NO). Here, we attempt to 

apply functional proteomic studies to elucidate the role of tryptophanase in this microbe 

when exposed to nitrosative stress. The goals of this research include establishing an 

effective technology to monitor tryptophanase activity in bacterial cultures using in-gel 

activity assays and high performance liquid chromatography analyses, as well as to uncover 

how tryptophanase and indole mediate dormancy and virulence in microbial systems.  

Results showed no tryptophanase activity in cultures under NO or H2O2 stress, as tested by 

in-gel activity assay, HPLC and spectrophotometric studies.  Indole was not readily 

produced, but the bacteria did display changes in metabolism under oxidative stress.  We 

hypothesize that either P. fluorescens does not code for tryptophanase gene expression, or 

the conditions used did not induce dormancy and consequently, indole production did not 

occur.  Further research is necessary to uncover if tryptophanase can be induced in P. 

fluorescens, and the BN-PAGE technique remains to be further investigated. 
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1. Introduction 

1.1. Bacterial Dormancy and Signaling 

 An important field of study when it comes to bacteria is resistance.  This process of 

bacterial survival has many practical implications in the medical field, including bacterial 

resistance to antibiotics and pathogenicity [1].  In order to better understand the way bacteria 

survive, we need to explore the mechanisms used in adaptation to the environment.   

Bacterial cells are said to be intelligent, as they can process information based on stimulus 

and display an appropriate response that enables them to survive [1].  Bacterial threat is 

increased by the fact that bacterial intelligence extends to a consortium activity in a colony, 

causing strains to work together in building resistance [1].  A bacterial culture under stress 

has two main survival techniques found in equilibrium; it can either produce anti-toxins to 

remedy the stress and continue growing, or it can go dormant under the pressure of the toxin 

[2].  Logically, a fast growing colony under few stressors will mainly be found with toxin 

activity being completely inhibited by antitoxin, while a colony under high stress will mainly 

be found in a dormant state.  Dormancy can be described as a defence mechanism in which 

the bacterium enters a non-dividing state, often becoming encapsulated or transforming into 

a spore, rendering it protected from death [2,3].   Dormant bacteria are the ones causing 

persistent infections and resistance to antibiotics, making this a topic of interest.   

1.1.1. Factors Influencing Dormancy and Signaling Molecules 

Antibiotics are known to induce dormancy in bacteria, but many other factors can 

influence this biological defence, including exhaustion of food, stress, and injury [3].  

Understanding the factors causing dormancy enables us to reproduce those factors in 

laboratory in order to force cells to undergo this inducible metabolic reaction. 
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It is already known that the transmission of the stimulus across the cells of a 

consortium causing dormancy is done by signaling molecules [1].  Signaling encompasses 

all ways of communication between cells, and mediates many biological responses like 

bioluminescence, virulence, differentiation, resistance, DNA transfer, biofilm formation, and 

quorum sensing [4, 5]. Many of those processes involve a group of organisms acting in a 

coordinate fashion, making signaling an important feature in the formation of bacterial 

colonies [5].  Taking the example of quorum sensing, a signaling molecule can act as a 

stimulus to induce a response correlated to population density; this may involve many 

bacteria, from a single species or between multiple species helping each other build a 

community of diverse niches.  The process of signaling between species is known as 

interspecies signaling; most interestingly, this phenomenon also extends to certain species 

intercepting signals generated by molecules that they cannot produce [4].  This principle is 

similar to bacteria using an antibiotic as a signal to induce resistance, which has become an 

increasing issue in the treatment of illnesses [5].   

Induction of resistance has prompted studies of the molecules responsible for such 

processes.  Figure 1 shows a list of the many molecules known to be used in bacterial 

signaling.  Gram-negative bacteria mainly use homoserine lactones and quinolones as signal 

transducers, while most gram-positive bacteria use peptides [5,6].  Even though many 

molecules are different in structure, they all act in a similar way in the sense that they are 

produced, they act on a specific receptor, and they produce a biological response.  Our focus 

will be aimed at understanding the roles of indole (Figure 1).  Indole has specifically been 

studied as a molecule that can induce dormancy which will be discussed further in the next 

section. 
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Figure 1. List of bacterial signaling molecules by class 

Source: [5] 

 

 

1.2. Tryptophanase 

Before reviewing in detail the roles of indole as a signaling molecule, it is important to 

understand how bacteria can produce this compound.  The main reaction responsible for 

indole levels is very simple; L-tryptophan is hydrolysed into indole, pyruvate and 

ammonium by the enzyme tryptophanase [7] 

L-tryptophan +H2O  indole + pyruvate + ammonium 

 The mechanism of action of the enzyme has been studied extensively. 

Tryptophanase, made of four identical monomers, forms a complex with pyridoxal-5’-

phosphate (PLP) and hydrolyses tryptophan through a α,β-elimination.  Figure 2 displays a 
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summary of the mechanism as studied in Escherichia coli [8].  Under stress, tryptophanase 

activity will be up-regulated in order to increase the amount of indole being produced, 

therefore increasing the signaling between cells which can control many different activities.  

Tryptophan is found as a substrate in most bacteria, as many can synthesize it through the 

tryptophan biosynthetic pathway from chorismate, but only bacteria with the tryptophanase 

gene will produce indole from L-tryptophan [4].    

 

Figure 2. Mechanism of action of tryptophanase in E. coli.  TRP, tryptophanase, PLP, 

pyridoxal-5’-phosphate 

Source: adapted from [8] 

  

1.3. Indole 

While pyruvate can be redirected to the Krebs cycle and ammonia can be used as a 

nitrogen source, indole has a wide array of functions, many of which are still not well 
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understood.  To have an action on the consortium, indole must first exit the cell in order to 

enter another organism, which may be of the same or of different species.   Indole is 

exported by an efflux pump protein, AcrEF, and can be imported by Mtr permease, although 

because of its hydrophobicity, it can also cross the membrane through passive diffusion [4].  

The receptors or the pathways affected by indole are not well known, but many roles of 

indole have been identified, such as the induction of: biofilm formation, amino acid 

metabolism, plasmid maintenance, multidrug exporters, pathogenicity islands, virulence 

factors, persister formation, spore formation, and polysaccharide production [4, 6, 7, 9, 10, 

11].  It is important to understand the wide array of functions indole has as a putative 

universal signal, including both intracellular signaling and extracellular signaling. 

1.3.1. Indole as an Intracellular Signal 

 The first direct action of indole on the cell is the control of multiplasmid copies.  The 

maintenance of a high copy of plasmids is an issue that arises in all cell cultures in their 

growing stage, since formation of multimers can cause instability, and over-replication of 

plasmid free cells can easily outgrow their counter-parts and render the culture non-viable 

[11].  This process occurs naturally, as one mistake in replication can result in plasmid free 

cells that will replicate much faster due to lower metabolic load.  Bacteria have found ways 

to prevent such events from occurring, one of which is slowed growth to help maintain a 

high copy number of plasmid and increase the transmission to daughter cells [11].  Indole 

has now been studied as a molecule capable of inducing slowed growth in exponentially 

growing bacteria, which in turn means that tryptophanase production and activity would be 

increased in the exponential phase of growth for low density populations. 

 Interestingly, indole is also an intracellular signal in the stationary phase of bacterial 

growth.  It was found that concentration of indole is higher inside cells when cultures were at 
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a high density, meaning that resources were becoming scarce [6, 11].  Further studies are 

necessary to better understand the mechanism of activation of tryptophanase gene 

expression, as it seems many factors could influence the production of indole, an active 

molecule at high and low density cultures. 

 Expression of genes responsible for slowed growth by indole may not be well 

known, but another area of intracellular signaling has been further explored: multidrug 

resistance.  During stationary phase, indole can stimulate many drug exporters in bacteria, 

including mdtEF, acrD, mdtABC, acrEF, cusABC, emrKY, cusB, and yceL, meaning that 

indole has an action on the multidrug resistance regulatory pathways [4, 9].  This is the first 

evidence that indole is a key player in bacterial resistance to antibiotics.  The proposed 

mechanism is via the induction of certain genes, or as recently hypothesized, by interacting 

with cell cycle regulatory proteins [9, 11].  Furthermore, indole has now been shown to 

induce spore formation, a form of dormancy that could also be induced by antibiotics or 

stressors and increase resistance [4]. 

1.3.2. Indole as an Extracellular Signal 

 Indole can be exported from the cell by an efflux pump which enables it to be a 

signaling molecule between cells of a population.  Extracellular signaling is essential for the 

bacterial consortium, and indole serves as a modulator of communication between organisms 

in order to increase their viability when faced with environmental stressors.  One of the most 

well known protection mechanisms for bacteria is biofilm formation.  Biofilm formation 

occurs when cells aggregate by linking each other within a thick extracellular film (made of 

polysaccharide, proteins and DNA) which can sometimes attach on a surface [12]. Biofilms 

are an important factor in persistent chronic infections, since increased resistance to 

antibiotics in bacteria is found in biofilms [12].  Interestingly, it was proven that indole 
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found outside of the cell increases biofilms in some bacterial strains while it reduces 

biofilms in others [7].  This unique phenomenon has only been studied in a few bacteria; it is 

now known that indole decreases biofilms in Escherichia coli by inducing quorum sensing, 

while it increases biofilm formation in other species such as Fusobacterium nucleatum, 

Vibrio cholera and Pseudomonas sp. by increasing polysaccharide production [7, 9, 10].  

