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Abstract

Worldwide, energy consumption is at an all-time high and projected to increasingly grow
in the upcoming years. Thus, it is critical to uncover alternative sources of energy that are
independent of fossil fuels and environmentally neutral. The transformation of biomass into
various energy-rich chemicals is an important strategy that is being pursued globally. Biodiesel
can be an interesting substitute to fossil fuels. However, this process generates excessive
amounts of glycerol, a byproduct that needs to be converted into valuable products if the
biodiesel industry is to be sustainable.

The principle objective of this thesis is to study how glycerol can be used as a raw
material by microbial systems to produce valuable products. The soil microbe, Pseudomonas
fluorescens widely utilized in the numerous biotechnological applications due to its nutritional
versatility is an obvious choice to tailor into a glycerol-transforming nanofactory. The abiotic
modulators namely hydrogen peroxide (H>O,) and manganese (Mn) afforded uniquely facile
means of triggering metabolic reprogramming aimed at the enhanced formation of pyruvate and
a-ketoglutarate (KG). Under the influence of H,O,, P. fluorescens engineers an intricate
metabolic network to synthesize ATP and pyruvate. As oxidative phosphorylation is severely
impeded, the microbe invokes substrate level phosphorylation to generate energy. This is
accomplished via the increased activities of various enzymes including pyruvate carboxylase
(PC) and phosphoenolpyruvate carboxylase (PEPC) that were analyzed by blue-native
polyacrylamide gel electrophoresis (BN-PAGE) and high performance liquid chromatography
(HPLC). The high-energy phosphoenolpyruvate (PEP) is then converted into ATP and pyruvate,

a process mediated by pyruvate phosphate dikinase (PPDK), phosphoenolpyruvate synthase
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(PEPS) and pyruvate kinase (PK). Supplementation with a micro-nutrient such as Mn, a divalent
metal involved in a variety of enzymes results in the reprogramming of the metabolic networks
aimed at the accumulation of KG. The increased activities of isocitrate dehydrogenase (ICDH)-
(NAD)P dependent and aminotransaminases aided the exocellular secretion of KG. The
overexpression of pyruvate carboxylase (PC) that is evident in the Mn-treated cells provides
oxaloacetate, an important precursor to the synthesis of citrate, a key ingredient in the synthesis
of KG. Isocitrate lyase (ICL), fumarate reductase (FUMR), succinate semialdehyde
dehydrogenase (SSADH), a-ketoglutarate decarboxylase (KDC) and y-aminobutyric acid
transaminases (GABAT) work in concert to produce KG. “C-NMR helped identify the
metabolites participating in the metabolic networks. Immunoblot experiments confirmed the
presence of overexpressed enzymes. These disparate metabolic pathways that promote the
overproduction of the keto-acids in P. fluorescens have the potential of converting glycerol to
value-added products commercially. As the process utilized is devoid of any genetic
manipulation, it can be readily implemented in an industrial setting. In conclusion, both H,O,
and Mn can orchestrate metabolic changes in P. fluorescens inducing the production of pyruvate
and KG from glycerol respectively. These chemical manipulations may also be applied to other

microbial systems.
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1. Chapter I: Introduction

Globally, energy consumption is now at record levels and is estimated to steadily grow
throughout the future (Figure 1.1). Rise in energy utilization has caused harmful environmental
impacts due to greenhouse gas emissions and is contributing to the depletion of fossil fuel
reserves (1). Considering the rapid depletion of petroleum and rising concerns regarding the
environmental consequences of fossil fuel usage, an alternative beneficial approach is critical to
decrease the reliance on fossil fuels. The possibility of using biofuels had already been noted. It
was considered in the 1970s, but its development was restricted by challenges presented by the
lack of adequate technology available at the time. Recent developments across numerous fields
have once again generated attention in the production of biofuels. An innovative branch of
biotechnology known as white biotechnology arose as a result of the concern over fossil fuel use.
It focuses on using microbes to produce biodegradable products which have the benefits of

necessitating less energy and forming less waste than the techniques that are currently in use (2).
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Figure 1.1: World marketed energy consumption 1980-2030 adapted from (1)



According to the aforementioned data from IEA 1980 to 2030, total world consumption

of marketed energy is projected to increase by 57 % from 2004 to 2030 (1).

Due to the depletion of the fossil fuel reserves and environmental impacts of petroleum,
alternative energy production process have received much attention, to balance market needs.
Figure 1.2 illustrates numerous sources of energy used to meet the global demand in 2015. As

depicted, fossil fuels were the main source of energy utilized by the world.

m Oil
H Gas
m Coal
Nuclear
W Hydro
m Wind
M Solar
B Geothermal&Biomass

H Biofuel

Figure 1.2: Numerous sources of energy to meet the global demand in 2015 adapted from (1).

1.1 Biomass Derived Energy

Biomass, made up of any biological materials is one of the most widely utilized materials
and large scale energy production can be derived from such sources as woods, plants, organic
wastes, and alcohol fuels (3). Biomass-derived energy can be obtained via three techniques:
thermal, biochemical and chemical processes. Energy-derived from biomass is well-known to

significantly diminish greenhouse gases and global warming. The use of fossil fuel leads to



excessive release of carbon dioxide into the atmosphere by emission of carbon that was fixed
into fossils millions of years ago. In contrast, energy obtained from biomass does not release new
carbon into the atmosphere. Thus, the dependence on expensive raw material as a carbon source
to produce valuable added products can be mitigated by utilizing renewable biomass (4). Figure
1.3 demonstrates primary renewable feed stocks and the following biofuels produced by various

kinds of feedstocks: plant oil and animal fat, sugar, starch and cellulose (5).

Feedstock Conversion process Fuel

- Biodiesel |
| Bioethanol |

—— | Bicethanol |
s T Bioethanol

E— T

Methanol, petrol
diesel, hydrogen

Figure 1.3: Utilization of diverse feedstocks in the production of biofuels for the transportation
industry adapted from (5).

Bioethanol and biodiesel are two examples of biomass derived energy. Bioethanol is
currently the alternate fuel to petroleum and used for road transport vehicles. It is produced via
the chemical process of reacting ethylene with steam. Also, it can be produced by fermentation

of sugars from diverse feed stocks. Although most cars on the road today in Canada and the U.S.
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can run on blends of up to 10% ethanol without any modifications, the use of 10% ethanol
gasoline (E10) is restricted in some cities where risky levels of auto emissions are created (6).
Numerous concerns regarding the large amount of arable land mandatory for the fuel crops
become evident as the retail price of bioethanol approaches the cost of gas. This problem should
be considered in the context of regenerating the bioethanol in order not to perturb the availability
of biomass for human and animal consumption. Recently of note, the use of cellulose as raw
material for bioethanol may alleviate some of these problems. Thus, cellulosic ethanol is

becoming a promise for future renewable energy (7, 8).

Biodiesel is one of the foremost biodegradable fuels used as an alternative to fossil fuel
because the former is obtained from 100% renewable resources and is non-toxic, making it safe
for use. Biodiesel burns cleaner and provides lower emission of carbon monoxide and other air
pollutants. Although biodiesel does not comprise petroleum, it can be mixed with petroleum to
form biodiesel blend, which can be utilized in diverse vehicles. It also has an energy content
equal to 90% of that of petroleum. Even though biodiesel has some inherent challenges, the
nature of organic fuel contributes to increasing nitrogen species into the atmosphere.
Consequently, the rise of nitrogen input would lead to more acid rains. Biodiesel production
reduces reliance on imported crude fossil fuels from foreign countries and helps to improve the

economy by growth of the agricultural sector (9, 10).

Chemically, biodiesel is defined as fatty acid methyl ester and synthesized from
biological triglycerides such as plant oils or animal fats with alcohol in the presence of catalysts.
For example, biodiesel can be produced from waste products including fats and greases by pre-
treating them with sulfuric acid and methanol for esterification of higher free fatty acid content

(Figure 1.4).



Triglycenide Methanol (3) Glycerol Methyl Ester (3)

Figure 1.4: Transesterification reaction, crucial for the conversion of triglycerides (plant oil) into
biodiesel adapted from (11).

The biodiesel industry is continually developing due to an increasing demand (11).
However, the growth in biodiesel industry is contributing to crude glycerol accumulation. The
United States produced 140 million gallons of biodiesel in 2016, resulting in 40 million kg of
glycerol as a by-product (10, 12). Even though pure glycerol has numerous applications in food,
cosmetics and drug industries, crude glycerol would have to undergo costly refining processes
before it reaches the purity required to be utilized as such. Crude glycerol from

transesterification reactions consists of about 50% glycerol; the rest is methanol, catalyst and



soap(13).

Production (billion liters)

2006 2009 2012 2015 2018
Year

Figure 1.5: The global trend in the production of crude glycerol taken from (13).

1.2 Glycerol

Glycerol is a trihydric alcohol. It is a colorless, odorless, sweet-tasting and syrupy liquid
(14). It has various applications in cosmetics, paints, foods, tobacco, pharmaceuticals and
automobiles. It can be manufactured in different forms: raw, synthetic and purified. Raw glycerol
formed by the biodiesel industry is approximately 60-80% pure compared to 100% in both the
purified and synthetic glycerol. As aforementioned, glycerol requires extensive refining

processes before it can be used to produce valuable products (15). The useful new applications



of glycerol in daily life and the chemical industry will advance the economic capability of the

biodiesel industry.

1.3 Value-added products from glycerol

Worldwide, the conversion of crude glycerol resulting from biodiesel has grown from
200,000 tonnes in 2004 to 1.1224 million tonne in 2008 (16, 17). It is critical to establish a new
era of research to convert crude glycerol in order to advance the economic sustainability of
biodiesel facilities (2). Due to the surplus of crude glycerol and the higher price of corn, glycerol
can be utilized as an animal feedstuff. Glycerol is a worthy energy source, which can be
metabolized to glucose (10). However, more consideration should be paid to the crude glycerol
for animal diets with regard to methanol and metals contamination. Indeed, the low cost of crude
glycerol has attracted researchers to use it as a feedstock to generate value added products such
as citric acid, lactic acid, propionic acid, polyhdroxyalkanoate (PHA), hydrogen and ethanol (9)

(Figure 1.6).



Lactic acid

Polyhydroxyalkanoates
1,3 Propanediol (PHAS)

Docosahexaenoic
acid

n-Butanol —

Lipids Citric acid
Hydrogen

Figure 1.6: Numerous value-added products produced from glycerol (adapted from 9)

1.4 Conversion of glycerol to value-added products

Several techniques have been elucidated insofar as the conversion of glycerol to its
constituent value-added products is concerned. Chemical catalysis is one of the foremost known
methods of conversion. Studies have reported that glycerol can be oxidized and decomposed
using a flow reactor. It has been demonstrated that utilizing polyfunctional molecules with
simple oxidants are capable of producing oxygenated products including dihydroxyacetone,
hydroxypyruvic acid, glyceric acid, oxalic acid and others. Metallic catalyst such as Pd, Pt and
Au are utilized to perform the oxidation process. Furthermore, dehydration of glycerol under
high temperature from 250C-350C is also another way to transform glycerol to valuable
products. The selectivity of glycerol dehydration to acrolein has been optimized at appropriate

temperatures. The latter reaction is catalyzed by acids such as sulfuric acid, phosphoric acids and

8



other catalysts such as zinc sulfate and zeolite. Also, catalytic acetylation of glycerol performed
via acid oxides such as CeO,/ZrO,, CeO,/Al,03 was noted due to its stability, low costs, and
regenerability and 100% conversion rate of glycerol. These reactions yield mono, di and tri esters
of glycerol (acetin). Also, numerous researchers have utilized metals such as Zn, Cu, Mg, Pd, Ni
in order to catalyze the reduction of glycerol. These methods can produce various products
including ethylene-glycol, 1,2-propileneglycol, 1,3 propileneglycol, lactic acid, acetol, propanol,
and or even acrolein. The selectivity of the products depends on varying the parameters involved
including glycerol concentration, temperature, pressure to produce the desired products, etc. (18).
All existing reactions highlight feasible techniques used to catalyze glycerol into valuable
products. It is difficult to acquire good selectivity of the desired chemicals at high conversion
rates of glycerol because of high hydroxylic functionality of the triol molecules of similar
reactivity. Therefore, novel processes to convert glycerol into valuable products that are driven

by microbial systems need to be devised.

One approach to effectively using crude glycerol from biodiesel sources is to program
microorganisms to grow on crude glycerol as carbon source and produce large arrays of value-
added products with varied functionalities. Therefore, understanding how microorganisms are
capable of metabolizing crude glycerol is very essential since it is sustainable, economical, and
environmentally-neutral. It is possible to produce valuable chemicals by using different types of
microorganisms (bacteria, fungi and algae) driving different metabolic pathways, depending on
the required products. However, various by-products which are usually produced during the
fermentation process affect the yield of desired products. Hence, this can be solved using genetic
engineering via inactivating the genes that are responsible for inhibitor formation or
overproduction of genes that lead to the targeted products. ~While 1, 3 propanediol can be
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produced by numerous types of organisms, Klebsiella pneumoniae and Clostridium butyricum
were noted to be the most widely utilized microorganisms that have efficiently converted
glycerol to 1, 3 propanediol. Clostridium butyricum is known to produce 76.2 g/L of this product
by using fed-batch ferementation with 1L which was scaled up to 200L and the productivity was
2.g/g/L/H (19). Also, E.coli was genetically engineered to metabolize glycerol and produce 1, 2
propanediol and this was performed via the overexpression of genes involved in
dihydoxyacetone phosphate metabolism including methylglyoxal synthase (mgsA), glycerol

dehydrogenase (gldA), and aldehyde oxidoreductase (yghD) (20).

These manipulations contribute to high production of this industrial value added-product.
Clostridium pasteurianum is known to produce n-butanol under anaerobic conditions and the
product butanol has been optimized using simultaneous dual substrate cultivation stratagems.
Also, the deletion of 2, 3-butanediol biosynthesis pathways by deactivating the genes that are
responsible for the production of butanediol and overexpressing enzymes that lead to synthesis
of butanol were achieved in Klebsiella pneumoniae, which promises to be a good approach to
the production of butanol (21). Indeed, citrate is also another useful chemical that is produced
by microorganisms using crude glycerol as sole source of carbon. Yarrowia lipolytica, is an
acetate negative mutant that has been established to produce high amount of citric acid under
nitrogen limitation conditions (22). Polyhydroxyalkanoate (PHA)  which is poly-ester
biopolymer used as alternative to fossil fuels has effectively been produced by different types of
microorganisms including Paracoccus denitrificans, Cupriavidus necator JMP and Zobellella
denitrificans. The latter is used in the large-scale production of PHA with crude glycerol due to
its lower sensitivity to NaCl compared to the former. Furthermore, it was expected that a 10
million gallon per year biodiesel plant would have the prospective of generating 20.9 ton PHB.
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The production of ethanol also is easy from glycerol and it has been noted that Pachysolen
tannophilus is an efficient microbe to produce ethanol. E.coli is also used to produce ethanol
from glycerol and ethanol production was maximized when the strain was constructed by
inactivating fumarate reductase and phosphate acetyltransferase resulting in the production of 1

mole of ethanol per mole consumed of glycerol (23).

