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ABSTRACT

UNDERSTANDING CARBON METABOLISM IN HYDROGEN PRODUCTION
BY PNS BACTERIA

Doj an, Ezgi Melis
M.Sc., Chemical Engineering Department

Supervisor: Asst. Prof. Dr. Harun Koku

August 2016, 164€ages

In biological hydrogen productiogystemsusing purple nossulfur bacteria(PNS
bacteria) a thorough undermshding of the metabolism of these microorganiptags

a vital role in assessing and improving efficiency and productivity. This metabolism
is very complex, anthe result of the iterplay of several systems and components
such as the photosystems, carbon flow and enzymatic reactions. Mathematical models
are sought to represent the complex metabolism of these bacteria, which in turn can
be used to interpret and enhance the phenomegital equations obtained from
experiment, and ultimately aid the design of lasgele bioreactors. The aim of this
studyis to analyze the metabolism of PNS bacteria using contemporary tools and
techniques (Flux Balance Analysis), with emphasis on cdtbanThe thesis mainly
concerns the modeling of the metabolism of PNS bacteria, focusing on

Rhodopseudomonas palustribich utilizes sucrose as a carbon source and glutamate



as a nitrogen source in a growth medium with a low N/C r&bto this purposethe
metabolic model in the present work was verified with the experimental results which
were previously performed based on the same conditions considered by the model
Two objective functions, namely, the maximal growth rate of biomass and maximum
hydrogen production rate were investigated in particular. The distribution of fluxes in
R. palustrisshowed s linear increase in the specific growth rate of biomass with
increasing glutamate uptake rate. The biomass growth was found constant when initial
sucrose concentration was changed and a strong function of glutamate uptake rate. A
decrease in Hproduction was observed at higher photon fluxes and PHB was
antagonistically produced tozhproduction. Acetic acid and formic acid were found

the most and least effective organic acid far pfoduction, respectively. The
distribution of modeled fluxes wilhelp explain the capability of the hydrogen

production and growth on sucroseRafpalustris

Keywords: Metabolic Engineering, Purple Neulphur Bacteria, Biological
Hydrogen Produatn, Sucrose, Mathematical Model
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MOR KUKURTSUZ BAKTERK.ERKN HKDROJENURETWIK NDEKK KARBON
METABOLKZMASI NI N ANLAKI LMASI

Doj an, Ezgi Mel i s
Yuksek Lisans, Kimya Nhendislj i Bolumu

Tez Yoneticisi Y. Dog¢. Dr. Harun Koku

Aj ustos2016, 164sayfa

Mor kukurtstzbakterilerle lyolojik hidrojen tretiminin verimi ve Uretilebilirli] ini

ar t e cimba aktdrilerin metabok faaliyetlerni anlamak cok biyuk bir 6neme

sahiptir. Bu metabolizma | d u k - a keabirderafazia knétabolizma] esi ni n
ortak faaliyetP] sgeaaldaarak fotdsistemy karbon&@kve

enzi mati k reaksiyonl ardan ol ukmaktadeéer .
yorumlamak i -in matemati ksel hroodedid; | e r K L
deneyl er aracel ejeyla el de edmdwrbik ol gus
met abol i zmanémxeddHeadalkasidti | Bdlsliklenbiylilks aj | ar
o1l - ekl i f ot obisycorree-alketroir ktoBusdaym caikét @ ma t a b i
cajdak y°ntemler ve teknekédmra &dddlaammarad
kikuartsiz bakterilerin metabolizmal aréné ana

kUkartsiz bakterilerden Rhodopseudomonas palustribakteri firti  tGzerine

Vil



odaklanarakbir metabolizmamo d e | i o r t ahedeflemektddiakarnany é
kayng élarak sukrozve a z o't k a y nglufardat esdsal r eankmZaktdri € r
kokul lodkaméb ukuman karbon mi ktarénén nitrojen
edi |l MBwtmedenl!| e, kotusu daha ance reodanigin ifade edilen

kokull arda sukroz ile yapélan deney sonu-1ar
amacéyla metabol ik akée anal i zi nnalm, uygul anme

bakterinin maksimumilyme héz é ve neald it mem hléze®r ojl ma k

ki f ag fomk&yonanm ancelemektedirkR. palustrisi n el de edilen ak
daj él eméeéndan, bakter. bh¢eyzéemmea hpéazréan éen goliurt ak
dej i ktiiji gzl emlenmi ktir. Or t amdea k i sukr o:
bakteri b¢yeme hézée deji ki kléa@rkdhaidlest er me mi Kt
cretim hezéeénda azal ma, PHB ¢(retimkhézénda ar
asit , la Bidojeals €y i mi ni artérmak i -in e@n -0k ve ¢
ol arak beYapélkami méiaboli k aké analizin sonu

dg é | &mmalustrisd | ikrozsile hi dr oj en cretim kapasitesini
kullaré | abi l ecektir