Extracellular indole may also induce persister formation, a dormant state of bacteria with 

similar effects as biofilms concerning cell survival under stress [6]. 

Biofilm production is increased in the mid to late exponential phase of cell growth, 

which adds to the mystery of when tryptophanase gene induction is at its highest [7].  Indole 

derivatives have also been shown to induce bacterial biofilms, mainly through indole acetic 

acid (IAA) which is produced primarily in plants, but can also be produced or utilized in 

bacteria [13]. To further prove the involvement of indole in biofilm formation and bacterial 

resistance, the indole derivative flustramine has proven to be efficient in controlling biofilm 

formation, potentially by acting as a competitive inhibitor [13].  Figure 3 shows a 

simplification of possible roles of indole as an extracellular signaling molecule in biofilm 

formation for Pseudomonas sp. 

 

Figure 3. Up-regulation of tryptophanase activity and indole production as an extracellular 

signal to induce biofilm formation in Pseudomonas sp. 
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 One of the most interesting aspect of intercellular signaling is that it also extends to, 

not only intermicrobial signaling, but also interkingdom signaling.  To start with 

intermicrobial signaling, some 85 species of gram-negative and gram-positive bacteria are 

known to produce indole, but indole can be utilized more broadly by many other strains that 

do not readily produce the molecule [14].  This is again a very important advancement in 

understanding bacterial resistance, since resistance can be transmitted between species.  

Such an event has been observed in Salmonella typhimurium, which can intercept indole 

produced by E. coli and use it to increase its own antibiotic resistance, as seen in Figure 4 

[6]. 

 

Figure 4. S. Typhimurium utilizes indole produced by E.coli to increase its own defence 

against antibiotics 

Source: [6] 

 

 Interkingdom signaling works in a similar way, but extends to communication 

between bacteria and plants, or bacteria and humans.  Indole derivatives are widely used 

across all kingdoms, including IAA in plants and melatonin and serotonin in humans [15].  

Since derivatives are readily found, it is not far fetched that indole could be a signaling 

molecule on even broader terms.  Resistance does not only apply to bacteria.  An example of 
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indole signaling in humans includes the thickening of the intestinal epithelium by 

recognition of indole production in gastro-intestinal tract infections [16].  Plants can also 

utilize indole to their advantage by increasing their growth, which can be a double edged 

sword as it increases the surface area susceptible to bacterial attacks [17].  Both examples 

display one clear fact: much is left to be uncovered concerning indole and its key role in 

resistance. 

1.3.3. Factors Influencing Indole Production 

 Many factors have been shown to influence indole production by degradation of 

tryptophan.   The activity of tryptophanase has recently been studied at different 

temperatures and pH for Porphyromonas gingivalis and results are reported in Figure 5 [10].  

The enzyme is shown to have optimal activity at pH 7.5, and is stable up to temperatures of 

40°C. 

 

Figure 5.  Tryptophanase gene activity measured by indole production. (a) Activity 

dependent on pH at T°=37°C for 10min incubation in 2mM Trp (b) Activity dependant on 

T° at pH=7.5 for 10min incubation in 2mM Trp 

Source: [10] 
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 The enzyme is also shown to have a sensitivity to antibiotics, which supports the 

evidence that it is an important factor related to resistance [18].  As previously discussed, 

indole production is also highly mediated by culture density and starvation, as well as carbon 

source [4, 6].  Finally, a topic of interest for our lab is the evidence showing that indole 

production can be mediated by oxidative stress, meaning the production of reactive oxygen 

species (ROS) could induce tryptophanase gene expression [6]. 

1.4. Metabolic Studies 

1.4.1. Reactive Oxygen Species  

  All ROS are described as molecules that can cause damages to proteins, DNA, lipids 

and carbohydrates, making them dangerous to all living organisms [19].  ROS are produced 

in all aerobic organisms since they are an integral part of the respiration process, and are 

readily formed as terminal electron acceptor in the electron transport chain (ETC).  In order 

to prevent damages, organisms have found ways to scavenge such molecules [19].  If an 

organism is not able to balance ROS formation and ROS detoxification, it is said to be under 

oxidative stress.  This principle has been used extensively in our lab to further our 

understanding of metabolic processes under stress.  The main ROS found in cells are 

hydroxyl radicals, superoxide radical and hydrogen peroxide [20]. 

1.4.2. Oxidative Stress 

 An important factor that jeopardizes cell viability during oxidative stress is that the 

cell cannot utilize aerobic respiration as it usually would.  There are a few factors 

influencing respiration under stress, including ROS destroying heme groups and Fe-S 

clusters, which are found in Complex I, II and IV of the ETC [20]. The presence of O2 as the 

electron acceptor in oxidative phosphorylation also increases the production of ROS, and up 

to 2% of that oxygen will be transformed into superoxide radicals [21].  Under further stress, 
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the production of those radicals will be inhibited as much as possible by the cell.  As a result 

of ETC modification under stress through complex inhibition, as well as trying to reduce the 

amount of ROS being created, the ETC is inactivated under oxidative stress [20, 21].  Figure 

6 shows a schematic of the ETC. 

 

Figure 6. The electron transport chain.  O2 acts as the final electron acceptor and a proton 

gradient is created, which enables the cell to produce ATP via Complex V.  O2 can be 

transformed into a superoxide anion, which will be scavenged and transformed into 

hydrogen peroxide.  One way to remedy ROS is by increasing the reductive environment 

with NADPH.  Under normal conditions, the production and the destruction of ROS are in 

equilibrium.  Increase in ROS results in oxidative stress, which inhibits the ETC. SOD, 

superoxide dismutase. 

Source: [21] 

 One of the mechanisms used in the remediation of oxidative stress is an increase in 

the activity of NADPH-generating enzymes (Figure 5) and simultaneous reduction of 

NADH production in cells, while other mechanisms of action include ROS scavenging 
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systems and DNA repair machineries [21].  ROS scavengers are fairly well known. An 

example is the superoxide radical being transformed into hydrogen peroxide, a less active 

ROS, which can be accomplished using the enzyme superoxide dismutase [19].  ROS 

scavengers are a simple defence against ROS, but they are not the only mechanism of 

detoxification used by the cells. 

Metabolic changes in cells put under stress have also been extensively studied.  For 

example, under hydrogen peroxide stress, the soil microbe Pseudomonas fluorescens adapts 

by increasing phosphoenolpyruvate synthase and pyruvate kinase, as well as NADPH-

generating enzymes like glutamate dehydrogenase, 6-phosphogluconate dehydrogenase, and 

glucose-6-phosphate dehydrogenase [22].  One of the most noticeable changes in a cell 

under stress is the increase of isocitrate dehydrogenase (ICDH)-NADP activity and the 

decrease of ICDH-NAD activity [23].   This activity change can easily be probed through in-

gel assays by blue native polyacrylamide gel electrophoresis (BN-PAGE). The BN-PAGE 

method of identifying enzymatic activity has been applied successfully in the past, and is a 

powerful tool for the measurement of metabolic enzymes in their native form [20].  Activity 

staining has also proven useful in understanding how oxidative stress affects bacteria, and it 

can also serve the purpose of studying specific enzymes and proteins. 

1.4.3. Nitric Oxide 

 A lot of the knowledge concerning ROS can be applied to reactive nitrogen species 

(RNS), which have been studied mainly in regards to the host defence mechanism towards 

bacterial infections [24].  When talking about RNS, one molecule of interest is nitric oxide 

(NO). NO production occurs in the macrophages of someone under bacterial attack; it is 

produced by the oxidative deamination of L-arginine via nitric oxide synthase (Figure 7). 
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Figure 7. Two step reaction of L-arginine to L-citrulline and NO by nitric oxide synthase 

Source: [24] 

 

 NO is used as a defence tool as it can form the RNS peroxinitrite by reaction with a 

superoxide radical [24].  RNS, just like ROS, can have destructive effects to DNA, proteins, 

heme groups, and Fe-S clusters, making them very toxic to living organisms [24].  Even 

though the main role of NO is host defence, the molecule has mainly been studied in relation 

to human pathogenicity, meaning that in large quantities it can also become toxic to the host. 

This is why studies on NO synthase (NOS) blockers have been initiated in response to 

afflictions known to induce NO production, such as meningitis, malaria and septic shock 

[24] 

 Our focus here is directed moreso to the effects of NO on bacteria, as such a stressor 

might induce bacterial dormancy.  Metabolic reconfigurations initiated by bacteria under NO 

stress have already been studied.  NO stress can be induced in bacteria by the addition of 

sodium nitroprusside (SNP), a NO donor, in the growth media [25].  The metabolic changes 

found under SNP stress are a bit different than those found under hydrogen peroxide stress.   