1.5 Abiotic stress and metabolite production

Although microbial conversion of glycerol to valuable products has emerged as a much
sought-after goal, it has some drawbacks including low yield due to inhibitory compounds.
These compounds inhibit cell growth of the microorganisms. Adaptation of the microorganism
under diverse stress conditions has been shown to increase the product yields. Clostridium
butyricum DSP1 has been adapted to an environment of high osmotic pressure to grow in high
concentration of pure glycerol (90 g/L) and crude glycerol (70g/L) to produce 1, 3 propanediol
(24). Indeed, Novosphingobium sp. could produce PHA in the presence of phosphate and
nitrogen starvation and it utilizes crude glycerol to elaborate this biopolymer. This biopolymer
has the potential to be utilized in biomedical applications due to the formation of endotoxin-free
polyhydroxyalkanoates (PHAs) from this gram-negative bacteria (25). Also, poly
hydroxybutyrate (PHB) was harvested in B. megaterium growing in crude glycerol under oxygen
and pH controlled environments (26). Further studies have revealed the formation of lactic acid
in dairy products and molasses, a process mediated by the bacterium Lactobacillus plantarum
(27, 28). Changing the environments including varying the pH and the nature of the substrates

were shown to optimize the production of highest amount of lactic acid (27, 28).
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Another common example is Arabidopsis thaliana, which produces huge amounts of

phosphatase as an adaptation to phosphate starvation (29). This could be explained due to the

phosphate mobilization in the metabolism of reactive oxygen species in stressed or senescent

parts of the plant. Indeed, adaptation to metal-contaminated environments lead to favorable

microbial associations that are very prominent in bioremediation processes. Certainly plenty of

microbial organisms isolated from extreme environments are utilized in numerous industrial

processes. The aim of these adaptations is to help assist the generation and secretion of desired

products (30, 31). Studies were shown how Pseudomonas fluorescens adapted to multiple metal

stressors engineers its metabolic network to increase oxalate production as a common metal

chelator (32). This has broad stroke implications in bioremediation strategies (32). Hence,

enrichment of certain attributes by natural means is also a common strategy utilized to coach

microbes to accomplish specific chosen tasks.
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Figure 1.7: Abiotic stress induces microbes to accomplish specific chosen task.
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1.6 Pseudomonas fluorescens, a potent biotechnological

microbe

Pseudomonas fluorescens is a gram-negative, rod-shaped, and non-pathogenic bacterium
that is known to thrive mainly in the soil, plants, and water surfaces. Its name stems from its
ability to give fluorescent pigments under iron-limiting conditions. It has simple nutritional
necessities and can readily grow in mineral media accompanied with numerous carbon sources
owing to its versatile metabolism. It has been shown to survive in extreme environments. The
adaptation of this microbe creates a unique prominence in biotechnological routes aimed at
producing a targeted product. Studies have revealed how P. fluorescens increases biofilm
production under turbulent conditions. This proves that this microbe alters its metabolism when
the nutrients and oxygen were transported via the flow and turbulence (33). Also, Pseudomonas
fluorescens increases biomass and yielded ajmalicine in Catharanthus roseus under drought
stress (34). P. fluorescens is one of the most promising microbes for use in bioremediation. It has
been demonstrated that under multiple metal stress, P. fluorescens can modulate its metabolic
network to increase the formation of oxalate, as a chelator. Indeed, under oxidative stress, this
microbe adapted by accumulating pyruvate, a known keto-acid to detoxify ROS. This was
achieved by shutting down enzymes responsible for NADH production, a pro-oxidant and
increasing the synthesis of NADPH, an anti-oxidant. This microbe has the ability to adapt to
stress by engineering different metabolic networks. Overall, this feature may have enormous
industrial applications. Proper mineral nutrition is known to elicit biochemical reconfigurations

that may be tapped for commercial value (32).
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2. Chapter 2: Thesis objectives

Considering our reliance on petroleum and the growing concern about the environmental
penalties due to our heavy dependence on fossil fuels, a substitute and an economically
favourable approach is seriously required to diminish our dependence on fossil fuels. Biomass
use is an encouraging alternative owing to its abundant accessibility in nature and numerous uses
in chemical, fuel and bioplastic engineering. Biodiesel is gaining importance as an alternative
fuel of immense economic value. However, the processing of this biofuel contributes to the
accumulation of surplus glycerol. The latter has emerged as an important raw material to produce
value-added products as it is less expensive and it has the ability to get readily transformed.
Metabolic modulation has become the technology of choice in the bioconversion of glycerol as it
is economical, environmentally-friendly and creates relatively less by-products. Microorganisms
are widely utilized for the fermentation of glycerol. To effectively utilize glycerol as a source of
carbon, it is necessary to understand the biological systems capable of producing enzymes, a key
participant in the conversion of glycerol into value-added products. Here I plan to nutritionally
tailor the soil microbe P. fluorescens to generate products of commercial value. Abiotic

modulators will be utilized to achieve this goal.
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Since oxidative stress is known to perturb the TCA cycle and electron transport chain, the
production of energy is severely affected. There is a dearth of understanding related to the
stratagem involved in fulfilling the need for ATP under stressed situations. Also, effectors of
substrate level phosphorylation and phospho-transfer system in promoting the biosynthesis of
ATP have not been fully evaluated. Furthermore, studies in our laboratory have demonstrated
the role of metabolic networks and keto acid in combating ROS. Keto acids can accumulate
during oxidative stress in numerous organisms. These moieties react with ROS to generate CO,
and corresponding carboxylic acids. Hence, the biochemical pathways P. fluorescens invokes to
synthesize ATP and to over-produce pyruvate, a critical metabolite under H,O, stress will be

investigated in the presence of glycerol as the sole carbon source.

Micro-nutrients like manganese (Mn) can also stimulate significant metabolic alteration
contributing to value-added products. This divalent metal is vital for the ideal activity of
numerous enzymes including pyruvate carboxylase (PC), pyruvate kinase (PK), and phosphoenol
pyruvate carboxylase (PEPC) that are essential to the metabolism of glycerol. Manganese-
dependent enzymes are also a key in combatting oxidative stress and in the metabolic networks
elaborating the transformation of carbohydrates. Hence, the ability of this element to remodel
metabolic networks aimed at the production of such keto-acids as o-ketoglutarate will be
assessed. A functional metabolomic and proteomic approach will be taken to uncover how this
microbe can generate value-added products in an environment supplemented with HO, and Mn
respectively. These molecular insights into the conversion of glycerol to value-added products
will lay the foundation for the industrial applications of these processes. These abiotic metabolic

factors may be readily implemented commercially.
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3. Chapter 3: The metabolic reprogramming evoked by ROS to

generate valuable products

It is a general misconception that central metabolic networks are static, where as they are
quite flexible. Normally, the metabolism of glucose produces 2 ATP and 2 molecules of
pyruvate, which are then metabolized through the TCA cycle. The latter produces the
reducing agent NADH, which can be utilized to produce ATP for cellular processes.
However, ATP production is not the only goal of these metabolic networks. They also
help generate metabolites that are crucial for sustaining life. For instance, succinate, a
product of TCA cycle is involved in the production of heme while 3-phosphoglycerate
resulting from glycolysis can result in the amino acid cysteine and serine (35, 36). Hence,

specific pathways can be selectively promoted to obtain desired products from glycerol.

H,0; is known to severely block oxidative phosphorylation and affects enzymes
of the TCA cycle. This abiotic stress forces P. fluorescens to reprogram its metabolic
networks in order to counter the toxicity of the oxidant. This metabolic adaptation

resulted in enhanced production of pyruvate, PEP and ATP.
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Abstract

Glycerol is a major by-product of the biodiesel industry. In this study we report on the
metabolic networks involved in its transformation into pyruvate, phosphoenolpyruvate (PEP) and
ATP. When the nutritionally—versatile Pseudomonas fluorescens was exposed to hydrogen
peroxide (H,O,) in a mineral medium with glycerol as the sole carbon source, the microbe
reconfigured its metabolism to generate adenosine triphosphate (ATP) primarily via substrate —
level phosphorylation (SLP). This alternative ATP-producing stratagem resulted in the
synthesis of copious amounts of PEP and pyruvate. The production of these metabolites was
mediated via the enhanced activities of such enzymes as pyruvate carboxylase (PC) and
phosphoenolpyruvate carboxylase (PEPC). The high energy PEP was subsequently converted
into ATP with the aid of pyruvate phosphate dikinase (PPDK), phosphoenolpyruvate synthase
(PEPS) and pyruvate kinase (PK) with the concomitant formation of pyruvate. The participation
of the phospho-transfer enzymes like adenylate kinase (AK) and acetate kinase (ACK) ensured
the efficiency of this O,-independent energy-generating machinery. The increased activity of
glycerol dehydrogenase (GDH) in the stressed bacteria provided the necessary precursors to fuel
this process. This H,O,-induced anaerobic life-style fortuitously evokes metabolic networks to
an effective pathway that can be harnessed into the synthesis of ATP, PEP and pyruvate. The

bioconversion of glycerol to pyruvate will offer interesting economic benefit.

Keywords: Glycerol, pyruvate, PEP, ATP, metabolic networks, bioconversion, biodiesel.

Abbreviations: Glycerol dehydrogenase (GDH), adenylate kinase (AK), acetate kinase (ACK),
cell free extract (CFE), glucose 6-phosphate dehydrogenase (G6PDH), hydrogen peroxide

(H,0,), isocitrate dehydrogenase (ICDH), malic enzyme (ME), oxidative phosphorylation (OP),
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pyruvate carboxylase (PC), phosphoenolpyruvate carboxylase (PEPC), phosphoenolpyruvate
synthase (PEPS), pyruvate orthophosphate dikinase (PPDK), reactive oxygen species (ROS),

reduced nicotinamide adenine dinucleotide phosphate (NADPH), tricarboxylic acid (TCA).

Introduction

Metabolism is pivotal for the maintenance of life. It enables organisms to grow, produce
energy, communicate, and repair damage. Adaptation is crucial if an organism is to survive
adverse environmental conditions like salt, oxidative, metal and temperature stress. Metabolic
reconfiguration is a key adaptive strategy living systems invoke to counter the fluxes in their
environments (36-38). When confronted with osmotic stress, some organisms are known to
enhance the formation of Fe-S clusters and acidic amino acids (39). While gallium toxicity
stimulates the production of NADPH, oxalate synthesis is promoted to nullify the burden of
aluminum (Al) over-load (40, 41). Manganese has been shown to elicit enhanced production of

an exopolysaccharide, a moiety involved in metal sequestration (42).

As aerobic organisms are constantly exposed to oxidative stress, they have evolved
intricate systems to adapt to this situation. Superoxide dismutase is used to neutralize the highly
reactive superoxide (O;") while catalase helps neutralize H,O, (43, 44). Other important enzymes
that orchestrate the production of the anti-oxidant NADPH are malic enzyme (ME), glucose-6-
phosphate dehydrogenase, nicotinamide adenine dinucleotide kinase (NADK), and NADP-
dependent isocitrate dehydrogenase (45-48). The role of ketoacids in countering the oxidative
burden via their reaction with reactive oxygen species (ROS) is also known (41). These
metabolites decompose ROS with the concomitant formation of the corresponding carboxylic
acid and CO,. For instance, pyruvate reacts with H,O, with the concomitant formation of acetate

by non-enzymatic decarboxylation (41). Oxidative stress is also known to severely impair
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oxidative phosphorylation (OP), a process that produces ATP in an O,-dependent manner.
Disparate enzymes that participate in this network, need Fe-S and heme clusters that are rendered
ineffective by ROS (49). Although, the detoxification mechanisms responsible for the
elimination of ROS have been well-studied, there is a dearth of information on how ROS-
tolerant microbes satisfy their ATP requirements. Substrate level phosphorylation (SLP) is the
other ATP-producing machine that is commonly utilized by biological systems in oxygen-limited
environments. High energy compounds that are obtained following various biochemical
transformations help phosphorylate adenosine monophosphate (AMP) and/or adenosine
diphosphate (ADP) into ATP (50). PEP and succinyl CoA are two metabolites that can be readily
converted into ATP (51-52). While pyruvate kinase mediates the transformation of PEP into
ATP in the presence of ADP (53), succinyl CoA synthetase is responsible for the conversion of

succinyl CoA into nucleoside triphosphates (52).

As part of our efforts to decipher the metabolic adaptations and uncover the
biotechnological potential of the nutritionally-versatile soil microbe Pseudomonas fluorescens,
(54), we have subjected this organism to H,O, stress in a mineral medium with glycerol as the
sole carbon source. The biodiesel industry is eagerly seeking bioprocesses that will convert this
waste into valuable products, a feature that will contribute to its profitability. In this study, we
demonstrate the ability of the microbe to produce elevated levels of PEP and pyruvate while
fulfilling its energy need via substrate-level phosphorylation. This H,O,.induced metabolic shift
aimed at ATP production, limiting the synthesis of NADH, a pro-oxidant and augmenting the
formation of the anti-oxidant NADPH also provides a route to value-added products from

glycerol.

Material and methods
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Microbial growth conditions and isolation of cellular fractions

The bacterial strain Pseudomonas fluorescens 13525 was purchased from American Type
Culture Collection (ATCC) and cultured in a mineral medium containing (per liter of deionized
water) Na,HPO, (6.0 g); KH,PO4 (3.0 g); MgSO4 (0.2 g) and NH4C1 (0.8 g). Trace elements (1
ml) were added as previously described (55). The pH was adjusted to 6.8 with 2 N NaOH. The
media were dispensed in 200 ml aliquots in 500 ml Erlenmeyer flasks and autoclaved before
inoculation. Glycerol (10%; v/v; 1.37 M) was added as sole source of carbon (Sigma Aldrich,
Oakville, Canada). Hydrogen peroxide (H,O,) (500 uM) was utilized for oxidative stress as this
concentration is known to elicit the optimal anti-oxidative response in this organism (41, 46).
The media were then inoculated with 1 ml of stationary-phase cells (450 pg protein equivalent)
of the control culture .The cultures were incubated at 26°C in a gyratory water bath shaker. To
keep the level of ROS constant a second dose of H,O, was introduced 30 hours after incubation.
The level of H,O; in medium was monitored as described in (56). Cells from glycerol (control)
and H,O,— containing cultures were isolated at similar growth phases for analysis (40 h for
control cells and 60 h for H,O,—stressed cells). P. fluorescens cells were harvested by
centrifugation at 10,000 x g for 15 min at 4°C. The supernatant was removed and the pellet was
washed with 0.85% NaCl. These cells were then re-suspended in a cell storage buffer (pH 7.3)
consisting of 50 mM Tris-HCI; 5 mM MgCl, and ImM phenylmethylsulfonylfluoride (PMSF).
These were ruptured via sonication with a Brunswick sonicator for 15 seconds at 4 intervals. The
power level was set at 4 and the samples were kept on ice. The unbroken cells were removed at
10,000 x g. Centrifugation at 180,000 x g for 3 hours at 4°C yielded a soluble fraction, and a
membrane pellet (57). The Bradford assay was performed in triplicate to determine the protein

concentration of both fractions (58).
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Metabolite analysis

Metabolite levels were analyzed using high performance liquid chromatography (HPLC).
Cells were grown in control and H,O,-stressed conditions. At similar growth phases the cells
were isolated and disrupted via sonication as described previously (36). Soluble fractions were
boiled immediately for 10 min to precipitate proteins before analysis. Samples of spent fluid and
cell free extract (CFE) were injected into an Alliance HPLC equipped with a C18 reverse-phase
column (Synergi Hydro-RP; 4um; 250 x 4.6mm, Phenomenex) operating at a flow rate of 0.7
ml/min at ambient temperature as described in (36). Briefly, the mobile phase consisting of 20
mM KH,POy4, (pH 2.9) was utilized to separate organic acids. Select metabolites were detected
with the aid of known standards, and peaks were quantified with the aid of the Empower
software (Waters Corporation) (36). To monitor the metabolism of glycerol, 2 mg/mL protein
equivalent of soluble CFE was incubated for 30 min in reaction buffer containing 2 mM glycerol,
I mM AMP, Pi. The reactants and products were followed by HPLC. To evaluate the
biotechnological potential, the whole cells (2 mg protein equivalent) obtained at the same phase
of growth were incubated in the glycerol media without NH4Cl for 6h. The consumption of

glycerol and the formation of pyruvate were monitored.

Enzyme activities in metabolic networks aimed at generating ATP, pyruvate and PEP

Blue native (BN) polyacrylamide gel electrophoresis (PAGE) was performed as
described in (52, 59). Briefly, 60 micrograms of proteins were loaded into each well and
electrophoresed under native conditions. The blue cathode buffer (50 mM Tricine, 15 mM Bis-
Tris, 0.02% (w/v) Coomassie G-250 (pH 7) at 4°C) was used to help visualizing the running

front and was substituted by a colourless cathode buffer (50 mM Tricine, 15 mM Bis-Tris, pH 7
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at 4°C).Upon completion, the gel was equilibrated in reaction buffer for 15-30 min and
visualization of enzyme activity was determined by associating the formation of NAD(P)H to 0.2
mg/mL of phenazine methosulfate (PMS) and 0.4 mg/mL of iodonitrotetrazolium (INT), or by
coupling the formation of NAD(P)" to 16.7 pg/mL, 2,6-dichloroindophenol (DCPIP) and 0.4
mg/mL INT. Complex I was detected by the addition of 5 mM KCN, 5 mM NADH and 0.4
mg/mL INT while 20 mM succinate, 1| mM FAD, 5 mM KCN, 0.2 mg/mL of PMS and 0.4
mg/mL of INT was utilized as the visualizing medium for Complex II. Complex IV was assayed
by the addition of 10 mg/mL of diaminobenzidine, 10 mg/mL cytochrome C, and 562.5 mg/mL
of sucrose. Isocitrate dehydrogenase (ICDH-NADP" or NAD") activity was tracked with reaction
mixture containing 5 mM isocitrate, 0.5 mM NADP" or NAD", 0.2 mg/mL PMS and 0.4 mg/mL
INT. For malic enzyme, the gel was incubated in equilibrium buffer consisting of 5 mM malate,
0.5 mM NADP", 0.2 mg/ml PMS and 0.4 mg/ml INT. The activity of glucose 6 phosphate
(G6PDH) gel was revealed in buffer system consisting of 5 mM glucose 6-phosphate, 0.5 mM
NADP", 0.2 mg/ml PMS and 0.4 mg/ml INT. Glycerol dehydrogenase (GDH) was also
incubated in reaction buffer consist of 5 mM glycerol, 0.5 mM NAD", 0.2 mg/mL PMS and 0.4
mg/mL INT. Glycerol-3 phosphate dehydrogenase (G3PDH) was assayed by the addition of
glycerol 3 phosphate, NAD", 0.2 mg/ml PMS and 0.4 mg/ml INT. The activities of PEPC, PK,
PEPS and PPDK were imaged as described previously (54). The activity of acetate kinase (ACK)
and adenylate kinase (AK) were examined with the aid of an enzyme-coupled procedure

including hexokinase and glucose-6-phosphate dehydrogenase (53, 60).