Anahtar Kelimeler, Met abol i z ma M¢hendi sl iji, Mo r K¢t

Biyolojik Hidrojen Uretimi, Sikroz, Matematik Model
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CHAPTER 1

INTRODUCTION

Energy consumption has been dramatically rising because of increasing world
population and rapid urbanization. In the projectirdérnational Energy Outlook
2016 The U.S. Energy Information Administration estimated a 48% increase in the
world energy consumptidmetween 2012 and 2040 (Domeinal, 2016). Almost all

of the current cosumption depends on fossil fuels which are sources of non
renewable energy in limited reserves. In addition, the use of fossil fuels is not
environmentally friendly because of pollutant greenhouse gas emissions resulting
from combustion of these fuels (D&¥eziroglu, 2001). To overcome this problem,
researchers have been attempting to find renewable energy sources that can be
substituted for fossil fuels. HydrogenAHs one of the best prospective renewable
energy sources as a future energy carrieerigggy content (122 kJ/g) is 2.4, 2.8 and

4 times as high as the content of methane, gasoline and coal, respectivelygArgun
al., 2008 & Marbaret al, 2007). Moreover, hydrogen only evolves water instead of
greenhouse gases in combustion. Thereforerogymh is a clean, sustainable and
environmentally friendly fuel for energy demand in the future (Katbgl, 2008).
Although studies that focus on hydrogen as a potential resource to address the
problem of rising energy demand are relatively recentpiitgluction is already
available for industrial uses such as oil refining, metal treatment, ammonia
production, and hydrogenation in food production. The annual hydrogen production
in the US is approximately 101 million metric tons (Energy Information
Administration, 2008). Hydrogen can be obtained from various sources, from fossil

fuels as well as renewable sources such as water and biomass.


http://www.eia.gov/forecasts/ieo/
http://www.eia.gov/forecasts/ieo/

Furthermore, it can be obtained as a secondary energy source via conversion
processes involving renewable energyrses such as solar, wind and thermal energy.
Biological hydrogen production from microorganism (biomass) has been considered
as one of the most promising methods for future energy requirement because it has
low cost andow energy consumption (operatiahambient conditions) resulting long

term production(Azwar et al, 2013) The following sections of this chapter will
briefly explain various hydrogen production techniques and then, focus on techniques
of bio-hydrogen production.

1.1Hydrogen Production Techniques

A variety of techniques using fossil fuels (natural gas and coal) or renewable sources
(biomass, water, sunlight and wind) is available in literature for hydrogen production.
These techniques are mainly natural gas reforming, gasificatiooabf splitting of

water and thermochemical /biological proégegof biomass. Hydrogen is currently
produced industrially from natural gas (40%), oil (30%), coal (18%) and water
electrolysis (4%) (Brentneet al, 2010). Electrolysis of water was the firs
commercial technique used to obtain pure hydrogen. Fossibéseld hydrogen
production has become the most commonly used production method in the industry
since 1960s (Riist al, 2006).

Natural gas reforming

Steam reforming, partial oxidation amaitothermal reforming are three different
chemical processes used to produce hydrogen from natural gas. Approximately 90%
of the hydrogen in the world @btained via steam reforming of natural gas (Haryanto

et al, 2005). In a typical steam reformimpgocess hydrogen and carbon monoxide

are obtained via endothermic reaction of natural gas and water vapor at pressures of
3-25 bar and temperatures of 7@50°C.



To eliminate the resulting carbon monoxide in the product gas (approximately 12%),
the watergas shift reaction is carried out (Résal, 2006). Equations (1.1) and (1.2)

show steam reforming and water gas shift reactions, respectively.