The main difference is found in the regulation of the enzymes responsible for carbon 
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metabolism and energy production.  Under ROS stress, the cells see a reconfiguration aimed 

at increasing the amount of intracellular NADPH by ICDH-NADP.  However, this process is 

found to be inhibited under RNS stress because NO modifies critical catalytic residues of 

ICDH-NADP [25].  NO stress will also inhibit the ETC, meaning that carbon metabolism 

and the production of ATP must be achieved by a mechanism other than aerobic respiration.  

One simple way that SNP-stressed bacteria have found to remedy oxidative stress is to 

induce citrate lyase (when citrate is given as a carbon source) enabling the transformation of 

citrate to oxaloacetate, and then to phosphoenolpyruvate (PEP) by PEP carboxylase [25].  

PEP is known to be a high-energy compound that can give rise to ATP by substrate level 

phosphorylation, creating an anaerobic way of producing energy under stress.  Enzymes 

responsible for this are easily monitored by in-gel activity assays, providing us with a 

powerful tool to assess stress in bacteria. 

1.5. Pseudomonas fluorescens 

P. fluorescens has shown to be an exemplary bacterial model in proteomic studies.  Its 

versatility and capability of adapting under stressors has made it an interesting model 

organism for understanding metabolic reengineering [20, 21, 22, 23, 25].  When studying 

ROS and RNS stress, this bacterium is capable of adapting via metabolic reconfigurations, 

making it the perfect organism to further our understanding of stressor interactions and 

effects on the microbe.  P. fluorescens is not a virulent strain, but it is closely related to some 

infectious species like P. aeruginosa, therefore implications involving dormancy induction 

by indole could be representative of resistance mechanisms of many other bacteria under 

stress.   

 

 



 

15 
 

Objectives and Hypothesis 

 Indole is an important molecule that could have a crucial role in bacterial dormancy 

and resistance.  The first goal of this research is to establish a method to monitor 

tryptophanase activity in bacterial cultures using two methods, BN-PAGE and HPLC.   Once 

a proper method has been established, this research will aim to uncover how tryptophanase 

and indole mediate dormancy in P. fluorescens under H2O2 and nitrosative stress.  

We hypothesize that in-gel activity assays and high performance liquid 

chromatography can be applied to measure tryptophanase activity and indole concentrations 

in bacteria based on previously established methods used by our lab.  Based on preliminary 

results, we also hypothesise that tryptophanase activity will be up-regulated under nitrosative 

stress over time under nutritional stress, and indole might be a signal to slow growth and 

initiate dormancy.  
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2. Methodology 

2.1. List of Reagents and Equipment 

1.5mL cuvettes; Fischer Scientific (Unionville, ON) 

2-Mercaptoethanol; Sigma-Alderich (St-Louis, Missouri) 

2,6-dichloroindophenol; Sigma-Alderich (St-Louis, Missouri) 

Accumet pH meter; Fischer Scientific (Unionville, Ontario) 

Acetic Acid; Sigma-Alderich (St-Louis, Missouri) 

Acrylamide; Sigma-Alderich (St-Louis, Missouri) 

Alliance 2487 Dual Wavelenght Absorbance detector; Waters Ltd (Missisauga, Ontario) 

Alliance 2695 separation modulion, High performance liquid chromatographer; Waters Ltd 

(Mississauga, Ontario) 

Ammonium chloride; Sigma-Alderich (St-Louis, Missouri) 

Ammonium persulfate (APS); Sigma-Alderich (St-Louis, Missouri) 

Adenosine triphosphate (ATP); Sigma-Alderich (St-Louis, Missouri) 

BactoAgar; Sigma-Alderich (St-Louis, Missouri) 

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

Bisacrylamide; Sigma-Alderich (St-Louis, Missouri) 

BisTris; Sigma-Alderich (St-Louis, Missouri) 

Bradford Bio-Rad Reagent; Bio-Rad Laboratories (Mississauga, Ontario) 

Bio-Rad Gradient Former Model 3125; Bio-Rad Laboratories (Mississauga, Ontario) 

Bio-Rad Mini-PROTEAN II; Bio-Rad Laboratories (Mississauga, Ontario) 

Bovine serum albumin (BSA); Sigma-Alderich (St-Louis, Missouri) 

Bromophenol blue; Sigma-Alderich (St-Louis, Missouri) 

Centrifuge Model J2-MI; Beckman Instruments (Mississauga, Ontario) 
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Citric acid monohydrate; J.T. Baker Chemicals (Phillipsburg, New Jersey) 

Coomasie Brilliant Blue G-250; Eastman Kodak Company (Manchester, New York) 

C18-reverse phase column with polar end cap; Phenomenex (Torrence, California) 

Diaminobenzidine (DAB); Sigma-Alderich (St-Louis, Missouri) 

Dimethylaminobenzaldehyde (DMAB); Sigma-Alderich (St-Louis, Missouri) 

Disodium phosphate; Sigma-Alderich (St-Louis, Missouri) 

Dithiothreitol (DTT); Sigma-Alderich (St-Louis, Missouri) 

D-glucose; Sigma-Alderich (St-Louis, Missouri) 

DL-Tryptophan; BDH Laboratory Chemicals Division (Toronto, Ontario) 

Ethylenediaminetetraacetic acid disodium salt (EDTA); BDH Laboratory Chemicals division 

(Toronto, Ontario) 

ε-aminocaproic acid; Sigma-Alderich (St-Louis, Missouri) 

EZ-Run
TM

 Pre-Stained Rec Protein Ladder; Fischer Scientific (Unionville, Ontario) 

Fischer model 500 sonic dismembrator; Fischer Scientific (Unionville, Ontario) 

Fumarate; Fischer Scientific (Unionville, Ontario) 

Glacial acetic acid; Sigma-Alderich (St-Louis, Missouri) 

Glutamate dehydrogenase (GDH): Sigma-Alderich (St-Louis, Missouri) 

Glycerol; Sigma-Alderich (St-Louis, Missouri) 

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

HPLC grade monobasic potassium phosphate; Sigma-Alderich (St-Louis, Missouri) 

Hydrochloric acid; Sigma-Alderich (St-Louis, Missouri) 

Hydrogen peroxide; Sigma-Alderich (St-Louis, Missouri) 

Iodonitrotetrazolium chloride (INT); Sigma-Alderich (St-Louis, Missouri) 

α-ketoglutarate (α-KG); Sigma-Alderich (St-Louis, Missouri) 
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Lactate dehydrogenase (LDH); Sigma-Alderich (St-Louis, Missouri) 

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

Magnesium sulfate heptahydrate; Sigma-Alderich (St-Louis, Missouri) 

Maltoside; Sigma-Alderich (St-Louis, Missouri) 

Methanol; Sigma-Alderich (St-Louis, Missouri) 

N-acetylglucosamine (NAG); Sigma-Alderich (St-Louis, Missouri) 

Nicotinamide adenosine dinucleotide (hydrate) NAD(H); Sigma-Alderich (St-Louis, 

Missouri) 

Nicotinamide adenosine dinucleotide phosphate (hydrate) NADP(H); Sigma-Alderich (St-

Louis, Missouri) 

Phenylmethylsulfonulfloride (PMSF); Sigma-Alderich (St-Louis, Missouri) 

Phenazine methosulfate (PMS); Sigma-Alderich (St-Louis, Missouri) 

Phosphoenolpyruvate (PEP); Sigma-Alderich (St-Louis, Missouri) 

Pyridoxal-5’-Phosphate (PLP); Sigma-Alderich (St-Louis, Missouri) 

Pyruvate; Sigma-Alderich (St-Louis, Missouri) 

Sodium chloride; Sigma-Alderich (St-Louis, Missouri) 

Sodium dodecyl sulfate (SDS); Sigma-Alderich (St-Louis, Missouri) 

Sodium phosphate dibasic; Sigma-Alderich (St-Louis, Missouri) 

Sodium hydroxide; Fischer Scientific (Unionville, Ontario) 

Sodium nitroprusside (SNP); BDH Laboratory Chemicals division (Toronto, Ontario) 

Succinate; BDH Laboratory Chemicals Division (Toronto, Ontario) 

Sulfuric acid; Sigma-Alderich (St-Louis, Missouri) 

N,N,N’,N’-Tetramethylenediamine (TEMED); Sigma-Alderich (St-Louis, Missouri) 

Trichloroacetic acid (TCA); J.T. Baker Chemicals (Phillipsburg, New Jersey) 
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Tris•HCl; Sigma-Alderich (St-Louis, Missouri) 

Trizma; Sigma-Alderich (St-Louis, Missouri) 

UV-Vis spectrophotometer Ultrospec 3100 pro; Fischer Scientific (Unionville, Ontario) 

2.2. Cell Cultures 

 Cell cultures of Pseudomonas fluorescens were grown on agar media and kept 

refrigerated at 4°C after full growth. 

2.2.1. Agar Slant Media 

 Agar slant media was prepared by dissolving Na2HPO4 (2.4g); KH2PO4 (1.2g); 

NH4Cl (0.32g); MgSO4•7H2O (0.08g); and citrate (1.6g) in double distilled water (ddH2O).  