A destaining solution (40% methanol, 10% glacial acetic acid) was utilized to stop the reaction
once the activity bands had reached the desired intensity. Reactions performed without the

addition of a substrate or cofactor or inhibitor in the reaction mixture ensured the specificity of
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the enzymes. Furthermore, select activity bands were excised and incubated in appropriate
reaction buffer and monitored by HPLC to confirm the nature of the enzyme. Densitometry was
performed using Image J for Windows. Spectrophotometric data for ICDH-NAD" was obtained
by incubating 1 mg of membrane CFE from control and H,O,-treated cells with 2 mM isocitrate
and 0.5 mM NAD" for 3 min. NADH production was monitored at 340 nm. For malate
dehydrogenase (MDH), malate was used as substrate while NAD-dependent glycerol
dehydrogenase was monitored with the aid of 2 mM glycerol. The membrane CFE was given 2
mM pyruvate, 0.5 mM ATP or Pi, 0.5 mM HCOs; , 10 units of MDH and 0.5 mM NADH to
study pyruvate carboxylase (PC) activity. Negative controls were performed without the

substrates or cofactors (46). Glycerol was monitored colorimetrically as described (61).
Statistical analysis

Data were expressed as means =+ standard deviations (SD). All experiments were

accomplished at least twice and in triplicate.
Results and Discussion
Cellular growth, metabolite distribution and NADPH-generating enzymes

Pseudomonas fluorescens was able to proliferate in a mineral medium with 10% glycerol.
Although in the presence of H,O; the growth rate was slower, at stationary phase of growth the
cellular yield was similar to that observed in the control cultures (Figure 3.1A). There was a
marked variation in the metabolite levels in these cultures. While the spent fluid from the H,O,
culture had higher levels of pyruvate and acetate, the cell-free extract were characterized by

prominent peaks attributable to PEP, AMP and ATP (Figure 3.1B, C). Only 7.0% of the initial
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H,0, was detected after 60 h of growth. To adapt to the oxidative stress triggered by H,O,, the
microbe appeared to have enhanced metabolic pathways aimed at NADPH production. There
was a sharp increase in activities of such enzymes as G6PDH, ME and ICDH-NADP". Three
isoenzymes of G6PDH were evident in the in-gel activity assay. There was a 3-fold increase in
the activity of ME (Figure. 3.2A). However, a slight increase in the activity of MDH was

observed (Table 3.1A).
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Figure 3.1: Cellular growth in glycerol medium of Pseudomonas fluorescens and metabolite
analysis.

Arbitrary unit (AU)

Growth profile of Pseudomonas fluorescens grown in 10 % of glycerol media as the only source
of carbon. The black curve indicates stressed Pseudomonas fluorescens whereas the grey curve
indicates the growth of a control culture. B) HPLC analyses of select metabolites in spent fluid.
C) HPLC analysis of soluble CFE from control and H,O,-challenged cells and nucleotides in the
CFE obtained from control and stressed cells. (Cells were obtained at stationary growth phase)
(n=3).
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Table 3.1 Enzyme activities monitored by spectrophotometric assay

Enzymes Ctl Stress
NAD+-dependent isocitrate 0.42+0.03 0.32+0.01
dehydrogenase *

Malate dehydrogenase * 0.50+0.04 0.69+0.01
NAD+-dependent glycerol 0.072+0.04 0.37+0.06
dehydrogenase *

Pyruvate carboxylase® 0.71+0.02 0.92+0.08

' umol NADH produced min_lmg protein_las monitored at 340 nm (n = 3 +standard deviation).

b 1 1

umol NADH consumed minf mg proteinf as monitored at 340 nm (n = 3 +standard deviation).

TCA cycle enzymes, electron transport chain, and metabolite synthesis

The presence of H,O; in the medium led to a drastic reduction in the tricarboxylic acid
(TCA) cycle enzymes and the electron carrier proteins responsible for oxidative phosphorylation.
Complex I, II, IV and ICDH-NAD" were barely evident in the BN-PAGE analyses (Figure 3.2B,
Table 3.1). The degradation of glycerol in the stressed cells was mediated via GDH-NAD" as
this enzyme had increased activity (Figure. 3.2C, Table 3.1). The control cells were characterized
with increased activity of the glycolytic enzyme G3PDH (Figure 3.2C). To evaluate how the
organism was producing ATP, the soluble CFE was incubated with glycerol, AMP and Pi.
Approximately a 2-fold increase in ATP level was detected in the CFE extract from the stressed

cells (Figure 3. 2D).
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Figure 3.2: NADPH-producing enzymes, oxidative metabolism and glycerol metabolism.

In-gel activity: NADP-dependent isocitrate dehydrogenase (ICDH-NADP") and Malic enzyme
(ME) and glucose 6-phosphate dehydrogenase (G6PDH). B) Select TCA cycle and oxidative
phosphorylation enzymes (ICDH-NAD" and Complex I, II, IV). C) In-gel enzymatic activities of
glycerol dehydrogenase (GDH), glycerol 3 phosphate dehydrogenase (G3PDH) from control and
H,0O,-stress cells. D) HPLC analysis of CFE treated with 2 mM glycerol, 0.5 mM Pi and ImM
AMP for 30 min. Gels are representative of 3 independent experiments. Ctl = Control; H,O,-
treated. Gels are representative of 3 independent experiments. The black graph indicates stressed
Pseudomonas fluorescens whereas the grey graph indicates the metabolites of a control culture.

Oxaloacetate that was generated by the increased activity of PC in the stressed cells was
converted to PEP by PEPC, a process that does not necessitate high energy phosphate. In the
control cultures the ATP-utilizing PEPCK was preferentially utilized in the synthesis of PEP
(Figure. 3.3A). The PC activity band yielded more oxaloacetate upon incubation with pyruvate,
HCOj; and either ATP or Pi. Phosphoenol pyruvate was the metabolite of choice utilized by
H,0,-stressed P. fluorescens to produce ATP as the TCA cycle and OP were severely impeded.

Both PPDK and PEPS that require PPi and Pi respectively to generate ATP from AMP and PEP
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were upregulated in the stressed cultures (Figure 3.3B, Table 3.1). Two isoenzymes of PEPS
were evident in the soluble CFE isolated from H,O,-challenged bacteria. When the CFE was
incubated with oxaloacetate, AMP and PPi, approximately 2-fold more ATP was produced

compared to the control (Figure 3.3C).

Since acetate is a metabolite generated as a consequence of the interaction of pyruvate
with ROS, it was important to decipher how this carboxylic acid was aiding in the ATP-
generating network. Acetate kinase (ACK), an enzyme that mediates the conversion of acetate
into acetate phosphate with the concomitant formation of ADP for ATP was increased in activity
in the stressed cells (Figure 3.3D). The ADP from the reaction was a ready source of AMP, a
process catalyzed by adenylate kinase. This enzyme aids in the transformation of ADP into AMP
and ATP. Its activity was elevated in the stressed cells (Figure 3.3D). As the CFE extract from
the stressed cells produced copious amounts of PEP, it was important to evaluate the ability of
the intact cells to produce value-added metabolites from glycerol. After 6 h of incubation, the
intact cells from the stressed cells produced approximately 3-fold more pyruvate in the spent
fluid compared to the control (Figure 3.4A). Relatively more glycerol was consumed in the
stressed cells compared to the control. After 6h of incubation, the stressed whole cells consumed
70% of the initial glycerol while the control cells utilized only 60% as monitored

colorimetrically.
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Figure 3.3: Phosphoenol pyruvate and ATP-producing system under oxidative stress.

A) In-gel activity of phosphoenolpyruvate carboxylase (PEPC), phosphoenolpyruvate
carboxylase kinase (PEPCK), Pyruvate carboxylase (PC) and HPLC analysis of cut band
reaction of pyruvate carboxylase (PC) and oxaloacetate production for 30 min. B) In-gel activity
of pyruvate kinase (PK), pyruvate orthophosphate dikinase (PPDK) and phosphoenolpyruvate
synthase (PEPS). C) HPLC analysis of CFE treated 2 mM oxaloacetate, 0.5 mM PPi and 1mM
AMP for 30 min. D) In-gel activity of acetate kinase (ACK) and adenylate kinase (AK). Gels are
representative of 3 independent experiments. Ctl = Control; H,O,-treated. Densitometry was
performed using Image J for windows.

Discussion

Metabolic networks to produce ATP, PEP and pyruvate from glycerol

The foregoing data reveal that P. fluorescens evokes the participation of an elaborate
metabolic network aimed at fulfilling its requirement in ATP in a condition that severely
impedes the TCA cycle and oxidative phosphorylation. As expected the enzymes participating in

these processes are down-regulated while those in the synthesis of the anti-oxidant, NADPH are
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upregulated in activities (46, 47). The production of PEP is key to this strategy as this high
energy moiety is eventually fixed into the universal energy currency, ATP The upregulation of
PEPC and PC provide an effective route to PEP as these enzymes use Pi instead of ATP in this
process. The participation of PPDK and PEPS in the subsequent reactions affords a very
economic means of producing ATP. These enzymes require as cofactor PPi, Pi and AMP only
(53, 60), unlike PK, the commonly utilized phosphorylating enzyme during glycolysis, ADP is
not involved in this reaction. In this instance, the ADP generated from the interaction of ACK
with acetate and ATP, is converted to ATP and AMP by AK, an enzyme with increased activity
in the stressed cells. This interplay amongst these enzymes ensures that this metabolic network is
fine-tuned for ATP production in the microbial system with an ineffective oxidative

phosphorylation.

The necessity to produce ATP by this alternative metabolic module provides a unique
route to PEP and pyruvate. Indeed, the cell-free extract was able to generate high amounts of
PEP while the intact cells were more apt at secreting pyruvate in spent fluid following the
utilization of glycerol (Figure. 3.4A). Glycerol is an important by-product of the biodiesel
industry (62, 63). Hence, the ability of this microbial system to generate these two value-added
metabolites can be optimized into a commercial process aimed at the increasing the profitability
of the biodiesel production (Figure 3.4B). In conclusion, these results show that P. fluorescens is
a potent biofactory that can be exploited to generate value-added products from glycerol. Its
capacity to reconfigure its metabolic networks to counter the challenge posed by H,0O,, reveals

very effective biotechnological routes to produce ATP, pyruvate and PEP.
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Figure 3.4: Value-added product formation in stressed P. fluorescens.

PPDK

A) (Pyruvate production in whole cells after 6 h and PEP production in soluble CFE after 30 min
compared to control). Note: (70% and 60% of glycerol were consumed in the stressed and
control cells respectively, SD+2.0%, n=3). B) Scheme depicting the production of pyruvate, PEP
and ATP from glycerol in P. fluorescens.
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4. Chapter 4: Metabolic engineering triggered by manganese

results in the production of a-ketoglutarate

Manganese (Mn) is one of the most crucial micronutrients necessary for all organisms,
including humans, animals, plants and microbes. It plays a vital role in numerous biological
processes required for normal growth, development and cellular homeostasis (64). In addition,
this divalent metal is essential for normal immune function, adenosine triphosphate (ATP)
regulation, bone growth and digestion. It is an important component for several enzymatic
reactions comprising the synthesis of amino acids, proteins, lipids and carbohydrates (65). Mn is
the component of metalloenzymes including manganese superoxide dismutase (Mn-SOD),
arginase and pyruvate decarboxylase. The latter is responsible to add CO, to pyruvate with the

associated formation of oxaloacetate- uses ATP as the co-factor.

In this chapter, the data point to the ability of P. fluorescens to produce ketoglutarate
(KG) from glycerol in the presence of Mn. The metabolic reprograming provoked by the
interaction of the microbe with Mn exposes a stimulating approach of how microbial systems can
be trained to accomplish a preferred commercial job. The overexpression in the activities of such
Mn-dependent enzymes as PC, PPDK and PEPC offers an active route to oxaloacetate and ATP.
Oxaloacetate is an important precursor of KG, a value-added product that was made easily
accessible due the enhanced activities of transaminases and ICDH. The metabolic alteration
provoked by Mn represents a facile opportunity to program microbes aimed at producing

metabolites of commercial value.
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Abstract

Glycerol is a major by-product of the biodiesel industry and its transformation into value-
added products is an ongoing technological challenge. Here we report on the ability of the
nutritionally-versatile Pseudomonas fluorescens to synthesize copious amount of a-ketoglutarate
(KG) in a glycerol medium supplemented with manganese (Mn). The enhanced production of
this keto-acid was mediated by the increased activities of isocitrate dehydrogenase (ICDH)-
(NAD)P dependent and aminotransaminases. At stationary phase of growth when the optimal
quantity of KG was recorded, these enzymes exhibited maximal activities. Two isoforms of
pyruvate carboxylase (PC) that were identified in the Mn-treated cells provided an effective
route for the synthesis of oxaloacetate, a metabolite critical in the production of KG.
Furthermore, the increased activities of phosphoenol pyruvate carboxylase (PEPC) and pyruvate
orthophosphate dikinase (PPDK) ensured the efficacy of this KG-generating metabolic system
by supplying pyruvate and ATP from the oxaloacetate synthesized by PC. Mn-exposed whole
cells converted 90% of industrial glycerol into KG. This Mn-evoked metabolic network can be

optimized into the economic transformation of glycerol into KG.

Keywords: Bioconversion; glycerol; a-ketoglutarate; manganese; pyruvate carboxylase;

metabolic networks

List of abbreviations: Manganese (Mn), a-ketoglutarate (KG), cell free extract (CFE), isocitrate
dehydrogenase (ICDH), pyruvate carboxylase (PC), phosphoenolpyruvate carboxylase (PEPC),
pyruvate orthophosphate dikinase (PPDK), pyruvate kinase (PK), tricarboxylic acid (TCA),
aspartate aminotransferase (AST), glycine transaminase (GT), glutamate dehydrogenase (GDH),

aconitase (ACN) and spent fluid (SF).
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Introduction

The search for renewable energy triggered by environmental concerns and the finite
nature of oil reserves have propelled scientists to seek alternative technologies aimed at
transforming biomass into fuels (66,67). Bio-based processes are the most widely utilized
technology in the generation of such combustible energy sources as ethanol, butanol and
propanol (68). Microbial systems have been tailored to produce these fuels from plant-derived
biomass like starch or cellulose (69, 70). In this instance, following the liberation of glucose, a
reaction mediated by the enzyme amylase or cellulase, the monosaccharide is subsequently
converted to the desired end product. The enhanced formation of the intermediary metabolites
like pyruvate, acetate and acetyl CoA is critical to the economic success of these microbial nano-
factories (71, 72). The liberation of energy-rich gases H, and CH4 from biomass is another
avenue being pursued to satisfy the global need for clean energy as is the production of biodiesel

(73, 74).

In the biodiesel industry, plant or animal-derived triglycerides are the starting material
that are converted to fatty acids. These fatty acids can then be either esterified or decarboxylated
to hydrocarbons and utilized as fuels. One of the major draw-back of the biodiesel industry is the
generation of glycerol as a by-product (75). Indeed approximately 10% (w/w) of this
trihydroxylated moiety is released and it is projected that this problem will exacerbate as the
global demand for biodiesel increases. Hence, it is critical that this waste product be converted
into value-added commodities if the biodiesel industry is to be economically viable. Currently,
chemicals such as propane 1,3-diol, succinic acid and citric acid are among some of the

microbially-mediated products that are synthesized (18, 62, 76).
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In this study we have utilized the metabolically-versatile soil microbe Pseudomonas
fluorescens to transform glycerol into KG. Metabolic engineering is an important strategy that
can aid in fine-tuning the precise molecular pathways responsible for the transformation of this
trihydroxy alcohol into products of economic significance. Although genetic manipulation may
be utilized to modulate metabolic activities in order to induce the formation of a desired
metabolite, micro-nutrients like manganese can also promote significant metabolic shift leading
to value-added products (77-78). This divalent metal is required for the optimal activity of a
variety of enzymes including pyruvate carboxylase (PC), phosphoglyceromutase (PG), pyruvate
kinase (PK), and phosphoenol pyruvate carboxylase (PEPC) that are central to the metabolism of
glycerol (79, 80). Manganese-dependent enzymes are also pivotal in combatting oxidative stress
and in the metabolic networks involved in the transformation of carbohydrates (81, 82). In fact,
the ability of this element to promote exopolysaccharide production in micro-organisms has been
attributed to its close ionic similarity to magnesium, an avid cation for monosaccharides and
their phosphorylated derivatives (42). Some microbes have been shown to produce KG, a
metabolite of significant industrial applications from different carbon sources (83). However,
this is the first demonstration of ability of Mn to elicit a metabolic reconfiguration resulting in
the enhanced formation of this dicarboxylic acid from industrial glycerol. Here we report on the
influence of this divalent metal on glycerol metabolism in P. fluorescens and on various enzymes
responsible for enhanced synthesis of KG. The metabolic pathways mediating the fixation of the
trihydroxy alcohol into oxaloacetate and its eventual conversion into KG are delineated.
Furthermore, the effectiveness of the Mn-evoked transformation of industrial glycerol into this

keto-acid by intact microbial cells is also discussed.

Materials and methods
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Bacterial culturing techniques and biomass measurement

The bacterial strain Pseudomonas fluorescens 13525 from American Type Culture
Collection (ATCC) was grown in a mineral medium containing (per liter of deionized water)
Na,HPOy4 (6.0 g); KH,PO4 (3.0 g); NH4C1 (0.8 g); and MgSO4 (0.2 g). Trace elements (1 mL)
were added as previously described (55, 84-86). The pH was adjusted to 6.8 with the addition of
2 N NaOH. Glycerol (10% v/v: 1.37 M) from Sigma Aldrich (Oakville, Canada) was added to
the medium as the sole source of carbon. Prior to inoculation, the media were dispensed in 200
mL aliquots in 500 mL Erlenmeyer flasks. Various concentrations of MnCl, ranging from 25 uM
to 1 mM were utilized to optimize the conditions for maximal production of KG. The media
were inoculated with 1 mL of stationary phase cells (450 ug protein equivalent) of the control
culture and were then incubated at 26°C in a gyratory water bath shaker, model 76 (New
Brunswick Scientific) at 140 rpm. Cells were harvested at different time intervals by
centrifugation at 10000 x g for 20 min. The bacterial pellets were treated with 1 mL of 1 N
NaOH and the biomass was measured with the aid of the Bradford assay (58). The spent fluid
(SF) was analyzed by a variety of techniques. All comparative studies were done with cells at the

same growth phases i.e. 40 h for the controls and 48 h for the Mn-treated cells.