ChHm+ n HO + heatA n CO + (n + m/2) K (1.2)

CO + HOA CO2+ Hz+ heat (1.2)

In partial oxidation of natural gas, hydrogen and carbon monoxide are yieldee by
partial combustion of natural gas with oxygen gas in an exothermic reaction as shown
in Equation (1.3). (Riigt al, 2006).

2 GHm+ H20 + (3n12) O2A n CO + n CQ+ (m+1) H2 + heat (1.3)
Auto-thermal reforming can be defined as a combination of reactions in steam
reforming (1.1) and partial oxidation ()-3 has an exothermic reactiogleasing gas

at temperatures of 95A.100°C (Riiset al, 2006).

Gasification of coal

A typical reactor in gasification of coal converts carbon to hydrogen and carbon
monoxide in an endothermic reaction as seen in Equation (1.4). Similar to the water
gas shift reaction in the end of steam reforming, carbon monoxideeceonverted

to hydrogen and carbon dioxide with the same reaction (1.2) in this processt(Riis

al., 2006).

Cis) + H20 + heaty CO + H (1.4)



Splitting of water

As shown in Equation (1.5), electrical energy is used to split watehyatmgen and
oxygen in an electrolyzer device. Alkaline with potassium hydroxide electrolyte and
PEM (polymer electrolyte membrane) &ane common types of electrolyzers utilized

in splitting of water (Limpan, 2011).

The electrical energy required favater electrolysis decreases with increasing
temperature, but the total energy required increases. Therefore, using waste heat
released by other processes is important to save the energy. However, water
electrolysis is a process that is approximately 28¥ient, based on the comparison

in energy content of the required electricity to electrolyze water and the energy
content of the produced hydrogen (Miller al, 2004). Future costs of hydrogen
obtained via water electrolysis should be investighethuse of dependency on the

use of electricity. Therefore, lowost electricity should be available for this technique

to compete with other commercial hydrogen production methods.

H20 + electricityA H2+% Q& (1.5)

Thermochemical and biogical process of biomass

Hydrogen can be obtained using biomass in either thermochemical or biological
processes. For thermochemical production of hydrogen from biomass, gasification
and pyrolysis are the most promising methods to commercialize thisigaehof
hydrogen production. Pyrolysis or gasification is a process converting biomass into
hydrogen into other gaseous compounds (depending on the biomass used) with
charcoal and liquid oils in the absence of air. Its range of operation pressures is 0.1
0.5 MPa at temperatures of 6800 K (Niet al, 2005).



However, the aim ofhe gasification process is to obtain gaseous products whereas
pyrolysis is carried out to produce charcoal and liquid oils. Overall reactions of
gasification and pyrolysis are®hn in equation (1.6) and (1.7), respectively. Steam
reforming can be applied to product gases to obtain further hydrogehdl\i2005).

Biomass + heat + steafn H2+ CO + CQ + CHs + hydrocarbons + charcoal (1.6)

Biomass + hea®y Hz + CO + CH + other products (1.7)

Biological hydragen production from biomassainly involves enzymebased
processes. Two enzymes in particular, nitrogenase and hydrogenase, have the ability
to produce hydrogen in microorgansnsuch as algae, cyanobacteria and
photosynthetic bacteria. Bioydrogen production seems as a potential alternative to
the commercially used techniques of hydrogen production. It requires less energy due
to operation at ambient conditions (Azwedral, 2013). To explain further, the next

section will summarize the techniques of-biydrogen production.

1.2 Techniques of Bienydrogen Production

Bio-hydrogen can be obtained in a variety of processes including biophotolysis using
algae and cyanobacteria, Kafermentation with fermentative bacteria, photo
fermentation by photosynthetic bacteria and integrated systems using both
photosynthetic and fermentative bacteria (Detsal, 2001). In biehydrogen
production systemgarameters such as substrate coneerefficiency, hydrogen
productivity and light conversion efficiena@re defined to evaluatend compare
different processes.



Substrate conversion efficienisythe ratio of mole of theoretical hydrogen production

on the substrate to the mole of expeximal hydrogen production.

Hydrogen productivityrepresents the rate of hydrogen production definethas

concentration of the produced hydrogen per unit time at the end of the process.

Light conversion efficiendg the energy content of produced rggken divided by the
total energy content directed to the photo bioreactor from a light source.