Four-hundred µL of trace elements was added (FeCl3•6H2O (2µM); MnCl2•4H2O (1µM); 

Zn(NO3)2•4H2O (0.5µM); CaCl2 (1 µM); CoSO4•7H2O (0.25 µM); CuCl2•2H2O (0.1 µM), 

Na2MoO4•2H2O (0.1 µM) and the pH was adjusted to 6.8 with dilute NaOH.  The volume 

was adjusted to 400mL with ddH2O.  The solution was heated and BactoAgar (6.6g) was 

added until complete dissolution.  The solution was poured into test tubes (approximately 7-

8mL for each tube) and autoclaved for 20 minutes.  After sterilization, the tubes were 

immediately slanted.  After solidification, the tubes were stored at 4°C. 

2.2.2. Citrate Media 

 Citrate media (1000mL) was prepared by dissolving Na2HPO4 (6.0g); KH2PO4 

(3.0g); NH4Cl (0.80g); MgSO4•7H2O (0.20g); citrate (4.0g); and 1mL of trace elements in 

double distilled water (ddH2O).  The pH was adjusted to 6.8 with dilute NaOH and the 

solution was autoclaved for 45 minutes.  
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2.2.3. Pre-culture and Growth Culture 

For pre-cultures, 100mL of citrate media was put in a capped Erlenmeyer flask.  The 

media was inoculated with Pseudomonas fluorescens (ATCC 13525) using the aseptic 

technique.  The bacteria were grown until confluency was reached (24h) in a water bath at 

26°C and 140rpm. 

Three growth cultures were inoculated; two stressed cultures, one with hydrogen 

peroxide and one with sodium nitroprusside (SNP), and one control culture.   The control 

culture was inoculated by pipetting 1mL of pre-culture using the aseptic technique in a 

capped flask containing 200mL of citrate media.  The H2O2-stressed culture was made by 

adding hydrogen peroxide in 200mL of citrate media to a final concentration of 100µM 

H2O2 before adding 1mL of pre-culture.  The SNP-stressed culture was made by adding 

5mM of a stock solution of 500mM SNP to 200mL of citrate media.  Cultures were grown in 

a water bath at 26°C and 140rpm until confluency was reached (24h for SNP-stressed culture 

and control culture and 28h for H2O2-stressed cultures) before being collected and isolated. 

2.3. Cell isolation 

 Cultures were balanced with ddH2O and cells were spun out by centrifugation at 

11000rpm for 15min at 4°C.  Ten mL of spent fluid was collected for HPLC analysis and the 

rest of the supernatant was discarded.  The pellet was re-suspended with 0.85N NaCl saline 

solution and spun with the same parameters.  The supernatant was decanted and discarded 

and the pellet was re-suspended in bacterial cell storage buffer (CSB) (50mM Tris•HCl, 

1mM PMSF, 1mM DTT, pH 7.6).  The samples were kept on ice.  In order to separate the 

membrane from the cytoplasm, the samples were sonicated in an ice bath using a Brunswick 

sonicator at power level 4, for 15 sec, 3x with 5 min break interval.  The samples were 

separated by centrifugation at 50 000rpm for 3h at 4°C.  If needed, the samples were 
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balanced with CSB.  The soluble cell free extract (CFE) containing cytoplasm and periplasm 

(supernatant) was kept on ice and the membrane CFE pellet was re-suspended in CSB and 

kept on ice.   

2.3.1. Bradford Protein Assay 

 The Bradford assay was used to assess protein concentration in the samples.  Soluble 

CFE was prepared at a 25x dilution in ddH2O.  Membrane CFE was prepared at a 50x 

dilution in 0.5N NaOH, and boiled for 5min.  One hundred µL final volume was used for 

each fraction dilution and 30µL of the diluted samples was added to 200µL of Bradford 

reagent and 750µL of ddH2O for measurement.  Measurements were done in triplicate. 

Bovine serum albumin (BSA) was used as a standard.  Measurements were taken after 5min 

incubation and at 595nm. Protein concentration was calculated. 

2.3.2. Preparation for BN-PAGE 

Samples for both the soluble fraction and the membrane fraction of CFE were 

prepared at 4µg/µL (or an appropriate dilution) in a total volume of 500µL.  The membrane 

fractions were prepared by adding 4µg/µL final concentration of CFE; 166.7µL of 3x BN 

gel buffer (1.5M ε-aminocaproic acid, 150mM BisTris, pH 7.0 at 4°C); 50µL of 10% 

maltoside, and total volume was adjusted to 500µL with ddH2O.  The membrane samples 

were kept on ice for 30min before being frozen. Soluble CFE was prepared in the same 

fashion but 10% maltoside was omitted, and the samples were frozen immediately. 

For HPLC analysis, 200µL of cytoplasm CFE was collected and boiled for 10min 

and the samples were frozen for later analysis. 

2.3.3. Time Points 

 For analysis of tryptophanase activity across time, the cell extraction was repeated 

using control cultures and SNP-stressed cultures.  The H2O2-stressed culture was omitted 
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due to the lack of activity of the band belonging to tryptophanase in the in-gel enzyme 

activity assay.  Cell isolation was performed at different times of growth: 18h, 24h, 30h and 

48h.  One hundred mL from the 200mL of growth media was used for each extraction.  The 

CFE were prepared for BN-PAGE and HPLC analysis fallowing the same protocol for both 

soluble fractions and membrane fractions.   Cultures at all time points were grown in 

duplicate and growth until the 24h time point was done in triplicate. 

2.4. SDS-PAGE 

 A SDS gel was run as an internal standard for equal protein loading.  A 10% 

acylamide gel was used (Table 2.1).  The running gel was poured in 1.0mm spacers and 

overlaid with 2-propanol to prevent drying.  After polymerization, the propanol was 

removed with filter paper and the stacking gel was fitted with a 10 well 1.0mm comb.  All 

samples were prepared by diluting 30µL of protein CFE in 10µL of 6x buffer and 20µL of 

ddH2O (to a final concentration of 1x buffer).  The samples were boiled for 10mins to 

denature proteins, and 60µg of proteins was loaded in each well with a Fisher EZ-Run
TM

 

Pre-Stained Rec Protein Ladder as a reference. SDS-PAGE was run for soluble and 

membrane CFE.  The wells were then overlaid with 1x electrophoresis buffer.  The gel was 

run in a Bio-Rad MiniProtean
TM

 2 electrophoresis apparatus.  Electrophoresis buffer was 

used to fill the inner and the outer chamber of the apparatus and the gel was run at a voltage 

of 80V and 15mA amperage until proteins were through the stacking gel. The voltage was 

then increased to 150V with a maximum amperage of 25mM.  Once proteins were through 

the separating gel, the gel was removed with gloves (to prevent proteins on the skin from 

coming in contact with the gel) and placed in a dish to be incubated in Coomasie stain (table 

2.4) overnight.  The gel was then de-stained to get a clearer image. 
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Table 2.1. Gel protocol for 10% SDS-PAGE 

 Running gel (µL) Stacking gel (µL) 

30% Acrylamide solution 1933 325 

4x Tris/SDS (pH 8.8) 1450 - 

4x Tris/SDS (pH 6.8) - 625 

ddH2O 2417 1525 

10% APS 25 12.5 

TEMED 5 5 

 

Table 2.2. Buffers used for SDS-PAGE 

4X Tris/SDS buffer  

1.5M Tris base 

0.4% SDS 

pH to 6.8 or 8.8 with HCl 

 

6x Buffer 

7mL 4x Tris/SDS pH 6.8 

3.8g Glycerol 

1.0g SDS 

0.6mL 2-mercaptoethanol 

2mg Bromophenol blue 

 

30% Acrylamide solution 

29.2g Acrylamide 

0.8g Bis-acrylamide 

 

5x Electrophoresis buffer 

15.1g Tris Base 

72.0g Glycine 

5.0g SDS 

 

2.5. BN-PAGE 

 A blue native 16-4% gradient gel was used for protein separation.  The preparation is 

outlined in Table 2.3. The gel was poured using a Bio-Rad Gradient former Model 2467 

coupled to a peristaltic pump (Fisher).  The 4% gel and the 16% gel preparations were mixed 

in the apparatus and poured using 1.0mm spacers to form a linear gradient.  Three quarters 

of the plates were filled and overlaid with 2-propanol to prevent drying.  After complete 

polymerization, 2-propanol was removed and the stacking gel was loaded.  A 10 well 1.0mm 

comb was placed in the gel until polymerization.  Sixty µg of proteins was loaded in the gel 

for both soluble and membrane CFE samples.  If protein concentration was prepared at a 

lower dilution (1mg/ml), 40µg of proteins was loaded in gel for all samples.  Ten µL of 

ferritine (100mM) and 10µL of BSA (100mM) was loaded as a reference ladder.  Gels were 
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run in a Bio-Rad MiniProtean
TM

 2 electrophoresis apparatus.  Blue cathode buffer (Table 

2.4) was used to overlay the wells, and then to fill the inner chamber while colorless anode 

buffer (Table 2.4) was used to fill the outside chamber to allow electronic flow.  The gel was 

run at 4°C to keep the protein native. A voltage of 80V and a maximum amperage of 15mA 

was applied until the proteins migrated through the stacking gel.  The voltage was then 

increased to 150V with maximum amperage of 25mM.  Once the proteins had migrated half 

way through the resolving gel, the blue cathode buffer was replaced by colorless cathode 

buffer (Table 2.4) and the voltage was increased to 300V.  Electrophoresis was stopped 

before the proteins migrated out at the bottom, at which point the plates were separated and 

the gel was incubated in reaction buffer (Table 2.4) for 15min before enzyme activity assays 

were initiated.   After incubation, the ladder was covered with Coomasie Blue stain and 

stained over night. 