Regulation experiments and Cellular fractionation

To confirm if the metabolic changes were indeed induced by the addition of Mn, control
cells were added to Mn-treated media while cells isolated from the Mn cultures were incubated
in control media. To afford an accurate comparison, these cells were gathered at the same growth
phase. Following their incubation at 26°C for 6 h in a gyratory water bath, the cells were

harvested as aforementioned. The cellular fractions were isolated by centrifugation and assayed
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for select enzymatic activities. The spent fluid was removed for further analysis and the pellet
was washed with 0.85 % NaCl (10 mL). Cells were then resuspended in a cell storage buffer (pH
7.3) containing (50 mM Tris—HCI; 5 mM MgCl, and 1 mM phenylmethylsulfonylfluoride
(PMSF) and disrupted by sonication using a Brunswick Sonicator on power level 4 for 15 sec 4
times and with 5 min pauses. To obtain the cell free extracts [(CFE) soluble and membranous
fractions], cells were centrifuged for 3 h at 180,000 x g at 4 °C. Unbroken cells were initially
removed by centrifugation at 10000 x g for 20 min. The Bradford assay was performed in
triplicate to determine the protein concentration of both fractions using bovine serum albumin

(BSA) as the standard (58).

Metabolite analysis

Metabolite levels were monitored by high performance liquid chromatography (HPLC).
Soluble cell free extract (CFE) was taken immediately in order to minimize any degradation and
then boiled for 10 min to precipitate proteins before analysis. Quenching with 60% methanol
afforded similar results (56). Samples of spent fluid and CFE were injected into an Alliance
HPLC equipped with a C18 reverse-phase column (Synergi Hydro-RP; 4 um; 250 x 4.6 mm,
Phenomenex) operating at a flow rate of 0.7 mL/min at ambient temperature and Waters dual
absorbance detector were utilized as described in (56). Activity bands obtained by
electrophoresis were excised from the gel and placed in a reaction mixture containing 2 mM
substrates. After 30 min of incubation, 100 puL of the sample was removed and diluted with
Milli-Q water for HPLC analysis. Mobile phase containing 20 mM KH2PO4 (pH 2.9) was used
at a flow rate of 0.7 mL/min at ambient temperature to separate the substrates and products,
which were measured at 210 nm to detect carbonyl groups and 280 nm to identify nucleic acids.

To ensure the metabolite identity biological samples were spiked with known standards, and
39



peaks were quantified using the Empower software (Waters Corporation). In order to assess the
biotechnological potential, the whole cells (4 mg protein equivalent) collected at the same phase
of growth were incubated in 10 % glycerol (commercial and industrial, ROTHSAY biodiesel
company, Ontario, Canada) media devoid of NH4Cl for various times (0 h, 3 h, 6 h and 24 h) and
the production of KG was monitored both by HPLC and the 2, 4 dinitrophenyl hydrazine
(DNPH) assay (87). The consumption of glycerol was monitored colorimetrically as described

(61).

Spectrophotometric analysis of various enzymes and a-ketoglutarate determination assay

Spectrophotometric data for ICDH-NAD/NADP activity were achieved by incubating 0.1
mg protein equivalent of membrane or soluble CFE from control and Mn-treated cells in reaction
buffer containing (25 mM Tris-HCI, 5 mM MgCl,, pH 7.4) with 2 mM isocitrate. NAD or
NADP (0.5 mM) was utilized as the cofactor and the reaction mixtures were monitored for 3 min
for NAD(P)H production at 340 nm. Negative controls were accomplished without the substrates
or cofactors. The activity of aconitase (ACN, EC 4.2.1.3) was determined in the soluble fractions
of the CFE. Tricarballylic acid (10 mM), a citrate analogue was added to the whole cells prior to
cellular disruption to ensure the stability of this enzyme (49). The assay consisted of activity
buffer (25 mM Tris-HCI, 5 mM MgCl,, pH 7.4), 10 mM substrate (citrate) and 200 pg/mL
soluble protein. The reaction was monitored at 240 nm for the formation of cis-aconitate as
previously described. Aconitate served as the standard and specific activities were calculated.
Blanks were prepared in a similar fashion however, substrate or protein was omitted from the

mixture (49).
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The carbonyl group of ketoacids were readily measured by DNPH assay (87). Spent fluid
obtained from control and Mn-cultures at different time intervals were monitored. Absorbance
was measured at 490 nm and concentrations were calculated using a-ketoglutarate as the
standard. Following a 10-fold dilution, glycerol concentration in the spent fluid was also

assessed (61). Commercial glycerol (Sigma Aldrich (Oakville, Canada)) was the standard.

Monitoring enzymatic profiles by BN-PAGE

Blue native polyacrylamide gel electropohoresis (BN-PAGE) was accomplished as
described (54, 59, 60). Briefly, membrane and soluble fractions were isolated and prepared in a
non-denaturing buffer (50 mM Bis-Tris, 500 mM eg-aminocaproic acid, pH 7.0, 4°C) at a
concentration of 4 pg/ul. For membrane solubilisation, 10% maltoside was included in the
buffer. A 4-16% gradient gel was prepared with the Bio-Rad MiniProteanTM 2 system using 1
mm spacers to afford optimal protein separation. Sixty micrograms of proteins were loaded into
each well prior to electrophoresis under native conditions at 80 V to ensure proper stacking, then
at 300 V for proper migration through the gel. The blue cathode buffer (50 mM Tricine, 15 mM
Bis-Tris, 0.02% (w/v) Coomassie G-250 (pH 7) at 4°C) was used to aid visualize the running
front and was exchanged to a colorless cathode buffer (50 mM Tricine, 15 mM Bis-Tris, pH 7 at
4°C) when the running front was halfway through the gel. Upon completion, the gel was
equilibrated in the reaction buffer for 15-30 min. The in-gel visualization of enzyme activity was
determined by associating the formation of NAD(P)H to 0.2 mg/mL of phenazine methosulfate
(PMS) and 0.4 mg/mL of iodonitrotetrazolium (INT), or by coupling the formation of NAD(P) to
16.7 pg/mL, 2,6-dichloroindophenol (DCPIP) and 0.4 mg/mL INT. Isocitrate dehydrogenase
(NAD or NADP) was analyzed in-gel with a reaction mixture consisting of 5 mM isocitrate, 0.5

mM NAD(P), 0.2 mg/mL of PMS and 0.4 mg/mL of INT. Aspartate transaminase (AST) was
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incubated in equilibrium buffer, 5 mM KG, 5 mM aspartate, 5 units of glutamate dehydrogenase
(GDH), 0.5 mM NAD, 0.2 mg/mL PMS and 0.4 mg/mL INT (56). Glycine transaminase (GLT)
was monitored as described with the aid of lactate dehydrogenase in order to visualize glyoxylate
production (36). Glutamate dehydrogenase (GDH) was tracked using a reaction buffer with 5
mM glutamate, 0.5 mM NAD, 0.2 mg/mL PMS and 0.4 mg/mL INT. For pyruvate carboxylase
(PC) analysis, the membrane CFE was electrophoresed and was incubated with 5 mM pyruvate,
0.5 mM ATP, 0.5 mM HCOj, 10 units of malate dehydrogenase (MDH), 0.5 mM NADH, 16.7
pg/mL DCPIP and 0.4 mg/mL INT. The product oxaloacetate was traced with assistance of
MDH. Bromopyuvate was used as the inhibitor of PC (88). a-Ketoglutarate dehydrogenase
(KGDH) was monitored by using 5 mM KG, 0.5 mM CoA, 0.5 mM NAD, 0.2 mg/mL PMS and
0.4 mg/mL INT (41). Pyruvate dehydrogenase (PDH) activity was tracked with the reaction
buffer consisting of 5 mM pyruvate, 0.1 mM CoA, 0.5 mM NAD, 0.2 mg/mL PMS and 0.4
mg/mL INT (41). PEPC, PPDK and PK activities were visualized as described previously (53,
54). In this instance, the formation of oxaloacetate and pyruvate were detected with MDH and
LDH respectively. Complex IV was examined by the addition of 10 mg/mL of
diaminobenzidine, 10 mg/mL cytochrome C, and 562.5 mg/mL of sucrose (54). To ensure equal
protein loading, the gels were stained by Coomassie blue G-250. Enzymes like GDH and
complex IV that had relatively similar activities in both cultures were also utilized in order to
confirm that equal quantities of proteins were being electrophoresed. The activity of select
enzymes including ICDH-NADP(2 mM isocitrate and 0.5 NADP for 30 min), PC (2 mM
pyruvate, 0.5 ATP and 2 mM HCOs" for 30 min), PPDK (2 mM PEP and 1 mM AMP and 0.5
mM PPi) PC/AST were incubated in reaction buffer containing 2 mM glutamate, 2 mM pyruvate

and 2 mM HCO3") and the isozymes for PC were further confirmed by incubating the activity
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bands with the appropriate substrates and monitoring the products by HPLC. Inhibitors like 5
mM rotenone for complex I and 5 mM bromopyruvate for PDH and PC were utilized to confirm

the specificity of the desired enzymes.

Reactions were stopped using a destaining solution (40% methanol, 10% glacial acetic
acid) once the activity bands had reached the necessary intensity. Reactions performed without
the addition of a substrate or cofactor or inhibitor in the reaction mixture ensured specificity.

Densitometry was performed using Image J for Windows.

Pyruvate metabolism by select enzymes monitored by NMR and HPLC

To establish if indeed these enzymes were a source of oxaloacetate, pyruvate and ATP,
the activity bands attributable to these enzymes were added sequentially to the substrates and the
products were assessed. 13C-NMR analyses were accomplished using a Varian Gemini 2000
spectrometer operating at 50.31 MHz for 13C. Samples were analyzed with a 5 mm dual probe
(35u pulse, 1-s relaxation delay, 8 kilobytes of data, and 3000 scans). Chemical shifts were
confirmed by comparing to standard compounds under analogous conditions (52). The
formation of oxaloacetate was first investigated by incubating the excised band of PC from the
membrane CFE of Mn cultures for 1 h in phosphate reaction buffer containing (2 mM pyruvate
labelled 13C-3, 0.5 mM ATP, 10 mM HCOj5"). The reaction was stopped by removing the
excised gel and heating at 60 0C. Following the identification of the labelled oxaloacetate peak,
it was incubated with the excised band corresponding to the activity of PEPC and PPDK (Note:
These bands were localized at the same spot in the gel and AMP (0.5 mM) was added to this
incubation mixture). Once, the reaction was complete, the products were analysed by NMR and

HPLC. The metabolites were identified by comparing to known standards. As PC and AST
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activities located in the membrane CFE co-migrated on the gel, the activity band was excised and
incubated with 2 mM pyruvate, 0.5 mM ATP, 10 mM HCOj;™ and 2 mM glutamate for 1 h. The

formation of KG oxaloacetate and aspartate was monitored by HPLC.

Statistical analysis

Data were expressed as means + standard deviations (SD). Statistical correlations of the
data were checked for significance using the Student t test (*p < 0.05, ** p < 0.01). All

experiments were performed at least twice and in triplicate.

Results

Influence of manganese on cellular growth and metabolite profile

P. fluorescens was able to grow in a mineral medium with 10% glycerol. However, in the
cultures supplemented with Mn, there was a distinct difference in the nature and levels of
metabolites in these cultures. The spent fluid from the Mn-cultures was characterized with
prominent peaks indicative of KG and succinate (Figure. 4.1A). The inclusion of 50 uM Mn in
the growth medium elicited the production of maximal amount of KG. At least a 4-fold increase
in KG was observed compared to the controls. A marked diminution was observed at lower and
higher concentrations of Mn (Figure. 4.1B). As 50 uM Mn evoked the optimal response, this
concentration was utilized to decipher the metabolic networks responsible for the enhanced
production of the keto-acid. Although the rate of growth was slightly slower in the Mn-media, at
the stationary phase of growth the cellular yield was similar to that observed in the control
cultures (Figure. 4.1C). The concentration of KG in the spent fluid as monitored by DNPH assay
in the Mn-cultures increased with the time of incubation and was found to be maximal at

stationary phase of growth (Figure. 4.1D). There was no significant difference in the
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consumption of glycerol in these cultures. At stationary phase of growth almost 90% of this
carbon source was utilized in the control and Mn-supplemented media. The pH at stationary
phase of growth was 6.0 most likely due to secretion of KG. To elucidate the metabolic networks
responsible for this seminal observation, the select metabolite profile of the soluble CFE was
analyzed. Although peaks attributable to KG, pyruvate, isocitrate, oxaloacetate, succinate and
ATP were evident, there was a marked variation in the levels of isocitrate, oxaloacetate and
succinate in the Mn-grown cells compared to the cells obtained from the control cultures (Figure.
4.2A). This observation prompted the analysis of complex IV, an enzyme critical in energy
production via oxidative phosphorylation. There was no significant variation in the activity of
this enzyme in both cultures; the activity of complex I also did not appear to be influenced by the
presence of Mn in the medium (Figure. 4.2B). PDH, an enzyme that supplies acetyl CoA and is

inhibited by bromopyruvate was relatively similar in both cultures (Figure. 4.2C).
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Figure 4.1: Influence of Mn on KG production
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A) HPLC analyses of spent fluid in control and Mn cultures. B) KG production at different Mn
concentrations. C) Growth profile of P. fluorescens grown in 10% glycerol with 50 uM Mn. The
black curve indicates Mn cultures; the grey curve control culture. D) KG concentrations in spent
fluid at various time intervals in Mn-cultures (50 uM). (n = 3).
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Figure 4.2: Functional metabolomics and select energy-producing enzymes

A) HPLC of targeted metabolites from control and Mn-treated cells (at stationary phase of
growth). B) Enzymes involved in oxidative phosphorylation (complex I and IV). C) Pyruvate
dehydrogenase activity with and without inhibitor (Gels are representative of 3 experiments;
Ctl=control, Mn-treated).

Enzymes involved in KG homeostasis

As KG was a major metabolite generated in the presence of Mn, various enzymes
involved in the homeostasis of this ketoacid were monitored. There was a significant increase in
activities of such enzymes as ICDH-NAD as well as ICDH-NADP (Figure. 4.3A, B). In fact,
three isoenzymes of ICDH-NAD were visualized by the in-gel activity assay. These were
confirmed by incubating the appropriate sections of the gel separately in the substrates and
monitoring the products. ICDH-NADP activity band was excised and treated with the isocitrate
and NADP in order to monitor the production of KG by HPLC (Figure. 4.3C).
Spectrophotometric assays revealed at least a 2-fold increase in ICDH-NADP activity (Table
4.1). These enzymes were also monitored at different growth intervals and maximal activity was
observed at the stationary phase of growth for both ICDH-NADP/NAD (Figure. 4.3D). (Note

that the activity at the earlier periods was evident only if the gel was incubated in the substrate
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for longer time). In order to verify if indeed this increase in enzymatic activity was due to the
presence of Mn, control cells were incubated in the Mn-media and Mn-grown cells were exposed
to the control culture conditions. A reversal of ICDH activities was observed (Figure. 4.3E).
Hence, the dependence of the increased activity of this enzyme on Mn was evident. o-
Ketoglutarate dehydrogenase (KGDH), a TCA cycle enzyme involved in the decarboxylation of
KG was shown to have diminished activity in the cells harvested from the Mn-media compared
to the control cells (Figure. 4.3F). Aconitase (ACN), an enzyme referred to as the gate-keeper of

the TCA cycle was increased 2-fold in activity in the Mn-supplemented media (Table 4.1).

Table 4.1 Enzymatic activities in CFE from control and Mn- P. fluorescens at the same
growth phase as monitored by spectrophotometry.

Enzymes Control Mn
NAD*-dependent isocitrate 0.64+0.07 1.0710.11*
Dehydrogenase ?

NADP*-dependent isocitrate 0.4+0.014 0.84+0.009
Dehydrogenase?

Pyruvate carboxylase ® 0.57+0.09 1.2+0.24*
Aconitase ¢ 1110.1 22+0.5*

1 1

a _ _
pumol NAD(P)H produced min mg protein as monitored at 340 nm(n = 3 + standard
deviation).
b -1 -1
pmol NADH consumed min mg protein as monitored at 340 nm(n = 3 + standard deviation).
c -1 -1
Specific activity of aconitase (umol aconitate min mg protein as monitored at 240 nm) (n = 3

+ standard deviation).

*Denotes a statistically significant differences compared with the control (P < 0.05).
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Figure 4.3: KG homeostasis in P. fluorecens grown in 10% glycerol.

A) In-gel enzymatic activity of isocitrate dehydrogenase (ICDH-NADP), Ferritin (450 KD)
and BSA (60 KDa). B) In-gel enzymatic activity of isocitrate dehydrogenase (ICDH-
NAD). C) HPLC analysis of excised band (A) incubated in 2 mM isocitrate, 0.5 mM
NADP for 30 min. D) Time profile (h) of ICDH-NAD/NADP activities. E) In-gel activity
of ICDH-NAD/NADP when control cells were incubated in Mn-cultures and Mn-treated
cells were exposed to control media. F) In-gel KGDH activity. (Gels are representative of
3 independent experiments. Ctl = Control; Mn-treated).

The role of PC in oxaloacetate and PEP formation

For this organism to proliferate in glycerol, the 3-carbon nutrient has to be transformed
into oxaloacetate, a moiety essential for the TCA cycle and gluconeogenesis. Pyruvate
carboxylase (PC) a Mn-dependent enzyme that orchestrates the carboxylation of pyruvate into
oxaloacetate with ATP as the cofactor would be a good candidate. This enzyme was
characterized with elevated activity and two activity bands indicative of two isozymes that were

associated with the cells grown in the Mn-enriched media (Figure. 4.4A). Incubation of excised
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bands with pyruvate, HCOs’, and ATP yielded an oxaloacetate peak as revealed by HPLC. This
metabolite was further confirmed enzymatically with the aid of malate dehydrogenase and
NADH (data not shown). PC had a maximal activity at 48 h, a growth phase corresponding to the

optimal production of KG (Figure. 4.4A).