In the following subsections, four different techniques of bio hydrogen production are

summarized.

1.2.1 Biophotolysis

Green algae and cyanobacteria atdéized in anaerobic conditions to produce
hydrogen via biophotolysisSunlight is directly converted into stored chemical energy
(H2) using water via equation (1.8) which is the reaction of direct photolysis (Levin
et al, 2004).

2 H0 + light energyy 2 H2+ Oz (1.8)

The main challenge for direct biophotolysis is the sensitivity of hydrogenase in
cyanobacteria and green micro algae to oxygen (Hallerdtealk 2009). Therefore,

the amount of oxygen should be maintained below 0.1 % to obtain maximum
hydrogen yield (Hallenbecgt al, 2002). On the other hand, hydrogen can also be
produced by photosynthesis of cyanobacteria or algae capable of utilizingsCO
carbon source (Leviat al, 2004). This process is called indirect biophotolysis. The
reactions of cyanobacteria/algae producing hydrogen through photosynthesis are
shown by equation (1.9) and (1.10).



12 O + 6 CQ + lightenergyA CsH1206 + 6 O (1.9

CeH1206+ 12 HO + light energyd 12 H+ 6 CQ (1.10)

1.2.2 Dark Fermentation

Dark fermentation is performed by fermentative bacteria at heterotrophic growth. In
this process, bitnydrogen is produced with conversion of organic substrates without
presence of light (Shiet al, 2004). Carbohydrates are the most commonly used
substrées for dark fermentation (Leviet al, 2004). However, low yields were
observed in the process of dark fermentation resuitingydrogen with low purity
(Hallenbeck, 2014).

In addition, it is difficult to controlthe pH level of hydrogen production med
organic acid productianand nutrition feed rate specially, the pH is an important
factorfor the hydrogen production (Venkataal, 2007). Shorthain organic acids
are obtained as a result of incomplete utilization of organic substrates. Tgask or
acids can be converted to hydrogen and @$ing photeheterotrophic bacteria. This
brings the idea of using combinatgwof dark and photo fermentations to obtain high
yield of hydrogen (Kapdaet al,, 2006).

1.2.3 Photofermentation

Purple norsulfur bacteria (PNSB) in photoheterotrophic growth can evolve hydrogen
using their hydrogeproducing enzymes (nitrogenase and hydrogenase). For
hydrogen production in their metabolism, organic substances are reduced using light

energy in a nitrogehmited ervironment (Levinet al, 2004).



When photoheterotrophic bacteria are compared with cyanobacteria and green alga
they are accepted as the mpremising hydrogen producers (Zhaegal., 2015).

More detailed information about the characteristics of purplesodfur bacteria and

their metabolism for hydrogen production will be given in Chapter 2. Although
organic acids obtained from the end products of dark fermentation can be wtilized
produce hydrogen by photoheterotrophic bacteria, the volume of hydrogen production
is not still high enough (Azwaet al, 2013). Therefore, integration of dark and photo
fermentation systems has been suggested to achieve the highest hydrogen gield clos
to theoretical one (Taet al, 2007).

1.2.4 Integrated Systems

An integrated system sequentially combines the processes of dark and photo
fermentation in two stages to enhance the hydrogen production yields. Nearly
complete conversion of organic sulaséis to hydrogen is aimed in the integrated
systems. Dark fermentation effluent including short chain organic acids (acetate,
lactate, formate, propionate, etc.) is used by photosynthetic bacteria to produce
additional hydrogen in photo fermenter as theosd stage (Azweet al, 2013).

However, the major drawback of these systems is the difficulty of their operation and
optimization because of the different natures of two microorganisms used in a
sequential system. To obtain a nAahibitory substrate fothe second stage, a
substantial treatment might have to be applied to the effluent of dark fermentation.
Therefore, complex and costly design of bioreactor systems can be required for
integrated systemsi@llenbecket al, 2015). A recent study which such a system

has been designasd the Hyvolution project performed fathe EU 6th Framework
Program (2006 2010). This project used thermophilic bacteria in the dark stage and
photofermentative bacteria in the second (photo) stagetupe more hydroge



Moving bed and trickling bed reactors were combined to optimize the dark
fermentation stage whereas a bioreactor with low density polyethylene tubes and a
flat panel reactor havgtransparent plastic walls was usedthe photo fermentation
stage (Ubaniec & Grabarczyk, 2018oranet al, 20123

In addition to integrated systems, metabolic engineering can be applied to obtain
higher yields of hydrogen in the light of results obtained from metabolic modeling.
Asisthe objective of the present worketabolic modeling can provide to understand
the metabolism of the bacteriddllenbecket al, 2015).