Table 2.3 Blue native gel 16-4% gradient mixtures  

 16% separating 

gel (µL) 

4% separating 

gel (µL) 

½ Stacking gel 

(µL) 

Stacking gel 

(µL) 

49.5% Acrylamide 937 234 137 273 

3x BN buffer 967 967 568 1136 

ddH2O 223 1699 1000 2000 

75% Glycerol 773 N/A N/A N/A 

TEMED 0.8 1.0 2.5 5 

APS 7.6 9.7 15 30 
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2.5.1. List of Buffers 

Table 2.4. List of buffers used in BN-PAGE analysis 

Blue cathode buffer (1L) 

8.96g Tricine (50mM) 

3.138g BisTris (15mM) 

0.2g Coomasie Brilliant Blue G250 

pH 7.0 at 4°C 

 

Colourless cathode buffer (1L) 

8.96g Tricine (50mM) 

3.138g BisTris (15mM) 

pH 7.0 at 4°C 

 

Anode buffer (1L) 

10.45g BisTris (50mM) 

pH 7.0 at 4°C 

 

Reaction buffer (1L) 

3.03g Tris•HCl (25mM) 

1.02g MgCl2 (5mM) 

pH 7.4 at room T° 

(for ETC complexes add 5mM KCN) 

 

Destaining solution  

10% Glacial Acetic Acid  

50% MetOH 

 

Coomasie blue stain  

10% Glacial Acetic Acid  

50% MetOH 

0.2% Coomasie Brilliant Blue G250 

 

2.5.2. Tryptophanase Activity Assay Via Pyruvate Formation 

 Tryptophanase activity assays were done with both the soluble and membrane CFE 

BN-PAGE preparation.  Control cultures, H2O2-stressed cultures and SNP-stressed cultures 

were assayed at the stationary phase of growth and both the control and SNP-cultures were 

assayed at all time points (18h, 24h, 30h, 48h).  In-gel enzyme activity was detected by 

reduction and precipitation of iodonitrotetrazolium (INT) as formazan.  The reaction was 

coupled to pyruvate, a product of the tryptophan to indole reaction (Figure 8). 
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Figure 8. Detection of tryptophanase activity via the coupling of pyruvate formation to 

lactate dehydrogenase (LDH) 

 

The reaction mixture used to measure tryptophanase activity consisted of 5mM 

tryptophan, 10units lactate dehydrogenase (LDH), 0.5mM NADH, 0.0167mg/ml 

dichloroindophenol (DCIP), 0.4mg/ml INT and the volume was adjusted with reaction 

mixture to a final volume of 1.5mL per lane incubated.   Two negative controls, one without 

tryptophan and one without NADH, were also tested for comparison of activity bands.  Each 

CFE assay was done in duplicate.  The bands were incubated in the dark until appearance of 

the clear formazan band precipitate (around 30 minutes), at which point the reactions were 

stopped by addition of destaining solution (Table 2.2). Pictures were taken with the protein 

ladder as comparison.  The intensity and size of the bands were both indication of higher 

enzyme activity.  Because no tryptophanase activity was found in the H2O2-stressed culture, 

further experiments for tryptophanase activity were conducted on the control and the SNP-

stressed samples. 

 Two methods were used to facilitate band visualization and formazan precipitate 

formation in the positive in-gel activity assay (with tryptophan).  For the first method, the 

negative control band was removed upon appearance to increase the intensity and speed of 

appearance of the tryptophanase activity band.   



 

27 
 

For the second method, 0.06M pyrydoxal-5’-phosphate (PLP) was added to the 

reaction mixture to increase tryptophanase activity in the events that the enzyme and its 

cofactor were unstable in gel.  Both methods were tested across all time points for control 

and SNP-stressed cultures. 

2.5.3. Tryptophanase Activity Assay Via Ammonia Formation 

 Tryptophanase activity was also tested via the ammonium product formation.  α-

ketoglutarate (α-KG) is used to transaminate NH3 and release NAD
 

 by glutamate 

dehydrogenase (GDH).  NAD was reacted with DCIP and INT to precipitate formazan.  The 

enzymatic reaction is shown in Figure 9. 

 

Figure 9. Transformation of ammonium in the presence of glutamate dehydrogenase, α-

ketoglutarate and NADH to form glutamate and NAD
 

  

The reaction mixture used to overlay the lanes was composed of 5mM tryptophan, 

5mM α-KG, 0.5mM NADH, 0.0167mg/ml DCIP, 0.4mg/ml INT, 10 units GDH and the 

volume was adjusted to 1.5mL/lane with reaction buffer.  This enzyme assay was performed 

on the soluble and membrane CFE for both control and SNP-stressed cultures. 
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2.5.4. Isocitrate Dehydrogenase 

 Isocitrate dehydrogenase activity was assayed by loading the gel with the control, 

H2O2 and SNP-stressed cultures at the 24h time point for both the soluble and the membrane 

CFE.  The soluble CFE reaction mixture was made with 5mM isocitrate, 0.5mM NADP, 

0.2mg/ml phenazine methosulfate (PMS), 0.4mg/ml INT and the volume was adjusted to 

1.5mL/lane with reaction buffer.  After incubation in the dark and apparition of formazan 

precipitate, the reaction was stopped with de-staining solution. Activity in the membrane 

CFE fraction was done with the same reaction mixture, but NADP was substituted with 

0.5mM NAD (Figure 10) 

 

Figure 10. Enzymatic reaction of isocitrate dehydrogenase for membrane-bound and 

cytoplasmic enzyme ICDH-NAD(P)  

 

2.5.5. Complex I and IV 

 Complex activity was assayed at the 24h time point in the membrane CFE.  The 

control CFE fraction was used as a comparison for normal complex activity.  The lanes for 

complex I activity were overlaid with a reaction mixture of 5mM NADH, 4mg/ml INT and 

the volume was adjusted to 1.5ml/lane with reaction mixture solution with KCN (to inhibit 

complex IV).  By inhibition of complex IV, the electrons were accepted by INT and a 

formazan band was precipitated.  PMS was not needed because of the strong reducing power 

of complex I.  The reaction was performed in the dark and stopped with de-staining solution. 
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 Complex IV activity was measured by overlaying the bands with a reaction mixture 

composed of 5mg/ml diaminobenzidine (DAB), 562.5mg/ml sucrose (stabalizer), 10mg/ml 

of cytochrome C and the volume was adjusted to 1.5mL/lane with reaction buffer (no KCN).  

The bands were left in the reaction mixture in the dark and after oxidation of cytochrome C, 

DAB formed a brown precipitate.  Reactions were stopped with de-staining solution. 

2.6. HPLC 

HPLC was used to analyse metabolites found in the spent fluid and in the soluble 

CFE. A Waters model Alliance 2695 HPLC was used with a C18-reverse phase column 

(3.5µm, 4.6mm x 150mm inside diameter, Symmetry column, Phenomenex® with a polar 

end cap)  The mobile phase was made by dissolving 20mM (>99.9%) KH2PO4 in MilliQ 

water and bringing the pH down to 2.9 with concentrated HCl.  The solution was filtered 

using a 0.22 micron filter with vacuum.  The parameters were set to a flow rate of 0.7ml/min 

with a system pressure of 1200psi and temperature of 26°C and the system was primed for 

30min before introduction of samples.  EMPOWER® software was used to set the 

parameters.  Measurements were made with Waters model 2487 UV-Vis dial wavelength 

detector being set at 210nm for detection of organic acids and at 254nm for detection of 

carbon-nitrogen bonds.  Tryptophan and indole detection was attempted at 280nm. 

2.6.1. Cytoplasm and Spent Fluid Samples 

 Soluble CFE was prepared for HPLC by boiling 200µL for 10 min.  CFE was filtered 

by pipetting approximately 100µL (adjusted to introduce the same concentration of proteins 

for each CFE volume) and putting it through a cotton ball-packed Pasteur pipette and into a 

preparation vial.  The volume was adjusted to 1ml with MilliQ water.  The soluble CFE for 

control, H2O2 and SNP-stressed cultures was analysed at the 24h time point.  
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 Spent fluid extracts were analysed by filtering 100µL of spent fluid through a cotton 

ball-packed Pasteur pipette and adding 900µL of MilliQ water.  Analyses were performed on 

the control, H2O2 and SNP-stressed cultures at the 24h time point as well as on the control 

and SNP-stressed cultures at the various time points (18h, 24h, 30h, 48h). 

 The column was equilibrated for 10min before injection of the samples at a run time 

of 30min per sample.  Each sample was run in triplicate at 210nm and 254nm.  Spent fluid 

was also analysed at 280nm. 