As phosphoenol pyruvate (PEP) is an important precursor to the synthesis of pyruvate,
the activity of PEPC, an enzyme responsible for the transformation of oxaloacetate to PEP was
analyzed. The activity band was more intense in the cells obtained from the Mn-supplemented
media. Furthermore, the presence of an isozyme was also detected (Figure. 4.4B). The PEP was
readily converted to pyruvate by PPDK and PK as these enzymes were associated with markedly
increased activity bands in the soluble CFE from the Mn-exposed cells compared to the control
(Figure. 4.4B). To establish if PC, PEPC and PPDK may be working in tandem, the fate of
labelled pyruvate (13C-3) and ATP was monitored. Following the formation of 13C labelled
oxaloacetate by the PC activity band, this substrate was incubated with PEPC and PPDK band in
the presence of AMP and PPi. The production of pyruvate and ATP were followed. Indeed this
metabolic module fixed CO,, produced oxaloacetate and regenerated pyruvate and ATP (Figure.
4.4C). The enhanced synthesis of oxaloacetate in the Mn-cultures propelled by PC may not only
be an important contributor to ATP production via the formation of PEP but may help transform

glutamate into KG.
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Figure 4.4: Pyruvate metabolism and ATP production

A) In-gel activity of pyruvate carboxylase (PC), activity at various time intervals and activity in
the presence of inhibitor (5 mM bromopyruvate). B) Phosphoenolpyruvate carboxylase (PEPC),
pyruvate orthophosphate dikinase (PPDK) and pyruvate kinase (PK) activity BN-PAGE. C)
HPLC and NMR analyses of excised PC activity band (membrane CFE) and PEPC/PPDK
activity band (soluble CFE) (note: oxaloacetate produced in the first reaction was incubated with
PEPC/PPDK band in the presence of AMP and PPi. (Note: NMR peak corresponding to CH2 in
oxaloacetate; ATP was monitored at time =0 a) ; then following the incubation with the PC band;
b) and after reaction with PPDK/PEPC band in the presence of AMP; c); Note: ATP data were
analysed by one-way ANOVA for the significance. Gels are representative of 3 independent
experiments. Ctl = Control; Mn-treated.
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Figure 4.5: Glutamate-metabolizing and KG —producing enzyme activities by BN-PAGE and
HPLC

A) Glutamate dehydrogenase (GDH) and densitometric reading of activity band. B) Glycine
transaminase (GLT) and densitometric reading of activity band. C) Aspartate aminotransminase
(AST) and HPLC analyses of excised band incubated with 2 mM glutamate, pyruvate and HCOj5
. Note: the formation of KG; Gels are representative of 3 independent experiments; PC and AST

bands co-migrated. Ctl = Control; Mn-treated. Densitometry was performed using Image J for
windows.

Since transaminases and GDH play a role in the homeostasis of KG, these enzymes were
monitored. AST and GLT were found to be elevated while GDH did not change significantly in
the cells isolated from the Mn-cultures (Figure. 4.5A, B, C). As the lower PC band and AST co-
migrated during the BN-PAGE, this band was excised. As it was harbouring these enzymes, its
ability to form KG from pyruvate, glutamate, ATP and HCO;™ was evaluated. Peaks indicative of

KG, oxaloacetate and aspartate were obtained (Figure. 4.5C).

Mn-treated cells and biotransformation of industrial glycerol into KG
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As the SF and CFE extract from the Mn cells were characterized by copious amounts of
K@, it was essential to assess the ability of the intact cells to produce this value-added metabolite
from glycerol. The whole cells were incubated in phosphate media devoid of a nitrogen source
and at various time intervals, cells were centrifuged and KG was monitored using DNPH. After
24 h of incubation, the intact Mn-treated microbes synthesized approximately 1.2 mM KG from
the industrial glycerol compared to 0.12 mM from the glycerol purchased from Sigma
(commercial) (Figure. 4.6A). After 24 h of incubation, the Mn whole cells consumed 90% of the
industrial starting material obtained from ROTHSAY, Canada compared to 60 % of the

commercial one (data not shown).
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Figure 4.6: KG production by intact cells and Mn- dependent metabolic engineering involved in
KG synthesis
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A) KG formed when whole cells were incubated with commercial and industrial glycerol (Note:
(60% and 90% of glycerol were consumed in the commercial (Sigma) and industrial
(ROTHSAY, Canada) respectively, SD+2.0%, n=3). B) Scheme depicting a PC-propelled
metabolic reconfiguration mediating the production of KG in P. fluorescens exposed to Mn.
(Green indicates an increase).

Discussion

The foregoing data point to the ability of P. fluorescens to produce KG from glycerol in
the presence of Mn. The metabolic re-engineering elicited by the interaction of the microbe with
Mn exposes an intriguing strategy of how microbial systems can be coached to perform a desired
commercial task. This divalent metal is involved in a variety of enzymatic reactions contributing
to the metabolism of carbohydrates, in the fixation of CO,, in anti-oxidative defence and in the
carboxylation processes (79, 89-91). Pyruvate carboxylase is a Mn-dependent enzyme and is
responsible for the addition of CO, to pyruvate with the concomitant formation of oxaloacetate.
This reaction utilizes ATP as the co-factor (92, 93). The overexpression of the PC gene in a yeast
has been shown to elicit the maximal secretion of this ketoacid when glycerol was the source of
carbon (94). In this present study the expression of the two PC isozymes appeared to play a
critical role in the enhanced production of KG observed when Mn was included in the cultures.
The activity of PC was optimal at 48h of growth, a time that corresponded with the ability of the
microbe to produce the maximal amounts of KG from glycerol. Since Mn was readily available,
it is quite likely that the presence of the divalent metal in the medium may have promoted the
expression of these isozymes. Metal-dependent proteins are intricately regulated and the
availability of the metal tends to be a critical ingredient in this process (95). As 50 uM Mn
enabled the microbe to produce the most KG, it is within the realm of possibility that this

concentration of the divalent metal may be evoking the optimal enzymatic activity. Indeed Mn is
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known to be toxic when present in elevated amounts. Depending on its concentration this
divalent metal can be either essential or a toxin (96). The decrease in activity at higher Mn

concentration may be attributed to its dose-dependent toxicity.

Oxaloacetate a key intermediate in a variety of metabolic networks may undergo
numerous transformations in order to fuel the synthesis of KG. Aspartate transaminase (AST) is
known to readily effect the conversion of glutamate and oxaloacetate into KG and aspartate (51).
The activity of this enzyme was elevated in the cells harvested from the Mn-supplemented
cultures. These two enzymes (PC/AST) co-migrated in the gel and the excised activity band
yielded KG upon incubation with pyruvate, HCO; and glutamate. This molecular arrangement
would permit the funnelling of oxaloacetate to the production of KG. Indeed, the transient
assemblage of enzymes dedicated to the synthesis of a desired product is a common biochemical
phenomenon that facilitates the production of a select metabolite. Recently it was shown that the
close proximity of citrate lyase, PEPC and PPDK allowed the survival of P. fluorescens
challenged by nitrosative stress. This partnership among the enzymes enabled the production of
ATP in an O;-independent manner as oxidative phosphorylation was ineffective (54). In this
instance the shuttling of PC-generated oxaloacetate towards the proximal AST would ensure the
efficacy in the production of KG. The enhanced activity of glycine transaminase (GLT) observed
in the Mn cultures, would also add to KG budget. Oxaloacetate is also a critical precursor of
citrate synthesis, a reaction that is aided by a constant supply of acetyl CoA. Pyruvate
dehydrogenase (PDH) activity was prominent in the Mn-treated cells as was the activity of
aconitase (ACN). However, the enzymes mediating the decarboxylation of isocitrate into KG, a
metabolite with numerous biological functions (97) were sharply enhanced in the Mn-enriched
cultures. Indeed, both ICDHs, the NAD and NADP dependent were markedly elevated. The
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ICDH-NAD dependent was evident as three isozymes. The overexpression of this enzyme in
microbial systems has been utilized to promote the synthesis of KG from glycerol (54). The
diminished activity of KGDH may be also contributing to the accumulation of KG, an enzyme
with diminished activity in the cells harvested from the Mn-cultures. The enhanced activity of
ICDH coupled with the concomitant diminution in the activity of KGDH may be an important

stratagem this microbe may be resorting to in order to accumulate KG.

The enhanced activity of PC may not only be a source of the crucial oxaloacetate but may
be also aiding in fulfilling the need for ATP. In this study, complex IV that mediates the final
electron transfer step during ATP production by oxidative phosphorylation did not appear to be
significantly affected. However, the demand for ATP by PC may have compelled the microbe to
complement its energy-generating machinery by activating the substrate-level phosphorylation
pathway. As oxaloacetate was abundantly being supplied by the overexpression of the Mn-
dependent PC, the microorganism was readily tapping this ketoacid into the formation of the
high-energy, PEP. This conversion catalyzed by PEPC is quite energy efficient as it necessitates
inorganic phosphate (Pi) as the co-factor. The subsequent decarboxylation of oxaloacetate yields
PEP that can be readily fixed into ATP in the presence of either ADP or AMP; pyruvate is
produced as a consequence of this reaction. PPDK that uses AMP as the nucleotide was elevated
in the cells isolated from the Mn cultures. This enzyme is known to provide organisms an
adaptive advantage to survive conditions where oxidative phosphorylation is compromised due
to oxidative stress, lack of oxygen, deficiency in iron or assault by macrophages (54, 56, 98). In
this instance, other than augmenting the energy budget of the microbe, this metabolic network

may also be contributing to pyruvate homeostasis, a pivotal feature in the Mn-induced KG
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accumulation in P. fluorescens. This ketoacid fuels the fixation of CO,; into oxaloacetate by PC,

an enzyme whose expression and activity are responsive to Mn (61, 92, 99).

The seminal experiments with the membrane localized PC and the soluble cellular
component with PEPC and PPDK where oxaloacetate, and ATP were produced provided
compelling evidence that these enzymes may be working in tandem. Furthermore the
regeneration of the initial 13C-3 labelled pyruvate vividly illustrates that this organism may be
utilizing this metabolic network not only to produce oxaloacetate but also to synthesize ATP. It
is also within the realm of possibility to argue for the notion that Mn has compelled P.
fluorescens to fix CO, in the presence of glycerol to fulfill its energy and metabolic needs. By
invoking this process, the organism has abundant access to oxaloacetate and ATP. The former
can be readily transaminated in order to produce KG and converted to citrate, a critical precursor
to KG via isocitrate. Since one of the objectives of this investigation was to generate value-
added products from glycerol, a waste from the biodiesel industry, the ability of intact cells to
transform this trihydroxy alcohol into KG was evaluated. The maximal KG was obtained after 24
h of incubation and industrial glycerol yielded more ketoacid compared to the commercial
variety. Although further investigation needs to be undertaken in order to unravel the commercial
application of these findings, it is not unlikely that the composition of these starting materials
may be the contributing factor. Manganese supplementation provides a relatively facile
operation aimed at triggering a plethora of metabolic networks dedicated to the production of

KG.

In conclusion, this work reveals the significance of abiotic change in modulating
biochemical behaviour. The presence of Mn has a profound influence on glycerol metabolism

leading to the accumulation of KG. The overexpression in the activities of such Mn-requiring
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enzymes as PC, PPDK and PEPC provides an effective route to oxaloacetate and ATP. The
former was an important source of KG, a value-added product that was made easily accessible
due the enhanced activities of transaminases and ICDH (Figure. 4.6B). The metabolic shift
prompted by Mn presents a relatively facile stratagem to program microbes to execute
assignments of economic importance. These metabolic networks evoked by Mn provide a
relatively inexpensive means of synthesizing KG from glycerol. This is the first demonstration of
a metabolic reprogramming involving the synthesis of oxaloacetate, acetyl CoA and ATP, three
ingredients propelling the enhanced production of KG from industrial glycerol. Optimization of
these biochemical processes has the potential of yielding biofactories that may assist the

biodiesel industry to be more profitable and environmentally neutral.

Acknowledgment

This study was funded by Laurentian University and the Northern Ontario Heritage
Fund. Azhar Alhasawi is a recipient of funding from the Ministry of Higher Education of Saudi

Arabia.

Conflict of Interest

All authors declare that they have no conflict of interest.

58



5. Chapter 5: The role y-aminobutyric acid (GABA) and

Succinate Semialdehyde in o Ketoglutarate (KG) production

a Ketoglutarate (KG) is a crucial keto-acid due to its participation in a plethora of
biological activities. It is involved in protein synthesis, immune response, anti-oxidative defence,
collagen formation and energy production. While clinically, KG is utilized in wound healing, to
treat chronic kidney deficiency and to decrease uraemia, this metabolite can also be processed
into heterocyclic compounds, dietary supplements and succinate. Hence, it is critical to uncover
effective and environmentally neutral processes to commercially synthesize KG. Glycerol, a
waste by-product from the biodiesel industry has been utilized to enhance the production of KG

in Pseudomonas fluorescens in the presence of manganese.

In this Chapter an intriguing metabolic pathway orchestrated by GABA and succinate
semialdehyde that fuels the formation of KG from glycerol has been unraveled. The homeostasis
of succinate a key precursor in the biosynthesis of succinate semialdehyde is described. The
production of this dicarboxylic acid is mediated by increased activity of isocitrate lyase (ICL)
and fumarate reductase (FRD). Succinate is converted to succinate semialdehyde by succinate
semialdehyde dehydrogenase (SSADH). The succinate semialdehyde budget is also
supplemented by GABA via GABA transaminases (GABAT). The carboxylation of succinate
semialdehyde by a ketoglutarate decarboxylase (KDC) results in the copious secretion of KG,

the final product
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This seminal observation whereby GABA fuels the synthesis of KG extends the
repertoire of metabolic networks contributing to the formation of this ketoacid from glycerol and

provides a microbially-assisted technology to improve the efficacy of the biodiesel industry.
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Abstract:

Glycerol is an important by-product of the biodiesel industry and its transformation into
value-added products is being actively pursued in order to improve the efficacy of this renewable
energy sector. Here we report that the enhanced production of a-ketoglutarate (KG) effected by
Pseudomonas fluorescens in a mineral medium supplemented with manganese (Mn) is propelled
by the increased activities of GABA transaminase, succinate semialdehyde dehydrogenase
(SSADH) and isocitrate lyase (ICL). The latter generates glyoxylate and succinate to key
metabolites involved in this process. Fumarate reductase (FRD) also aids in augmenting the pool
of succinate, a precursor of succinate semialdehyde (SSA). The latter is then carboxylated to KG
with the assistance of a ketoglutarate decarboxylase (KDC). These enzymes work in tandem to
ensure a copious secretion of the keto-acid. When incubated with glycerol in the presence of
bicarbonate, cell-free extracts readily produce KG with a metabolite finger print attributed to
glutamate, GABA, succinate and succinate semialdehyde. Further targeted metabolomic and
functional proteomic studies with HPLC, NMR and gel electrophoresis techniques provided
molecular insights into this KG-generating machinery. This the first report of a metabolic
network where dopamine transaminase and SSADH orchestrate the enhanced production of KG
from glycerol. It affords a biochemical process that can be harnessed to improve the efficiency of

the biodiesel industry.

Key Words: GABA, Succinate semialdehyde, a-ketoglutarate, biofuel, enzymes, metabolic

engineering
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Introduction

The ability of microbial systems to transform chemical wastes and renewable biomass
into value-added products has been widely exploited industrially. Citrate and glutamate are two
common metabolites that are synthesized with the aid of microbes. The manipulation of
metabolic networks is key if these industrial processes are to be efficient. Genetic modification
and abiotic modulation are central to the strategy aimed at reconfiguring metabolic modules
designed to efficaciously obtain a desired product. a Ketoglutarate (KG) is a keto-acid of
immense commercial interest due to its wide-ranging applications. Apart from being a pivotal
chemical ingredient that participates in a variety of biological processes including protein
synthesis, immune response, and anti-oxidative defence, it is also utilized clinically in wound
healing, to treat chronic kidney deficiency and to decrease uraemia (100-102). This keto-acid is

found in food flavouring, in cosmetics and as a nutritional supplement.

The chemical synthesis of this keto-acid requires the participation of toxic ingredients
and leads to the formation of undesirable products. For instance, it can be obtained from succinic
acid and oxalic acid diethyl esters using cyanohydrines or by hydrolysis of acyl cyanide (103).
These multi-step synthetic methods have a lot of drawbacks due tothe use of hazardous
chemicals such as cyanides and the generation of toxic wastes. Biotechnology offers a cleaner
and more selective route to synthesize KG. Recently, the ability of the nutritionally-versatile
Pseudomonas fluorescens to produce copious amount of KG from glycerol in the presence of the
micronutrient, Mn was reported (104). This affords a facile means to reprogram metabolic
pathways compared to the procedures involving genetic transformation. The key participants in

conversion of glycerol to KG are isocitrate dehydrogenase (ICDH-NAD(P)) and pyruvate
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carboxylase (PC). The overexpression of these two genes in numerous organisms have been
routinely utilized to mediate the conversion of glycerol to KG. PC mediates the carboxylation of
pyruvate into oxaloacetate, a precursor of citrate. ICDH then generates KG through the reductive
decarboxylation of isocitrate. In an effort to assess if any other metabolic networks are
contributing to the enhanced production of KG in the Mn-supplemented cultures, a targeted
metabolomic and functional proteomic study was undertaken to identify the metabolites and
enzymes that orchestrate the formation of this keto-acid. Mn is known to be required for
numerous enzymes to function effectively and can easily substitute for magnesium in

biomolecules that depend on this divalent metal for optimal activity (79).