2.6.2. Standards 

 Peak identification for the soluble CFE samples and the spent fluid samples was 

based on retention time, and a series of standards were run.  Phosphoenolpyruvate (PEP), 

pyruvate, α-KG, acetate, N-acetyl glucosamide (NAG), citrate, succinate, adenosyl 

triphosphate (ATP) and fumarate were measured spectrophotometrically at 210nm and 

254nm.  Tryptophan and indole were measured at 210nm and 280nm.  Retention times were 

compared to identify the peaks in spent fluid and soluble CFE chromatograms.  Each 

standard was loaded at 1mM and the volume was adjusted to 1mL with MilliQ water. 

2.6.3. Analysis of Gel Band Activity 

 All bands present after tryptophanase in-gel activity assay via pyruvate were excised 

(without stopping the reaction) for each time point for both control and SNP-stressed 

cultures.  Excision analysis was done for the gels without PLP for all time points (18h, 24h, 

30h, 48h).  Each band was further incubated in a solution containing 800µL of reaction 

buffer and 200µL of 10mM tryptophan.  Two hundred µL of the solution containing the 

excised band was collected at 0min, 30min and 14h and was frozen for HPLC analysis.  

Each solution was run by HPLC (100µL of solution and 900µL of MilliQ water filtered 

through cotton balled-packed Pasteur pipette) at 210nm and 280nm.  Pyruvate formation was 
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monitored as an indication of tryptophanase by the activity band.   Data analysis included 

observing any possible increase in pyruvate formation with longer incubation of the band in 

the tryptophan solution.   

 The same method was used with the tryptophanase in-gel assay via pyruvate with 

PLP addition.  The method was the same but the incubation mixture was changed to 200µL 

of 10mM tryptophan, 2.4µL of 10mM PLP and 798µL of reaction buffer.  This method was 

used on all bands that did not appear in the in-gel assay without PLP.  Two hundred µL of 

incubated mixture was taken at time 0min, 30min and 14h.  The formation of pyruvate was 

measured at 210nm for control and SNP-stressed cultures at all time points. 

2.7. Tryptophanase Activity Assay by Spectrophotometry 

 Tryptophanase activity was measured by UV-Vis spectrophotometry at 568nm. The 

analysis was done for the 24h time point for both control and SNP-stressed cultures.  

Furthermore, the analysis was done with and without PLP to test if tryptophanase was still 

bound to its cofactor after isolation in CFE. Both soluble and membrane fractions were 

tested.  Tryptophanase activity was measured with a modified version of the method by 

Pardee and Prestidge [26].  The reactions were initiated by adding 0.5mL of CFE (diluted to 

a final concentration of 0.2mg/mL of proteins) to 1mL of complete reaction mixture and 

1mL of 20mM tryptophan.  All dilutions were made in ddH2O.  Complete reaction mixture 

was prepared by adding to 100mL of 0.05M KH2PO4 at pH 7.5: 19.6mg 

ethylenediaminetetraacetic acid (EDTA), 10mg BSA, and 87.5mL ddH2O.  The analysis 

with PLP was the same, but 2.75mg of PLP was added to the complete reaction mixture.  To 

measure base concentration of indole and pyruvate in solution, negative controls were run 

(tryptophan was omitted and replaced by ddH2O). 
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 Each solution was incubated at room temperature for 20min and reactions were 

stopped by addition of trichloroacetic acid (TCA) to 10% final concentration in a final 

volume of 3mL (300µL of 100% TCA and 200µL of ddH2O).  The proteins were 

precipitated at 0°C for 15min and spun out by centrifugation for 15min at 8700g at 0°C.  The 

supernatant was collected for indole and pyruvate quantification.   

2.7.1. Indole Analysis 

 Indole was analysed for each collected sample.  Supernatant (0.25mL) was added to 

1.5mL of Erlich’s reagent made of dimethylaminobenzaldehyde (DMAB) [26].  A blank was 

prepared by adding 0.25mL of the mixture containing 1mL of complete reaction mixture, 

1.7mL of water and 300µL of 100% TCA to 1.5mL of Erlich’s reagent.  Absorbance was 

measured at 568nm.   

 A standard curve for indole was built with concentrations between 1µM to 30µM of 

indole.  A stock solution of 1mM of indole was used.  Dilutions were made in ddH2O.  

Mixtures for analysis contained 1.5mL of Erlich’s reagent with 0.25mL of appropriately 

diluted indole.  Absorbance was measured at 568nm. 

2.7.2. Pyruvate Analysis by HPLC 

 Supernatant was also analysed for pyruvate concentration by HPLC.  One hundred 

µL of supernatant was filtered with 900µL of MilliQ water in a cotton ball-packed Paster 

pipette.  Pyruvate was measured at 210nm.  Base concentrations of pyruvate in samples were 

measured through the negative controls.  Relative absorbance could be subtracted from the 

pyruvate formed in the assay with tryptophan.  Each sample collected was analysed by 

HPLC to obtain results for control and SNP-stressed cultures at the 24h time point for 

soluble and membrane CFE fractions.  Supernatants of the solution without PLP and the 
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solution with PLP were both analysed.  A summary of the samples analyzed is presented in 

Figure 11. 

 

Figure 11.  Summary of samples analyzed by spectrophotometry.  Trp, tryptophan, PLP, 

pyridoxal-5’-phosphate.  All samples take at the 24h time point. 

 

3. Results 

3.1. Preliminary Results 

 This research is based on preliminary results obtained in the Appanna lab.  First off, 

the growth curve for P. fluorescens under SNP stress is shown in Figure 12 as plotted by 

Auger et al, 2011. [25]. The time points chosen fall in the exponential phase (18h) and when 

stationary phase was reached (30h and 48h). 
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Figure 12. Nitrosative stress in P. fluorescens: Cellular yield: ▲, control cultures; ♦, 5 mM 

SNP-containing cultures; ●, 10 mM SNP-containing cultures, ■, 15 mM SNP-containing 

cultures; □, 20 mM SNP-containing cultures. Nitrite/nitrate levels in spent fluids as 

measured by their absorbance at 540 nm after the Griess assay: □, control cultures; ■, 5 mM 

SNP-containing cultures; ■, 10 mM SNP-containing cultures.  

Source: [25] 

 

 This study is based on the finding of an uncharacterized band found by in-gel 

tryptophanase assay via pyruvate formation, shown in Figure 13.  The band appeared in the 

lower region of the gel, and was not present in the H2O2-stressed cultures.  Preliminary 

results hinted at activity being present in soluble CFE. 

 

Figure 13. Band visualized in-gel using the tryptophanase reaction mixture via pyruvate 

formation; control culture and 5mM SNP-stressed (NO) culture taken at 24h of growth for 

soluble CFE 
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3.2. HPLC Analysis 

3.2.1. Standards 

Table 3.1. Standard retention times measured by HPLC. λ=210nm, 20mM KH2PO4 pH=2.9 

molar phase, 1mM standard diluted with MilliQ water to 1mL. 

Standard Retention time (min) 

α-KG 5.790 

ATP 8.093 and 15.314 

Citrate 8.732 

Fumarate 9.656 

Indole Not detectable 

NAG 4.049 and 4.372 

PEP 3.987 

Pyruvate 5.896 

Succinate 11.990 

Tryptophan Not detectable 

  

3.2.2. Analysis of Spent Fluid 

 Spent fluid was analysed for metabolites and citrate consumption.  Hydrogen 

peroxide-stressed cultures (C in Figure 14) show a decrease in citrate in the spent fluid.  For 

cultures B, SNP elutes at a close retention time to citrate, and because of its broad peak, 

citrate consumption can not be observed.  PEP is found to be excreted from the stressed 

bacteria at a higher concentration.  Results are consistent with documented metabolic 

reengineering under stress [25].  Peaks in Figure 14 were identified with standard retention 

times ran for each HPLC analysis.  Results for the excretion of PEP across time points are 

reported in Figure 15. 
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Figure 14. HPLC analysis of spent fluid; 24h growth. A. Control cultures B. 5mM SNP-

stressed cultures C. 100µM H2O2-stressed cultures; Peaks were identified by comparison to 

standard retention times (representative chromatograms, n=3) 

 

Figure 15. HPLC analysis of PEP across time points; control cultures and 5mM SNP-

stressed cultures (n=3, +/- SD) 
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3.2.3. Analysis of Soluble CFE 

 PEP is shown to be up-regulated in SNP-stressed cultures, which is consistent with 

the findings of Auger et al, 2011.  Chromatograms for soluble CFE are reported in Figure 

16. 

 

 

Figure 16. HPLC analysis of soluble CFE; 24h growth. A. Control cultures B. 5mM SNP-

stressed cultures C. 100µM H2O2-stressed cultures (representative chromatograms, n=3) 

 

3.3. SDS-PAGE 

 A SDS-PAGE was run to verify equal protein loading in all samples.  Figure 17 

shows the gel and proves that our protein loading methods were accurate. 
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Figure 17. Coomasie blue stained SDS-gel of soluble and membrane CFE; 60µg of proteins 

loaded at 24h growth, NO= 5mM SNP A. Soluble CFE B. Membrane CFE Ladder : Run
TM

 

Pre-Stained Rec Protein Ladder.   