In this report we demonstrate the ability of P. fluorescens to invoke an alternative
network to produce KG from glycerol. Isocitrate lyase (ICL), succinate semialdehyde
dehydrogenase (SSADH), fumarate reductase (FRD) and a-ketoglutarate decarboxylase (KDC)
appear to be the critical contributors to this KG-generating pathway. The pool of succinate that is
supplemented by FRD and ICL is readily processed into succinate semialdehyde. KDC
subsequently interacts with HCO3;™ and SSA to produce KG. The significance of intact cells to
secrete KG and the overexpression of genes responsible for this Mn-evoked metabolic

engineering are discussed.

Materials and Methods:

Microbial growth conditions and cellular fractionation

Pseudomonas fluorescens (ATCC 13525), obtained from the American Type Culture

Collection, was grown and maintained in a mineral medium comprising Na,HPOj4 (6 g), KH,PO4
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(3 g), NH4CI (0.8 g), MgS04.7H,0 (0.2 g) per liter of deionized water. Trace elements (1 mL)
were added as well in concentrations as described previously (55). The pH was adjusted using 2
N NaOH to 6.8. Glycerol (10% v/v: 1.37 M) from Sigma Aldrich (Oakville, Canada) was added
to the medium as the sole source of carbon. This glycerol media was dispensed in 200 mL
aliquots in 500 mL Erlenmeyer flasks and inoculated with 1 mL of stationary phase mL of (450
ug protein equivalent) of the control Pseudomonas fluorescens culture. The 50 uM Mn
supplemented media was used for comparison with control. The cultures were then aerated on a
gyratory water bath shaker (model G76, New Brunswick Scientific) at 26°C and 140 rpm. The
bacterial cells were isolated by centrifugation at stationary growth phases (40 h for control and
48 h for Mn-treated) and then re-suspended in a cell storage buffer (CSB) consisting of 50 mM
Tris-HCIL, 5 mM MgCl,, 1 mM phenylmethylsulfonylfluoride PMSF (pH 7.3). The cells were
lysed by sonication using a Brunswick Sonicator on power level 4 for 15 sec, 4 times and with 5
minutes intervals in between. In order to obtain the cell free extracts [(CFE) soluble and
membranous fractions], the cells were centrifuged for 3 h at 180,000xg at 4°C. The unbroken
cells were initially removed by centrifugation at 10,000xg for 20 min. The Bradford assay was
performed in triplicate to determine the protein concentration of both fractions using bovine
serum albumin (BSA) as the standard (58). Additionally, the cells were harvested at different
time intervals by centrifugation at 10,000xg for 20 min. The bacterial pellets were treated with 1
mL of 1 N NaOH and the biomass was measured with the aid of the Bradford assay. All
comparative studies were performed with cells at the same growth phases i.e. 40 h for the
controls and 48 h for the Mn-treated cells (104). In order to confirm if the metabolic changes
were indeed induced by the addition of Mn, control cells were added to Mn-treated media while

cells isolated from the Mn cultures were incubated in control media and re-evaluated. To afford
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an accurate comparison, these cells were gathered at the same growth phase and following their
incubation at 26 °C for 6 h in a gyratory water bath, the cells were harvested as previously

mentioned (32).

Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) and two-dimensional (2D)

SDS-PAGE

BN- PAGE was utilized to assess the activities of various enzymes involved in the
production of KG. To verify optimal protein separation, 4-16% linear gradient gels were cast
with the Bio-Rad MiniProteanTM2 (Hercules, CA) systems using 1 mm spacers. Sixty
micrograms of soluble cell-free extract protein were loaded into the wells and the gels were
electrophoresed under native conditions (50 mM e-aminocaproic acid, 15 Bis-Tris, pH 7.0, 4°C)
at a final concentration of 4 mg of protein per ml. The membrane proteins were set in a similar
preparation except 1% (v/v) b-dodecyl-D-maltoside was added to the preparation to assist in the
solubilisation of the membrane-bound proteins. Blue cathode buffer [SO mM Tricine,15 mM,
Bis-Tris, 0.02% (w/v) Coomassie G-250 (pH 7)] was replaced with a colourless cathode buffer
[50 mM Tricine, 15 mM Bis-Tris, (pH 7)] at 4°C when the running front was half-way through
the resolving gel. The in-gel visualization of enzyme activity was carried out with the utilization
of formazan precipitation. The gels were incubated in a reaction mixture containing equilibration
buffer, 5 mM substrate, 0. 5 mM cofactor with 0.2 mg/ mL of phenazine methosulfate (PMS) or
DCPIP and 0.4 mg/ mL of iodonitrotetrazolium (INT). succinate semialdehyde dehydrogenase
(SSADH) activity was visualized using reaction buffer with 5 mM succinate, NAD(P)H and
confirmed with referees reaction using 5 mM succinate semialdehyde, 0.5 NAD(P)

(105). Fumarate reductase (FRD) activity was also monitored in the gel using reaction buffer
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containing (5 mM fumarate, 0.5 mM NADH) (57). Isocitrate lyase (ICL) activity was detected
as described (54). The activity of a-ketoglutarate decarboxylase (KDC) was visualized by
utilizing enzyme-coupled assays as described (60). This was confirmed with lead nitrate as well
as the shift reagent (106). GABA aminotransminases (GABAT) activities were visualized by
using (5 mM GABA, 5 mM KG, pyruvate or oxaloacetate) (107-109). Reactions were stopped
using destaining solution (40% methanol, 10% glacial acetic acid) once the activity bands
reached their desired intensity. To ensure equal loading, control CFE and stressed CFE were
electrophoresed and stained with Coomassie blue. As a control, the activity of glutamate
dehydrogenase (GDH), an enzyme known not to appear to change significantly, was also probed
as described (104). The activity of isocitrate lyase (ICL), fumarate reductase (FRD), succinate
semialdehyde dehydrogenase (SSADH) as well as ketoglutarate decarboxylase (KDC) were
further confirmed by incubating the activity bands with the appropriate substrates and monitoring
the products by HPLC. Inhibitors like 5 mM sodium arsenite were used for SSADH and 4 mM
malonate used to inhibit (ICL) activity (52, 110, 111). Also, the control reaction was verified by
substituting succinate or NADH in (SSADH) activity. Reactions were stopped using a destaining
solution (40% methanol, 10% glacial acetic acid) when the activity bands had gotten the required
intensity. Reactions performed without the addition of a substrate or cofactor or inhibitor in the

reaction mixture ensured specificity. Densitometry was done using Image J for Windows.

The activity of select enzymes were verified by spectrophotometric studies. Malate
dehydrogenase (MDH) (2 mM malate and 0.5 NAD), a-ketoglutarate dehydrogenase (aKGDH)
(2 mM KG, 0.5 NAD), and succinate semialdehyde dehydrogenase (SSADH) (2 mM succinate,
0.5 mM NADH) were monitored at 340 nm. (5,5-dithio-bis-(2-nitrobenzoic acid) was utilized to
analyze succinyl-CoA synthetase (Williams et al., 1998). The reaction mixture contained 2 mM
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succinate, 1 mM ATP, 0.1 mM CoA in 25 mM Tris-HCIL, 5 mM MgCl, buffer (pH 7.3).The
decrease in absorbance due to consumption of CoA by DTNB ion was monitored at 10 sec

intervals for 10 min at 412 nm (e= 13.6 mM'ecm™) (41, 112).

In-cell Western assays were modified from the Odyssey® Infrared Imaging System
protocol document (Li-cor doc# 988-08599). Briefly, P. fluorescens were grown in control and
Mn treated cells. Subsequently, the proteins were measured to ensure that they had equal protein
loaded. The cells were seeded in 96-well plates and then the cells were then fixed with 37%
formaldehyde for 20 min at room temperature. Upon removing the fixing solution, the cells were
washed thrice with phosphate buffered saline (PBS) [136.8 mM NacCl, 2.5 mM KCI, 1.83 mM
Na,HPOy4, and 0.43 mM KH,PO,4 at pH 7.4]. The PBS was then removed and the cells were
soaked with PBS containing 0.1% tween-20. Odyssey® blocking buffer was used as the blocking
agent for 30 min. Primary antibody incubations occurred over a 1 h period with gentle shaking.
Mouse monoclonal anti-SSADH (Gibson) was diluted to a concentration of 1:200 in blocking
buffer. Secondary antibodies consisted of donkey anti-mouse IR 680 (Li-cor; red) was diluted to
1:1000. The cells were probed with secondary antibodies only to account for any unspecific

binding and to further confirm the loading of equal amount of cells (54).

Metabolite analysis

Metabolite levels were examined by high performance liquid chromatography (HPLC) in
which soluble cell free extract (CFE) was taken promptly in order to reduce any degradation
products and then boiled for 10 min to precipitate proteins prior to analysis. Quenching with 60%
methanol afforded similar results (56). Samples of soluble CFE were injected into an Alliance

HPLC equipped with a C18 reverse-phase column (Synergi Hydro-RP; 4 um; 250 x 4.6 mm,
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Phenomenex) operating at a flow rate of 0.7 mL/min at ambient temperature. A Waters dual
absorbance detector was used as described in (113). Activity bands gained by electrophoresis
were excised from the gel and placed in a reaction mixture containing 2 mM substrates. After 30
min of incubation, 100 pL of the sample was removed and diluted with Milli-Q water for HPLC
analysis. Mobile phase containing 20 mM KH,PO4 (pH 2.9) was used at a flow rate of 0.7
mL/min at ambient temperature to separate the substrates and products, which were measured at
210 nm to detect carbonyl groups. To confirm the metabolite identity biological samples were
spiked with known standards, and peaks were quantified using the Empower software (Waters
Corporation). Also, to confirm that glycerol was being converted to KG, 4 mg of intact cells
harvested from the Mn-supplemented cultures were incubated with 10% glycerol, 10 mM NH4CI
and 10 mM HCOs'. The cells were stopped after 2 h and 24 h by heating. Then, the metabolites
were analysed by HPLC. To identify the metabolic pathway involved in KG synthesis the
membrane CFE was reacted with glyoxylate, GABA, and HCOs5' in the presence sodium azide.

Similar experiments were performed with fumarate, HCO;", and NADH as substrates.

NMR studies

To establish if indeed these enzymes were a source of succinate semi aldehyde and o-
ketoglutarate, the activity bands attributable to these enzymes were incubated sequentially to the
substrates and the products were assessed. 13C-NMR analyses were achieved using a Varian
Gemini 2000 spectrometer operating at 50.31 MHz for 13C. Samples were analyzed with a 5 mm
dual probe (35u pulse, 1-s relaxation delay, 8 kilobytes of data, and 3000 scans). Chemical shifts
were established by comparing to standard compounds under equivalent conditions (52). The

formation of succinate semi aldehyde was first examined by incubating the excised band of
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SSDAH from the membrane CFE of Mn cultures for 1 h in phosphate reaction buffer containing
(2 mM succinate labelled 13C-1, 4 and NADH). The reaction was stopped by eliminating the
excised gel and heating at 60 °C. Once, the reaction was done, the products were examined by
NMR. Once, the reaction was done, the products were examined by NMR. CFE was incubated
with 2 mM GABA, 2 mM glyoxylate and labelled H’CO5". The presence of carboxylation of

SSA into KG were monitored.

Statistical analysis

Data were expressed as means + standard deviations (SD). Statistical correlations of the
data were tested for significance using the Student t test (*p < 0.05, ** p < 0.01) and all

experiments were performed in triplicate in biological duplicate.

Results

When Pseudomonas fluorescens is cultured in glycerol medium with Mn (50 uM), the
microbe secretes copious amount of a-KG compared to the control cells at stationary phase of
growth (104). The soluble CFE isolated at the same growth phase had more metabolites in the
Mn-supplemented bacteria attributable to glyoxylate, succinate semialdehyde, GABA, 4-
hydroxybutyrate and succinate. Oxaloacetate levels were relatively similar (Figure 5.1). The
succinate was increased approximately two fold while GABA was nearly nine fold higher
compared to the control CFE. As succinate levels were markedly higher, this prompted us to
evaluate how the homeostasis of this dicarboxylic acid was maintained and whether it was

utilized in the biogenesis of KG, a metabolite in the spent fluid.
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Figure 5.1: HPLC of metabolic profiles from control and Mn-treated cells (at stationary phase of
growth). Data is representative of 3 experiments; Ctl=control, Mn-treated). *Denotes a
statistically significant differences compared with the control (P < 0.05) and**Denotes the
differences (P < 0.01).

The presence a glyoxylate peak in the CFE pointed to isocitrate lyase (ICL) as a possible
enzyme involved in this process. Indeed in the Mn-treated cells, the activity band indicative of
this enzyme was intense. No ICL activity band in the control cells was discerned after an
incubation period of 30 min (Figure. 5.2A). The enzyme was inhibited by malonate. When the
ICL activity band was excised and treated with the isocitrate, peaks attributed to glyoxylate and
succinate were observed by HPLC (Figure. 5.2B). In order to prove if indeed this increase in
enzymatic activity was due to the presence of Mn in the medium, control cells were incubated in
the Mn-media and Mn-grown cells were exposed to the control culture conditions. A reversal of

ICL activity was detected (Figure. 5.2C).
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Figure 5.2: Succinate generating isocitrate lyase.

A) In-gel enzymatic activity of isocitrate lyase (ICL), Ferritin (450 KD) and BSA (66 KDa) and
with inhibitor (4 mM malonate). B) HPLC analysis of Mn excised band (A) incubated in 2 mM
isocitrate, 0.5 mM NAD for 30 min. Grey color: 0 min; Black color: 30 min. C) In-gel activity of
ICL when control cells were incubated in Mn-cultures and Mn-treated cells were exposed to
control media (Gels are representative of 3 independent experiments. Ctl = Control; Mn-treated;
ICL activity band was observed in the control after extended incubation periods).

Fumarate reductase (FRD) is another enzyme that can contribute to the succinate
budget. While the fumarase (FUM) was down in Mn-treated cells, the activity of FRD that
mediates the conversion of fumarate into succinate with concomitant oxidation of NADH was
elevated in the Mn-supplemented cultures (Figure. 5.3A, B). The maximal activity was observed
at stationary phase of growth (Figure. 5.3C). The activity band attributable to FRD generated a
succinate peak when incubated with fumarate and NADH (Figure. 5.3A). The synthesis of this
dicarboxylic acid via KGDH did not appear to play a major role in the increased succinate

observed in the cell free extracts of the Mn-supplemented cells as this enzyme was markedly
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diminished (Table 5.1). Also, succinyl CoA synthetase was markedly reduced in the Mn-treated

cells (Table 5.1).
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Figure 5.3: Fumarate metabolizing enzymes.

A) In-gel activity of fumarase (FUM). B) Fumarase reductase (FRD) activity BN-PAGE and
densitometric reading of activity band. C) In-gel activity of FRD when control cells were
incubated in Mn-cultures and Mn-treated cells were exposed to control media and activity at
various time intervals with densitometric values. D) Succinate analysis by HPLC of control and
Mn excised band (B) from incubated in 2 mM fumarate, 0.5 mM NADH for 1 h. Gels are
representative of 3 independent experiments. Ctl = Control; Mn=Mn-treated.
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Table 5.1 Enzymatic activities in the CFE from control and Mn-treated P. fluorescens at
the same growth phase as monitored by spectrophotometry.

Enzymes Control Mn

Malate dehydrogenase (MDH) 2 0.32+0.07 0.22 +0.09
a-Ketoglutarate dehydrogenase 0.51+0.14 0.44+0.03
(aKGDH)®

Succinate semialdehyde 0.45+0.19 1.58+0.33*
dehydrogenase®

Succinyl-CoA synthetase® 0.12+ 0.04 0.025+0.01"

a -1 -1
umol NAD(P)H produced min mg protein as monitored at 340 nm(n = 3 + standard deviation).
b -1 -1

pmol NADH consumed min mg protein as monitored at 340 nm(n = 3 + standard deviation).
C a0

Activity of succinyl-CoA by the consumption of CoA A412(e=13.6 mM ecm ) (n =3 + standard deviation).
*Denotes a statistically significant differences compared with the control (P < 0.05).

Succinate metabolism and KG synthesis

Succinate can be consumed via succinate semialdehyde dehydrogenase (SSADH) and
succinate dehydrogenase (SDH). The former converts succinate into succinate semialdehyde in
the presence of NADH or NADPH. This enzyme was found to be elevated in the cells grown in
the presence of Mn (Figure 5.4A). Excised activity bands readily generated succinate when
incubated with succinate semialdehyde and NAD or NADP (Figure 5.4B). Sodium arsenite
inhibited the activity of SSADH (110). The influence of Mn on this enzyme was demonstrated
by subjecting the Mn-treated cells to a control medium and the control cells to a Mn-
supplemented medium. In this instance a reversal of SSADH activity was observed (Figure.
5.4C). It had a maximal activity at 48 h of growth, an incubation period coinciding with the
optimal secretion of KG (104) (Figure. 5.4C). In cell Western blot assays indicated an

overexpression of this protein in cells harvested from the Mn-supplemented cultures compared to
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the controls (Figure. 5.4D). The ability of the SSADH to produce succinate semialdehyde was
confirmed by *CNMR spectroscopy when the activity band incubated with labelled succinate

BC-1, 4. The peaks indicative of aldehyde and carboxylic groups were detected (Figure. 5.4F).
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Figure 5.4: Analyses of Succinate aldehyde dehydrogenase (SSADH).