 

3.4. Isocitrate Dehydrogenase Activity 

 Our results presented in Figure 18 and 19 show that H2O2-stressed cultures have an 

increase in ICDH-NADP
 
activity and a decrease in ICDH-NAD

 
activity.  SNP-stressed 

cultures exhibited inhibition of both ICDH-NADP and ICDH-NAD. 

 

Figure 18. ICDH-NADP in-gel activity in soluble CFE; 24h time point, 60µg of proteins 

loaded on BN-PAGE, NO=5mM SNP, H2O2=100µM. 
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Figure 19. ICDH-NAD in-gel activity in membrane CFE; 24h time point, 60µg of proteins 

loaded on BN-PAGE, NO=5mM SNP, H2O2=100µM. 

 

3.5. Complex I and IV Activity 

 Both SNP-stressed cultures and H2O2-stressed cultures showed a decrease in 

Complex I activity (Figure 20).   

 

Figure 20. Complex I in-gel activity staining in membrane CFE; 24h time point, 60µg of 

proteins loaded on BN-PAGE, NO=5mM SNP, H2O2=100µM. 

 

 Complex IV was also verified and results showed a decreased activity in both 

stressed cultures compared to the control cultures.  Results are reported in Figure 21. 

 

Figure 21. Complex IV in-gel activity staining in membrane CFE; 24h time point, 60µg of 

proteins loaded on BN-PAGE, NO=5mM SNP, H2O2=100µM. 
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3.6. Tryptophanase Activity Via Pyruvate formation 

 The first step taken in analysing tryptophanase activity was reproducing the 

preliminary results alongside negative controls.  The appearance of the band in the lower 

portion of the gel shown in the Figure 22 proved to be hard to reproduce with results being 

inconsistent, and the band usually being unclear.  An upper band also precipitated on both 

the negative control and the gel submerged in reaction mixture with tryptophan. Bands 

showed a higher color intensity in the tryptophan reaction mixture submerged gel.  

Hydrogen peroxide-stressed cultures were omitted from further research since preliminary 

results as well as our results showed no bands of interest for potential tryptophanase activity.  

Gels were run in triplicate, with the band A and B (Figure 22) showing in a similar manner 

in all gels. 

 

 

Figure 22. Tryptophanase in-gel activity via pyruvate formation; cytoplasm CFE across time 

points, overnight incubation, 40µg of proteins loaded on BN-PAGE, NO=5mM SNP A. 

Upper band activity. B. Unclear lower band activity. 
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 The excision method was used for HPLC analysis.  No pyruvate formation was 

observed for any of the excised bands A or B.  Results are shown for the 24h time points in 

Figure 23 and Figure 24. All time points yielded the same results.  Indole and tryptophan 

standards were run at 210nm and 280nm but were not detectable with our mobile 

phase/column combination.  An HPLC analysis was conducted with 0min time points, where 

only the mobile phase and tryptophan (unidentifiable) were present. The yielded peaks are 

identified in Figure 23 and Figure 24 as “Mobile phase”.   
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Figure 23. HPLC analysis at 210nm of excised top band of tryptophanase in-gel activity 

assay at the 24h time point, 40µg of proteins loaded on BN-PAGE, NO=5mM SNP A. 

Control culture. B. SNP-stressed culture. Bands were excised immediately after appearance 

and incubated for 14h in 200µL tryptophan and 800µL reaction buffer solution.   
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Figure 24. HPLC analysis at 210nm of excised bottom band of tryptophanase in-gel activity 

assay at the 24h time point, 40µg of proteins loaded on BN-PAGE, NO=5mM SNP A. 

Control culture. B. SNP-stressed culture. Bands were excised immediately after appearance 

and incubated for 14h in 200µL tryptophan and 800µL reaction buffer solution.   
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Figure 25. Chromatogram for pyruvate standard. 

3.6.1. Addition of PLP 

 The tryptophanase in-gel activity assay was performed with the addition of PLP to 

the reaction mixture.  The gels were again ran in triplicate, and we obtained very clear and 

reproducible low bands, as well as a high band that was not found in the gel ran without PLP 

(Figure 26). 
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Figure 26.  Tryptophanase in-gel activity via pyruvate formation with PLP addition for 

soluble CFE; 24h time point, overnight incubation, 60µg of proteins loaded on BN-PAGE, 

NO=5mM SNP. A. Clear upper band not found in the negative control. B. Presence of three 

distinctive bands found at lower intensity in the negative control. 

 

 HPLC analysis of the excised bands showed similar chromatograms as the ones 

presented in Figure 23 and Figure 24 for both the top band (A) and the lower bands (B).  No 

formation of pyruvate after 14h incubation in 200µL tryptophan 10mM, 2.4µL 10mM PLP, 

and 800µL reaction buffer was observed (data not shown).  The mobile phase peaks were 

present in the same locations shown in previous figures.   

3.7. Tryptophanase Activity Via Ammonium Formation 

 In order to develop a proper in gel technique as part of our goals, we assayed 

tryptophanase activity a second way by coupling the formation of the formazan band with 

the production of ammonium from the tryptophan to indole reaction.  Figure 27 and Figure 

28 show that the activity bands are the same for the negative controls as they are for 

incubation in reaction mixture with tryptophan.  There are no specific bands to measure 

potential tryptophanase activity.  
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Figure 27. Tryptophanase in-gel activity assay via ammonium formation for soluble CFE;  

24h time point, 60µg of proteins loaded on BN-PAGE, NO=5mM SNP. 

 

 

Figure 28.  Tryptophanase in-gel activity assay via ammonium formation for membrane 

CFE; 24h time point, 60µg of proteins loaded on BN-PAGE, NO=5mM SNP. 

 

3.8. Tryptophanase Activity Assay by Spectrophotometry 

3.8.1. Indole Analysis 

 The Erlich’s reagent assay proved to be very sensitive for indole at 568nm, 

measuring concentrations in the low µM range.  Concentrations at 40µM or higher were 

outside of the dynamic linear range.  A standard curve is shown in Figure 29. 
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Figure 29. Indole standard calibration curve; concentrations measured from 1 to 30µM 

using the Erlich’s reagent at wavelength of 568nm.  The equation is y=0.0523x+0.0405 and 

R
2
=0.9971. 

 

 Tryptophanase activity was measured with and without PLP in the complete reaction 

mixture for soluble and membrane CFE across all time points.  All samples showed no 

absorbance at 568nm.  As the Pardee and Prestidge method for tryptophanase activity 

analysis is well documented and accurate, we can conclude that our samples had no 

tryptophanase activity.   

3.8.2. Pyruvate Analysis by HPLC 

 All samples were submitted to HPLC analysis for pyruvate formation.  Negative 

controls (no addition of tryptophan) were run as a point of comparison.  There was no 

noticeable difference between the chromatograms of samples containing PLP and those 
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without PLP.  Neither the membrane nor the soluble CFE fractions showed increase in 

pyruvate formation compared to the negative controls.  This confirms that there is no 

tryptophanase activity.  Peaks shown in the chromatograms can be attributed to molecules in 

the mobile phase (complete reaction mixture) or contaminants in the water.  Figure 30 shows 

the results for SNP-stressed cultures at the 24h time point in the reaction mixture containing 

PLP.  Results at the 24h time point for the control cultures were similar as the ones shown in 

Figure 30.  There are no discrepancies between the negative controls (A and C) and the 

samples incubated in tryptophan (B and D). 
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Figure 30. Pyruvate analysis of tryptophanase spectrophotometry activity assay for crude 

extracts of 5mM SNP-stressed cultures by HPLC at 210nm.  A. Membrane CFE negative 

control B. Membrane CFE in tryptophan solution C. Soluble CFE negative control D. 

Soluble CFE in tryptophan solution.  All samples taken at the 24h time point and incubated 

in PLP. 



 

50 
 

4. Discussion 

 In review, the first goal of this research was to establish a reproducible method to 

measure tryptophanase activity using BN-PAGE and HPLC.  Our results have shown to be 

inconclusive due to lack of tryptophanase activity all together.  The second goal was to 

observe whether or not tryptophanase activity was induced when bacteria were exposed to 

oxidative stress, and whether or not this was a way to induce dormancy through indole 

production.  Our research has shown that tryptophanase activity was not induced by our 

stressors.  Results will be further discussed in this next section. 

4.1. Stress-Mediated Responses 

 It is important to verify that our results coincide with previous studies to insure that 

our cultures were viable and showed a proper response to the stressors.  Our results in this 

section coincide with the results reported in Bignucolo et al. and Auger et al. [22, 25].  

Bacteria under SNP stress showed an increase in PEP production (Figure 14), a high energy 

compound used to make ATP when the TCA cycle and the ETC cannot be utilized, as is the 

case under RNS stress.  Interestingly, PEP is also excreted in the spent fluid under SNP 

stress (Figure 14 and 15) which is unusual as excretion of a high energy compound does not 

seem favorable under stress.  This finding is consistent with what has previously been 

reported in Auger et al (2011) and would require further investigation.   