A) In-gel enzymatic activity of succinate semialdehyde dehydrogenase (SSADH) dependent
NADH and NADPH. B) HPLC analysis of succinate production of SSADH activity band
incubated in 2 mM succinate semialdehyde and 0.5 mM NAD after 1 h. C) Activity of the
SSADH, with inhibitor (5 mM sodium arsenite) and without cofactor NADH as negative control
; at various time intervals; D) In cell western blots with SSADH antibody (Note: the control and
Mn-treated CFE were exposed to secondary antibody only in order to account for any unspecific
binding and to further confirm equal loading; no change in the intensity was observed (data not
shown). F) °C NMR chromatogram of SSADH excised band incubated in 1, 4 labelled succinate
with NADH after 1 h (Note the aldehyde peak at 205 ppm). Gels are representative of 3
independent experiments; Ctl = Control; Mn-treated. Densitometry was performed using Image J
for windows.

The presence of GABA in the CFE prompted the assessment of enzymes contributing to
the SSA homeostasis. GABA aminotransaminase (GABAT) can mediate the conversion of this

ketoacids into the corresponding amino-acids and SSA. Activity bands corresponding to the
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transaminases converting GABA into SSA in presence of glyoxylate, pyruvate and KG were
identified (Figure 5.5A). The formation of KG from glutamate and SSA that is effected by
GABA-glutamate transaminase was also evident (Figure. 5.5B). HPLC experiments with the
excised bands helped established the substrate-specificity of these enzymes (Figure 5.5B).
Succinate semialdehyde can be converted into KG by the a-ketoglutarate decarboxylase (KDC),
a biochemical transformation that necessitates the requirement of HCO;™ (Figure. 5.5C). The
activity band corresponding to this enzyme was detected in the membrane CFE by both formazan
and lead carbonate precipitation. The latter detects the decarboxylation reaction while the former
helps visualize the formation of SSA with INT. Also, the KDC excised band was confirmed by
incubating the enzyme with KG and succinate semialdehyde production was analysed (Figure
5.5D). This enzyme was also verified by 1D BN-PAGE followed by 2D SDS. The molecular

mass of 56 KDa corresponded to that reported in the literature (Figure. 5.5F) (114).
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Figure 5.5: GABAT and succinate semialdehyde synthesis.
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A) In-gel activity of GABAT; metabolite analysis following the incubation of GABA and
pyruvate with excised band; B) In-gel activity of GABAT; product formation following the
incubation of the excised band with GABA and KG. C) a- ketoglutarate decarboxylase (KDC)
activity by lead nitrate precipitation. D) HPLC analyses of succinate semialdehyde production
from KDC excised band incubated in 5 mM of KG after 1 h. F) 2D SDS gel of native KDC with
blue Coomassie staining after 1D BN PAGE; (M: Molecular Mass KDa).

Identification of metabolic pathways: °C NMR and HPLC analyses of CFE and intact

cells.

As numerous enzymes that participated in the synthesis of various metabolites
leading to the production of KG were identified by BN-PAGE, it became critical to evaluate if
the intact cells and/or CFE would generate metabolic fingerprint of this biochemical pathway.
The incubation of the intact cells with glycerol, HCO; and NH4Cl yielded pyruvate,
oxaloacetate, succinate, GABA, SSA, and KG peaks (Figure 5.6A). The membrane CFE
revealed the presence of KG, oxaloacetate, SSA, and succinate in presence of fumarate, NADH
and HCO; (Figure 6B). Also, when membrane CFE was subjected to GABA, glycine and HCOs’,
SSA, glyoxylate and KG were produced after 1 h of incubation (Figure. 5.6C). When subjected
to labelled H">COs, glyoxylate and GABA, a characteristic peak at 164 ppm corresponding to 1-
carboxylic group of KG was evident (Figure. 5.6D). The keto-acid was further confirmed by
HPLC and DNPH assay. To limit the consumption of substrates via oxidation phosphorylation,

these experiments were performed in the presence of sodium azide (5 mM).
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Figure 5.6: Experiments with intact cells and CFE.

A) HPLC analysis of metabolites when intact cells were incubated with glycerol and NH4 Cl. B)
Membrane CFE upon incubation with fumarate HCO;. C) GABA and glyoxylate. D) GABA,
glyoxylate and labelled HCO:s.

Discussion

The data in this study point to a pivotal role of succinate and SSA in the enhanced
production of KG triggered by the micro-nutrient Mn when P. fluorescens is grown in a mineral
medium with glycerol as the sole carbon source. The biosynthesis of KG from glycerol via the
reductive decarboxylation of isocitrate, a reaction mediated by the enzyme ICDH (NAD/NADP)
has been reported in numerous microbial systems (94). In this instance, pyruvate carboxylase
(PC) provides oxaloacetate, the precursor that fuels this metabolic process. Insertion of multiple

copies of genes harbouring these two enzymes in the yeast, Yarrowia lipolytica resulted in 19%
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increase in the synthesis of KG. In P. fluorescens, the presence of Mn triggered a 5-fold
augmentation in KG formation again propelled by PC and ICDH (104). The activity of aconitase
(ACN) that underwent a 2-fold increase would help replenish isocitrate, a key ingredient in this

metabolic network (115).

Although ICDH and PC are critical in the conversion of glycerol into KG, the current
investigation reveals that succinate, GABA and succinate semialdehyde are also key
intermediates orchestrating the production of the keto-acid. The overexpression of ICL and FRD
contributes to the increased formation of succinate observed in the Mn-supplemented cultures.
The former produces succinate following the cleavage of isocitrate while the latter adds to the
budget of the dicarboxylic acid through its interaction with fumarate and NADH (57, 60). The
glyoxylate liberated when ICL reacts with isocitrate can be a source of malate that can be
transformed into fumarate. FRD- fuelled production of succinate is a common strategy invoked
by numerous organisms dedicated to the secretion of this moiety (60). It is important to note that
ICL activity was barely evident in the control cultures and did not appear to be linked to malate
synthetase ( MS) as part of the glyoxylate shunt. When confronted by aluminum (Al) toxicity, P.
fluorescens has been reported to overexpress ICL aimed at increasing the synthesis of oxalate, a
metabolite known to sequester Al (32, 85, 116). Hence, it is within the realm of possibility that
this microbe utilizes ICL and FRD in tandem to enhance the formation of succinate, a metabolite

that is then channelled toward the synthesis of KG.

The presence of peaks in the HPLC chromatograph characteristic of SSA and GABA
would argue for the involvement of these moieties in the metabolic network mediating the
enhanced production of KG. SSADH and GABA transaminases are known to participate in the

formation of SSA. These enzymatic activities were markedly elevated in the Mn-cultures. The
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transamination of glyoxylate, pyruvate and oxaloacetate in the presence of GABA liberates SSA
and the corresponding amino acids. SSADH reduces succinate with the aid of either NADH or
NADPH. These two enzymes participate in GABA metabolism in most organisms (107, 117).
The amino-carboxylic acid that is a well-documented signalling molecule is also secreted during
abiotic stress in plants and bacteria. It is involved in wound healing in plants while in microbes
GABA contributes to acid tolerance (118-121). The SSA generated by the concerted action of
SSADH and GABA-transaminases can readily fuel the synthesis of KG, a process mediated by
either KDC or GABA-glutamate transaminase. These enzymes were indeed elevated in the
cultures with added Mn. The carboxylation of SSA by KDC coupled with its transamination
propelled by glutamate would provide an effective pathway to KG with the concomitant
formation of GABA. The later can become an ideal target of other GABA-transaminases in order
to replenish the pool of SSA. KDC occurs in numerous microbes where various modified TCA
cycle are operative (114, 122). KDC has a similar E1 component like KGDH but does not
require any cofactors like Co-enzyme A and NAD. It can decarboxylate KG to SSA and add
HCOj; to SSA to generate KG (114). GABA-glutamate transaminase is a critical enzyme
involved in modulating the homeostasis of GABA. Following its signalling role, GABA is
eliminated with assistance of this enzyme (120, 125, 126). In this instance, it may contribute to
enhanced KG formation. The data with the intact cells incubated with either glycerol in the
presence of HCOs™ and NH;" would argue for such a possibility. Owing to the ability of Mn to
participate directly in numerous enzymatic reactions and /or to substitute metals like Mg in a
variety of proteins, it is not unlikely that the abundance of this micro-nutrient may be triggering
this metabolic reprogramming dedicated to KG synthesis. ICL has been reported to be influenced

by this divalent metal (126). Furthermore, it may also be involved in promoting the expression of
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proteins that require Mn to function (126). It has been well-established that lack of a metal
represses the transcription of the corresponding metallo-proteins (127). They may help in the
stabilization, modification, activation and elimination of transcription factors (128, 129). These
moieties can also modulate enzymatic activities (130, 131). Oxidative and nitrosative stress are
known to trigger the production of keto-acids in numerous organisms. Hence, metabolite
synthesis triggered by metal nutrients and abiotic stress is not an uncommon occurrence (132-

135).

In conclusion, the evidence presented in this study reveals a remarkable metabolic
engineering evoked by Mn in order to transform glycerol into KG. Succinate, SSA, fumarate and
GABA are the main participants driving this biochemical phenomenon with the assistance of the
enzymes ICL, FRD, SSADH, GABA-aminotransaminases and KDC. To our knowledge, this is
the first report on a metabolic network dedicated to the production of KG via SSA. Although the
exact role of Mn and the accompanying metabolites in this metabolic reconfiguration has to
await further elucidation, it is within the realm of possibility that these modulators either
individually or in concert guide the metabolism of glycerol to a pathway leading to copious KG

production, an observation that may have important implications for the biofuel industry.
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Figure 5.7: Metabolic Scheme contributing to KG production.

MDH: malate dehydrogenase; FUM: fumarase; ICDH: isocitarate dehydrogenase; ICL: isocitrate
lyase; FRD: fumarate reductase; SSADH: succinate semialdehyde dehydrogenase; KDC:
ketoglutarate dehydrogenase and GABAT: GABA aminotransaminase.
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6. Conclusions and future directions

The search for renewable energy has prompted scientists to incorporate physical,
chemical and biochemical approaches to find the proper solution. The upcoming energy
economy will likely be established on a wide-ranging of substitute energy platforms including
wind, water, sun, nuclear fission and fusion, as well as biomass. Thus, the reliance on petroleum
can be alleviated due to the possibility of converting renewable and readily available biomass to
value-added commodities. Changing society’s dependence from non-renewable fossil fuel to
renewable biomass-based energy is commonly seen as key to the expansion of a maintainable
industrial progress, energy independence, and to the active controlling of greenhouse gas
emissions (31). Biomass is utilized as feedstock to produce biofuels such as bioethanol and
biodiesel.

Biodiesel can be a critical substitute fuel, however its processing generates crude glycerol
as a waste by-product. The bioconversion of glycerol waste to valuable products is a viable
approach that can make the biodiesel industry more economically and environmentally
competitive. With the advent of directed advancement and biological strategies, bioconversion
methods appear to be a feasible source of economic expansion. This approach also helps
maintain the delicate environmental balance (23). The biodiesel industry, which is supplying a
significant amount of global energy can be more effective if glycerol, a by-product can be
converting to value added products. Recently, direct use of glycerol from biodiesel industry in
agriculture and as livestock feed has attracted much attention. However, crude glycerol in huge
quantities can pose a hazard to the environment. Therefore, there is a necessity to transform this

crude glycerol into economic products using biotechnological routes. Glycerol-derived from the
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biodiesel industry can be used as a raw material for biopolymers, polyunsaturated fatty acids,

ethanol, hydrogen and n-butanol production (23).

Much consideration has been given to microorganisms, which have the potential to
substitute our dependence on fossil fuels. Such research will broaden our knowledge of microbial
technology and will provide an economical and environmentally-friendly alternate for the
production of chemicals. Although genetic enrichments have been employed in an effort to
diminish inhibitory by-products or increase the consumption of glycerol (136), genetically
modified organisms have inherent threats and necessitate strict control mechanisms (137).
Environmental modulation can improve the trait by natural means as well as has more
economical advantages. This can be fulfilled by using microbes subjected to a variety of
stressors aimed at increasing the production of desired products. Metabolic engineering is one of
the foremost strategies dedicated to channeling the power of a specific pathway to produce

industrial goods.

The H,0, stress that contributes to increase pyruvate synthesis in P. fluorescens may
offer a facile approach to adapt microbial systems for this job. It seems that the metabolic
reconfiguration provoked by the oxidant powers the bacterium to fulfil its ATP needs via
substrate-level phosphorylation with the associated secretion of pyruvate. This alternate ATP-
producing scheme contributes to the synthesis of various amounts of PEP and pyruvate. The
production of these metabolites is achieved via the enhanced activities of numerous enzymes
including pyruvate carboxylase (PC) and phosphoenolpyruvate carboxylase (PEPC). The high-
energy PEP is consequently transformed into ATP with the aid of pyruvate phosphate dikinase
(PPDK), phosphoenolpyruvate synthase (PEPS) and pyruvate kinase (PK) with the concomitant

formation of pyruvate. This by-product of the metabolic shift is indeed a value-added product
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with several uses. The involvement of the phosphotransfer enzymes like adenylate kinase (AK)
and acetate kinase (ACK) ensures the efficacy of this O,-independent energy-producing system.
Hence, the H,O,-prompted metabolic changes in this microbe can provide a green means of

producing biochemicals with wide-ranging applications.

Micro-nutrient supplementation such manganese (Mn) can also alter metabolic
machinery leading to the accumulation to desired products. This divalent metal is essential for
the optimal activity of a variety of enzymes including pyruvate carboxylase (PC), pyruvate
kinase (PK), and phosphoenol pyruvate carboxylase (PEPC) that are critical for the metabolism
of glycerol. The ability of Pseudomonas fluorescens to produce copious amounts of ketoglutarate
is achieved by supplementing the glycerol media with Mn. The increased activities of isocitrate
dehydrogenase (ICDH)-(NAD)P dependent and aminotransaminases facilitated the exocellular
secretion of ketoglutarate. The overexpression of pyruvate carboxylase (PC) that is evident in the
Mn-treated cells provides oxaloacetate, an essential precursor that fuels the production of KG.

Another metabolic network propelled by enzymes like isocitrate lyase (ICL), fumarate
reductase (FUMR) and GABA transaminases (GABAT) also contributes to the copious synthesis
of a-ketoglutarate. In this instance, succinate is funneled toward the keto-acid with the aid of
succinate semialdehyde dehydrogenase (SSADH) and a-ketoglutarate decarboxylase (KGD).
The former converts succinate into succinate semialdehyde. The latter is also generated via the
transamination of GABA. This intermediate is subsequently transformed into KG by the addition
of CO, with the assistance of KDC. Hence, these two abiotic modulators H,O, and Mn evoke
disparate metabolic shifts resulting into two distinct glycerol-derived metabolites that are of

economic benefit.
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Figure 6.1: Abiotic modulators and the metabolic networks leading to glycerol-derived
ketoacids

These findings can be applied to operate in a bioreactor of 100 L with the aid of
immobilized cells. Various physico-chemical parameters can be monitored to ensure the efficacy
of this process in converting industrial glycerol into pyruvate and KG. Additionally, the
participation of other mineral nutrients like Ca, Co, Cr and Fe can be utilized to ascertain if other
valuable metabolites can be generated. Alternate pathways essential for the synthesis of
commercially important chemicals can be assessed. It has been show that some microbes can
produce lactic acid in the presence of Cu, Zn, and Fe (138). Additionally, nutrient starvation is
another promising route for production of viable products naturally. Studies have shown
chemoheterotrophic marine bacteria produced methane under phosphate starvation (139).
Furthermore, the influence of different concentrations of glycerol on the growth, metabolism and

adaptation capability of P. fluorescens can be evaluated. It has been reported that C. butyricum

86



DSPI can grow in 70 g/L crude glycerol without significant decrease in biomass (136).
Metabolic flux can also be assessed with the aid of software tools like MatLab to optimize the
generation of desired products. Microbe-driven technologies have lot to offer to the energy

sector.
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Figure 6.2: Future studies on the production and optimization of valuable products from
glycerol in P. fluorescens.
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Appendix: Other contribution in the conversion of renewable biomass
into value-added products

Like glycerol, chitin is another important renewable chemical that can be transformed
into value-added products. However, to achieve this objective, efficient technologies involved in
the hydrolysis of chitin has to be unraveled. As part of my work, Pseudomonas fluorescens was
explored as a potential source of chitinase, an enzyme known to degrade chitin into N-
acetylglucosamine (NAG). In this study, we uncovered a unique exocellular chitinase with

intriguing physico-chemical attributes.
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Abstract

Chitin is an important renewable biomass of immense commercial interest. The
processing of this biopolymer into value-added products in an environmentally-friendly manner
necessitates its conversion into N-acetyl glucosamine (NAG), a reaction mediated by the enzyme
chitinase. Here we report on the ability of the soil microbe Pseudomonas fluorescens to secrete
copious amounts of chitinase in the spent fluid when cultured in mineral medium with chitin as
the sole source of carbon and nitrogen. Although chitinase was detected in various cellular
fractions, the enzyme was predominantly localized in the extracellular component that was also
rich in NAG and glucosamine. Maximal amounts of chitinase with a specific activity of 80 umol

NAG produced mg ' protein min' was obtained at pH 8 after 6 days of growth in medium with
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0.5 g of chitin. In-gel activity assays and Western blot studies revealed three isoenzymes. The
enzyme had an optimal activity at pH 10 and a temperature range of 22—-38 []. It was stable for
up to 3 months. Although it showed optimal specificity toward chitin, the enzyme did readily
degrade shrimp shells. When these shells (0.1 g) were treated with the extracellular chitinase
preparation, NAG [3 mmoles (0.003 g-mol)] was generated in 6 h. The extracellular nature of the
enzyme coupled with its physico-chemical properties make this chitinase an excellent candidate

for biotechnological applications.