In H2O2-stressed cultures, ICDH-NADP is up-regulated and ICDH-NAD is down-

regulated (Fig 16 and 17).  One way that the bacteria utilize to combat ROS stress is by 

maintaining a reductive environment, which can be attained by increasing production of 

NADPH, a molecule capable of transforming ROS into their previous form, before oxidation 

occurred [21].  In opposition, the amount of NADH in the cell must be reduced as NADH is 

a strong oxidant, especially in the case where the ETC is inhibited [21].   Hydrogen 
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peroxide-stressed cultures therefore increased ICDH-NADP
 
activity and decreased ICDH-

NAD activity as a way for the cells to combat the production of ROS. SNP-stressed cultures 

should exhibit inhibition of both ICDH-NADP and ICDH-NAD because of NO inhibiting 

the former enzyme, thus blocking its activity.  This was also observed in our results. 

  Both SNP-stressed cultures and H2O2-stressed cultures showed a marked decrease 

of activity in complexes I and IV of the ETC.  The ETC was measured to assess whether or 

not the bacteria were under ROS stress as both ROS species and RNS can inactivate the 

complexes by modifying their Fe-S cluster [20]. 

Figure 31 summarizes our results concerning the roles of actions taken by the 

bacteria to counter oxidative stress.  Results are not extensive but instead serve as an 

overview. The pathways involving an increase in PEP have previously been studied [25]. 
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Figure 31.  Metabolism under oxidative stress;  In red; modification of the pathway in which 

citrate is consumed to form energy in an anaerobic way under SNP stress by PEP formation, 

in blue; up-regulation of ICDH-NADP and down-regulation of ICDH-NAD  in H2O2-

stressed cultures to counter oxidative stress, in green; inhibition of the ETC in both stressed 

cultures. CL, citrate lyase, ICDH, isocitrate dehydrogenase, PEPC, phosphoenolpyruvate 

carboxylase, PPDK, pyruvate phosphate dikinase. 

Source: Adapted from [25] 
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4.2. Tryptophanase Activity 

Although oxidative stress did occur, tryptophanase activity or indole production did 

not occur.  In-gel activity assays were negative for H2O2-stressed cultures and bands shown 

in SNP-stressed cultures did not produce pyruvate when in the presence of tryptophan, as 

measured by HPLC (Figure 21 and 22).  If tryptophanase was active in the band, giving it 

further substrate (tryptophan) should have caused the formation of pyruvate, alongside 

indole and ammonium.  Tryptophanase in-gel activity assays coupled to pyruvate as well as 

assays coupled to ammonium (Figure 25 and 26) yielded the same negative results.  Neither 

soluble CFE nor membrane CFE fractions displayed any activity in-gel or by HPLC.    

Addition of the co-factor PLP did induce activity of enzymes, but bands shown in gel 

were proven to be unspecific (Figure 24).  The addition of the co-factor was done with the 

hopes that it would improve the speed at which the bands came out by precipitation of 

formazan.  The idea behind this logic was that the difficulty in reproducing results of the 

unclear low band in assay without PLP might have indicated that the PLP-tryptophanase 

complex needed for activity was not stable when ran by BN-PAGE, which would have been 

remedied by addition of  the cofactor to the mixture submerging the gel. 

 According to preliminary results, the enzyme was hypothesized to be found in the 

soluble extract.  After analysis of the bands and discovering that they were unspecific 

enzymes, it is unsure whether the enzyme is bounded to the membrane or if it found in the 

soluble fraction. 

 To ensure that our technique was not faulty, tryptophanase activity was measured by 

spectrophotometry through a well know method.  Incubation in tryptophan still displayed no 

indole production detectable by spectrophotometry.  A standard curve (Figure 27) 

demonstrates that the assay is very sensitive (in the range of <30µM), therefore the detection 
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method was appropriate even for very small quantities of indole.  Further HPLC analysis on 

the assay samples showed that there was no pyruvate formation (Figure 28).  The use of 

multiple techniques brings us to the conclusion that the bacteria did not have tryptophanase 

activity. 

 Analyses were extensively done on SNP-stressed cultures, and although further 

studies were not done on H2O2-stressed cultures, we can assume that neither stressor induced 

an up-regulation of indole.   

4.3. Potential Causes for Lack of Activity 

 Our hypothesis was based on both preliminary studies done in the lab, as well as 

theoretical information about indole as a signaling molecule, which indicated that indole 

should have been induced both under ROS/RNS stress and during induction of dormancy.  

We also based our studies on the basis that oxidative stress and nutritional deprivation over 

time would both contribute to inducing dormancy in our cultures.  There are a few factors 

that could have influenced our results regarding tryptophanase activity.  Such factors include 

the lack of a tryptophanase gene in P. fluorescens, the lack of dormancy in our system, or the 

lack of proper stressors. 

What might be the simplest answer to explain our results is that P. fluorescens could 

simply not have the gene to code for tryptophanase.  Studies on indole are just starting to be 

investigated, and few bacteria have been studied for tryptophanase gene activity. Some 

bacteria also have a homologue of the tryptophanase gene that cannot produce indole, and 

again many of those bacteria have not been studied, which leads to many speculations on the 

organisms that are able to readily produce indole [4].  It is known that many Pseudomonas 

species can indeed code for the tryptophanase enzyme [10].  When paired with our 
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preliminary results, we made the assumption that P. fluorescens could transform tryptophan 

to indole with the enzyme, but this may not be the case. 

 Furthermore, as we cannot completely rule out the idea of P. fluorescens producing 

indole, other factors could have prevented the reaction from being induced.  As discussed 

previously, indole is mainly a signaling molecule that acts on bacterial consortium in biofilm 

formation and dormancy.  Even if it has been reported that ROS induce activity, it is possible 

that the highly adaptable bacterium used for this experiment did not enter dormancy.  It is 

possible that the stressors alone were not strong enough to make the bacteria go dormant.  

Going back to the mechanism of survival of bacteria, it is possible that a highly adaptable 

organism like P. fluorescens is able to modify its metabolism enough to counter stress and 

continue growing.  Of course, under stress, bacterium are usually found in a state of 

equilibrium between the growing bacteria that found ways to counteract the stress and the 

bacteria that go dormant under the pressure of the stress [2].  It is possible that our cultures 

mainly stayed in the dividing state. 

 It is also possible that the bacteria were not grown for a long enough period of time 

to induce the dormancy.  Our latest time point was taken at 48h, at which point nutritional 

resources were only starting to be depleted.  Finally, different factors can induce different 

operon regulations in the tryptophanase gene between two bacteria [7].  It is therefore 

possible that the conditions we used were not appropriate for induction of indole production 

in our microbe.  As seen before, even if tryptophanase should be active during the log phase 

of bacterial growth under stress, tryptophanase is also induced under nutritional starvation in 

the stationary phase.  This could not be tested due to time constraint.   



 

56 
 

 Some factors that could be ruled out as inhibitors of tryptophanase activity are 

temperature and pH.  Both of these measures were found in the working range of the 

enzyme, as the pH remained near neutrality and temperature was kept at 27°C. 

4.4. In-gel Activity Assays 

 It is important to note that even though results for tryptophanase activity under stress 

were negative, it is possible that the development of our in-gel analysis technique could still 

be utilized.  Knowing that our culture did not produce tryptophanase means that testing the 

technique was impossible, but further research should be done on tryptophanase activity 

staining in organism known to have the enzyme in an active state.  Since the most extensive 

research done on tryptophanase activity has involved E. coli, this could be a better organism 

suited to test the efficacy of our method.    

 Also, PLP did seem to increase activity band formation, but because none were 

specific to tryptophanase, it is hard to tell whether PLP would be necessary for analysis by 

in-gel activity assays for tryptophanase.  Introducing the cofactor in the reaction mixture 

may help speed up the reaction or initiate it in the events that the PLP-tryptophanase 

complex was destroyed in purification or under BN-PAGE conditions. 

5. Conclusions and Future Research  

 This research has shown that although bacteria did undergo TCA cycle and ETC 

remodeling, nitrosative stress in P. fluorescens did not induce an up-regulation in the 

tryptophanase enzyme.  Discovering whether lack of activity is due to the bacteria not being 

able to code for the gene, or whether our stressors were not appropriate for induction of the 

gene would require further research.  The lack of indole production prevented us from 

further analyzing potential dormancy in bacteria.  The BN-PAGE in-gel activity assay 

method for measurement cannot be ruled out as a potential fast and easy way to measure 
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tryptophanase activity. Much is left to be uncovered about indole, its roles, and the way it is 

mediated in bacterial cells.  A technique such as BN-PAGE that can be carried out on crude 

extracts without enzyme isolation could be beneficial in many future studies aimed at the 

comprehension of indole production by increased tryptophanase activity. 

 Future research could include many variations of this research.  Using a bacterial 

species that is well known for coding tryptophanase activity, such as E. coli, could be 

applied to ensure that the lack of indole production was not due to the absence of the gene.  

Furthermore, it would be advantageous to test for indole production by spectrophotometry to 

ensure proper tryptophanase activity before assessing the in-gel technique as a measurement 

tool.   It is possible that a change in stressors could activate dormancy and increase the 

production of indole.  This study could also be run on bacterial cultures that were grown for 

longer period of times in order to increase nutritional resources scarcity, which is known to 

induce dormancy. 
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