Keywords: biotechnology; extracellular chitinase; microbial system; N-acetylglucosamine;

shrimp shell degradation.

1. Introduction

Chitin, the second most widely occurring bio-polymer in nature after cellulose, is composed
of B (1—4) linked N-acetylglucosamine (GIcNAc). Unlike cellulose, chitin has an acetamide
group and can be a source of carbon and nitrogen. Chitin is a major structural component in the
cell walls of fungi and the shells of crustaceans such as lobsters, crabs and shrimp. Worldwide,
chitin is an important renewable solid waste generated from the processing of shellfish, krill and
shrimps [1] that can be utilized in the production of value-added products. Owing to their
biocompatibility, biodegradability, bioactivity, non-toxicity and adsorption properties, chitin and
its derivatives [2, 3] are used in wastewater treatment, drug delivery, wound healing, and dietary

fibre [4].
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Hence, the transformation of chitin into commercial products is an ongoing research
endeavour. Although chemical solubilisation of the polymer is routinely utilized industrially, it is
time consuming, requires harsh conditions such as strong acids and high temperatures and
produces waste products [1]. Enzymatic degradation has become a technology of choice in the
bioconversion of chitin as it is economical, environmentally-friendly and generates relatively no
by-products. Microorganisms are widely utilized for the degradation of polymers and this
process has received significant attention in recent years [5, 6].

Chitinase (EC 3.2.1.14), that catalyzes the hydrolysis of the B-1-4-glycosidic linkage, is
widely distributed in nature and can be found not only in fungi and crustaceans, but is also
present in bacteria, viruses, higher plants and humans [7]. Chitinase is known to fulfill numerous
physiological roles including the maintenance of cellular morphology, providing nutrients, and
promoting infection. It can be obtained from numerous sources and has found applications in
medical, agricultural and food industries [8-10]. However, its ability to degrade chitin effectively
is gaining prominence in biotechnological processes. This enzyme that belongs to the glycoside
hydrolase family has the ability to release N-acetyl glucosamine like lysozyme (EC 3.2.1.17) [8].

As part of our study to explore the nutritional versatility of the soil microbe Pseudomonas
fluorescens, we have examined its ability to use chitin as the sole source carbon and produce
chitinase under various growth conditions [11, 12]. This soil microbe is widely used in
biotechnological applications and is known not only to produce commercially important
metabolites but is also resistant to numerous metal pollutants, an attribute central in the
management of metal
wastes [12-15]. Furthermore, its application in the agriculture industry as biofertilizers is well-

established [16]. In this report the optimal synthesis of chitinase and its extracellular localization
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are reported. The significance of these findings in the bioconversion of chitin and shrimp shells

into value-added products is discussed.

2. Materials and Methods

2.1. Growth conditions and biomass

The bacterial strain Pseudomonas fluorescens (ATCC 13525), was maintained and grown in
250 mL phosphate mineral medium containing NaHPO4 (1.5 g), KH,PO4 (0.75 g), and
MgSO,4-7H,0 (0.05 g) [17]. Chitin was utilised as the source of carbon and nitrogen in these
cultures. In select experiments, NH4Cl (0.2 g) was used as a nitrogen source and/or the medium
was supplemented with 50 uM FeCl;. To optimize the yield of microbial biomass and
exocellular chitinase production, the amount of chitin was varied from 0.1 g to 2 g. Trace
elements were added as described previously [15]. The effect of pH on microbial growth was
investigated by varying the pH of culture media from 4-10. The medium was dispensed in an
aliquot of 250 mL into 500 mL Erlenmeyer flasks with foam plugs. Inoculations were made with
1 mL stationary phase cells grown in a chitin culture and aerated on a gyratory water bath shaker
(Model 76; New Brunswick Scientific) at 26 [ and 140 rpm. Cell growth was monitored by
measuring bacterial proteins with the aid of the Bradford assay [18]. Ten mL of culture medium
was isolated at different growth intervals and following the centrifugation of the bacterial pellet,
it was treated with 1 mL of 0.5 M NaOH. The soluble protein content was subsequently

measured [19].

2.2.  Cellular fractionation and metabolite analyses
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Bacteria were harvested at the stationary phase of growth by centrifugation at 10,000 % g
and
4 [] for 15 min. The spent fluid was collected and the pellets were washed with 0.85% (w/v)
NaCl and the pellet was re-suspended in cell storage buffer (CSB; 50 mM Tris-HCI pH 7.6, 5
mM MgCl,, 1 mM dithiothreitol and 1 mM phenylmethylsulphonyl fluoride (PMSF)). To obtain
the cell free extract (CFE), the bacteria were lysed via sonication and centrifuged at 180,000 x g
for 3 h at 4 [, yielding soluble and membrane fractions [15]. The latter was re-suspended in 500
uL of CSB. The protein content in the soluble and membrane fractions was determined using the
Bradford assay [18].

Metabolite levels were examined using high performance liquid chromatography (HPLC).
The spent fluid and soluble CFE were injected into an Alliance HPLC equipped with a C18
reverse-phase column (Synergi Hydro-RP; 4 um; 250 x 4.6 mm, Phenomenex) operating at a
flow rate of
0.2 mL min—1 at ambient temperature. A mobile phase consisting of 20 mM KH,PO4 (pH 2.9)
was used to separate organic acids, which were detected using a Waters dual absorbance detector
at 210 nm. Metabolites were identified using known standards, and peaks were quantified with
the aid of the Empower software (Waters Corporation). The spent fluid was analysed for
metabolites as were chitin, shrimp, glycol chitin and chitosan following incubation with the spent

fluid [20].

2.3.  Chitinase assay

The spent fluid, soluble CFE and membrane CFE were added with 1 mg chitin. The mixture

was incubated at room temperature for 1 h. One hundred pL of 0.8 mM sodium
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tetraborate (Na;B4O7) was added and then boiled for 3 min. Chitinase activity was measured by
the amount of NAG produced by adding 3 mL p-dimethylaminobenzaldehyde (DMAB). DMAB
was prepared as described [21] and the absorbance at 585 nm was recorded. Chitinase (1 U) is
defined as the amount of enzyme which releases 1 pumol of NAG min ' [22]. D-glucose was

assayed using dinitrosalicylic acid (DNS) and was monitored at 540 nm as described [23].
2.4. Polyacrylamide gel electrophoresis and western blot analyses

After the culture was harvested at the stationary phase, the cells were isolated by
centrifugation at 10,000 x g for 15 min at 4 [1. The cell-free supernatant was collected and
precipitated by ammonium sulphate (70%) saturation and allowed to stand overnight at 4 []. The
precipitates were centrifuged, dialysed, and re-suspended with cell storage buffer (50 mM Tris-
HCIL, 1 mM phenylmethylsulfonylfluoride, and 1 mM dithiothreitol pH: 7.6). The molecular mass
and activity of chitinase was assessed by SDS-PAGE. The latter was performed as described
previously [24-27] with 0.01% glycol chitin added but devoid of 2-mercaptoethanol. Following
electrophoresis, the gel was re-natured by incubation in phosphate buffer (pH 8) with 1% triton
X-100 overnight. Upon completion, the glycol chitin containing gel was then stained with 0.01%
(w/v) calcofluor white M2R (Sigma) in Tris-HCI buffer (50 mM, pH 7.4 for 30 min). Then, the
brightener solution was removed and the gel was washed with distilled water for 1 h at room
temperature. The enzyme activity zone was detected by placing the gels on UV-transilluminator
and photographed [28, 29].

Western blot assays were modified from the Odyssey H Infrared Imaging System protocol
document (Li-cor doc# 988-08599). Briefly, the proteins from the SDS gel were electroblotted

onto a nitrocellulose membrane using protein transfer buffer (PTS) consisting of (25 mM Tris,
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192 mM glycine) at 20 V for 16 h. The fixing solution was then removed and the cells were
rinsed with
TBS (4 g Tris-HCI, 10 g NaCl, pH. 7.6 at 4 [1) containing 0.1% tween-20. The membrane was
subsequently incubated in a skim milk blocking buffer for 1 h. Primary antibody (barley
chitinase anti-rabbit antibody, a gift from Dr. S. Muthukrishnan, Kansas State University, USA)
interactions occurred over a 1 h period with gentle shaking. Primary antibodies were added for 1
h in TBS containing 0.1% Tween-20 and the membrane was washed with TTBS (0.1% Tween-
20 with TBS) three times for 10 to 15 minutes each time to remove the unbound antibodies. The
membrane was then treated with secondary antibodies diluted to a concentration of 1:1000.

Secondary antibodies consisted of goat anti-rabbit (Sigma).

2.5.  Physico-chemical and biotechnological studies

In order to define the optimum pH and temperature for chitinase activity, 500 uL of the
spent fluid was assayed in various pH ranges from 4—12 and at temperatures ranging from 1848
] for 1 h. The formation of chitinase was monitored at 585 nm. To determine the stability, the
enzyme was monitored at various time intervals over a period of three months. To evaluate the
substrate specificity of the enzyme preparation, 500 pL of the spent fluid was incubated for 1 h
with 1 mg of substrates such as chitin, shrimp shells, glycol chitin, chitosan, cellulose and starch
[30]. NAG was measured by the DMAB assay at 585 nm while the glucose production was
monitored by DNS assay at 540 nm. To evaluate the biotechnological potential of this enzymatic
preparation, de-proteinated shrimp shells as described [31] (0.1 g) were subjected to 10 mL of

spent fluid (0.3 mg protein equivalent) for up to 12 h and NAG production was evaluated.

2.6.  Statistical analysis
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All experiments were performed in triplicate and in biological duplicate. Data were

expressed as mean + standard deviation (SD).

3. Results and Discussion

In an effort to evaluate the optimal expression of chitinase activity in P. fluorescens ATCC
13525, the microbe was cultured in various nutritional conditions. Chitin was readily utilized
both as a source of carbon and nitrogen. At pH 8.3 in the presence of 0.5 g of chitin, the optimal
biomass of 0.549 mg protein equivalent per mL of culture was obtained. The inclusion of
increased amounts of chitin and NH4Cl did not ameliorate growth rate or cellular yield.
Microbial multiplication was negatively influenced at lower pH. At pH 4 there was a 3-fold
reduction in biomass while at pH 10 the cellular yield was 30% compared to that recorded during
the optimal growth conditions. Addition of FeCl; was also inhibitory. As the 0.5 g chitin medium
at pH 8.3 devoid of ammonium salt afforded the optimal condition, this medium was
subsequently utilized to further characterize the degradation of this polymer by Pseudomonas
fluorescens (Tables 1). Bacterial growth was evident after 2 days and stationary phase of growth
was attained within 5—6 days. There was a concomitant increase in protein in the spent fluid
(Figure 1A). In effort to elucidate how chitin was degraded the soluble CFE isolated at stationary
phase of growth was monitored by HPLC. Peaks that were attributed to NAG and glucosamine
were prominent (Figure. 1B). Hence, it became evident that chitinase, an enzyme involved in the

depolymerisation of chitin into NAG was involved in this process. Various cellular fractions
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subsequently probed for chitinase activity. As the spent fluid had the most chitinase

activity, the nature of the enzyme was probed in this fraction at various growth periods. At day 6,

both the activity and the protein levels were the highest. When chitin was added to the spent

fluid,

NAG was readily released as confirmed by colorimetric assay and

HPLC (Figure. 2A).

Table 1. Optimization of microbial yield at different concentration of chitin. B)
Influence of pH and nutrient on biomass production with 0.5 g chitin.
100% =0.549 mg ' mL™', n=3, SD + 1%.

A)
Chitin concentrations Biomass
2¢g 57%
lg 95%
05¢g 100%
0.1g 64%
100% = 0.54 mg protein mL ', n=3 + 1%
B)

pH Cellular yield
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4 33%

8 100%
10 30%
Nutrients Cellular yield
NH,4CI 97%
FeCl; 55%
Phosphate (64 mM) 100%
Phosphate (25 pM) 65%

100%=0.549 mg"' mL™', n=3.
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Figure 1. P. fluorescens cultured in the optimal chitin medium: A) Cellular yield (line
graph) and extracellular protein concentration of spent fluid (bar chart). B) Metabolite
profile at the stationary phase in the spent fluid, as measured by high performance liquid
chromatography (HPLC). Gluc = Glucosamine, NAG = N-acetylglucosamine.

The spent fluid at the stationary phase of growth was isolated and treated with ammonium
sulphate ((NH4),SO4) in order to precipitate the proteins. (Note: No cell lysis was discerned).

The pellet was reconstituted and examined for chitinase by gel electrophoresis and Western
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blotting. Immunoblot studies revealed bands indicative of chitinase (Figure. 2B). In an effort to
confirm the nature of the isoforms of the enzyme, the proteins were electrophoresed in a SDS gel
[25]. Following the re-naturing of the enzymes, three activity bands were obtained, thus pointing
to the three isoforms that were being secreted in the exocellular environment (Figure 2C). The
spent fluid harboured the most enzymatic activity while the membranous fraction had a specific
activity that was the lowest with a value of 27 umol of NAG mg ' protein min ' (Figure 2D).
Although the chitinases in the spent fluid did degrade shrimp shell, chitosan and glycol chitin,
chitin appeared to be the preferred substrate. NAG was the product generated when the shrimp
shells were incubated with the spent fluid (Figure. 3A). No discernable amount of D-glucose was
released upon the incubation of either cellulose or starch with the exocellular chitinase (data not
shown). The enzyme appeared to have an optimal activity in the pH range of 9-10 (Figure. 3B).
There was a drastic reduction in activity at acidic pH. The chitinase was stable when kept at 4 [
for 3 months. No significant change of activity was evident when enzymatic preparations were
monitored over this period (data not shown). The activity ranged between 70-100% at

temperature varying from 18—48 [ (Figure 3C).
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Figure 2. Studies on extracellular chitinase: A) Time profile of chitinase activity in
the spent fluid, as measured by the DMAB assay. B) Chitinase expression in spent
fluid, as probed by Western blot following SDS-PAGE. C) Chitinase activity bands
measured via calcofluor white following re-naturing. D) Specific activity of chitinase
in various cellular fractions obtained from the optimal medium.
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Figure 3. Physico-chemical properties of chitinase: A) HPLC analysis showing NAG

production when spent fluid is incubated with 0.1 g of shrimp cells. B) Chitinase

activity as measured by the DMAB assay over a range of pH. C) Chitinase activity as
measured by the DMAB assay over a range of temperatures. Gluc = Glucosamine,

NAG = N-acetylglucosamine.

When de-proteinated shrimp shells were incubated with the spent fluid, NAG was
obtained. After a 6 h enzymatic treatment using the P. fluorescens spent fluid, 3 mmole (0.003
g-mol) of NAG was released from 0.1 g of shrimp waste (Figure 4A). While chitin elicited the
most chitinase activity, other substrates like chitosan and chitin-glycol were also rapidly
broken down into NAG when incubated with the spent fluid (Figure 4B). The foregoing data
point to the ability of P. fluorescens to secrete chitinase when chitin is the sole source of
carbon and nitrogen. An alkaline pH appears to evoke the maximal bacterial growth and

release of extracellular chitinase in mineral medium with no added ammonium salt or

cofactors. The enzyme was stable for a period of 3 months and showed maximal activity at pH
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10. Recently, an alkaline chitinase with an optimal activity at pH 9.0 and having a molecular
mass in the range of 50125 kDa was reported in Bacillus [30, 32]. In this instance, the
enzyme was intracellular. Even though in our studies the enzyme was localized in various
cellular components, the chitinase in the spent fluid was the most abundant and active. The
presence of extracellular chitinases has been reported in P. fluorescens isolated from different
plant sources with activities mostly in the range of acidic pH [33]. The physico-chemical
properties of the chitinase revealed in this study coupled with its exocellular location makes
this enzyme an excellent candidate in the industrial digestion of chitin wastes (Figure 4C). The
presence of the enzyme in the spent fluid and its activity in the alkaline pH range make this
chitinase more amenable to industrial application compared to those localized intracellularly.
Indeed, the efficacy of the spent fluid in generating NAG and glucosamine from shrimp shells

may provide interesting biotechnological applications [10].
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Figure 4. Exocellular chitinase and biotechnological implications: A)
Enzymatic degradation was measured by incubating 10 mL of spent fluid with 0.1 g
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of shrimp shells for 1, 6 and 12 h. NAG production was measured by the DMAB
assay. B) HPLC analysis of NAG production when disparate substrates (I mg of
chitin, glycol chitin, chitosan or shrimp shells) were incubated with 500 pL of spent
fluid. C) Increased exocellular chitinase production in Pseudomonas fluorescens.

4. Conclusion

Chitin is an important renewable biomass of immense economic benefit and
chitinase provides a controlled route to effectively transform this polymer into value-
added products. The discovery of the enhanced production of this enzyme with
exceptional attributes by P. fluorescens ATCC 13525 presents a unique opportunity to
tailor this microbe and its components for commercial application in the renewable
biomass industry. This extracellular chitinase can be readily harnessed as nanofactories
designed to convert this renewable biopolymer into chemicals aimed at the agricultural,

energy, food and medical sectors.
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