1.3 The Role of Metabolic lBgineering for Hydrogen Rroduction

Metabolic engineering is a mutltiisciplinary field which aims to design and
implement faorable manipulation of cellular properties in metabolism of an
organism. Genetic engineering, molecular genetics, biochemistry and bioinformatics
are the roots of this field (Koffaet al, 1999). Metabolic engineering can be applied
for a variety of purpses such as modifying cell properties, enhancing production of
chemicals naturally obtained from the host organism, improving the capacity of
substrate utilization, providing novel catabolic activities degrading toxic compounds

and obtaining novel compods from the host organism (Camestral, 1993).

Examples of metabolic engineering are available in biological hydrogen production
systems. To improve hydrogen yields, various strategies such as the overexpression
of hydrogen producing genes, eliminatioof competitive pathways and
implementation of new hydrogen production pathways have been employed (Goyal
et al, 2013). Furthermore, metabolic engineering has a potential to redirect and
optimize electron flow towards hydrogen production.



Photosynthet bacteria, algae and cyanobacteria are targeted microorganisms for
metabolic engineering in photosynthetic -bigdrogen productionSparlinget al,
2012). Purple nossulfur bacteria have higher conversion efficiency of substrate to H
compared to other photosynthetic bacteria (Basak., 2007 and hence, they are
powerful candidates for metabolic engineering among other photosyrihetaria.

Ohet al (2011 summarizedrarious metabolic engineering studies on purple-non
sulfur bacteria for better bidwydrogen production. The genes of nitrogenase and
hydrogenase have been engineered, in particular (Catalk 2006).

Genome scale metabolic models are predictive tools used for metabolic engineering
applications. The main objeeé of using these metabolic models is to examine the
effects of modifications via metabolic engineering on the host organism.

The potential pathway for metabolic engineering can be predicted based on the model
results. Additionally, the reaction network the organism can be analyzed to

calculate the maximum theoretical efficiency of a new pathway ([2a@lt, 2009).

1.4 Objective and Scope

The objective of this work was to investigate carbon utilization patterns in purple non
sulfur bacteria (PNSB) byformulating a metabolic framework. A thorough
understanding of the complex metabolism of PNSB plays a vital role in assessing and
improving efficiency and productivity of hydrogen production. The carbon
metabolism of PNSB was modeled and the results weresiigated, specifically
focusing on the specidRhodopseudomonas palustrighis species of PNSB was
selected as a model bacteria for two reasons: Rrgpalustriswas experimentally
observed to result in maximum hydrogen productivity from sucrose compared to the
other PNS specid’hodobacter capsulatuBhodobacter capsulattdO3 (hup) and
Rhodobacter sphaeriodgSagir, 2012). Second, tHall genome sequence &.

palustriswas first released in 2004.
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In the present study,usrose and glutamate were considered as the carbon and
nitrogen sourcesespectivelyto emulate typical conditions for hydrogen production.
Flux Balance Analysis (FBA) was implemented agractical tool to study the
network of biochemical reactions. This metabolic model consists of 148 reconstructed
biochemical reactionsvith 128 compounds within the reaction network from
substrate to product. Pseudo steathte was assumed for the entgaction network

and the fluxes were assumed to depend on maximal growth of biomass or maximum
hydrogen production as the objective functions. Therefore, an optimal solution for

each objective function was obtained.

The flux distribution obtained in thisiodel will help explain the capability of the
hydrogen production on sucrose Bhodopseudomonas palustas well as the
effects of changes in the growth conditions of the bacteria on biomass production and

hydrogen production, in particular.

Understading carbon metabolism of PNSBnosucrose plays a major role in
metabolic engineering studies pursued to enhance hydrogen production from
photosynthetic bacteria. In addition, sucrose is a cheap feedsiogared tather
organic substrates and wastesyirsugar industry contains high amounts of sugrose
resulting a lower cost process for hydrogen production (Kestkah, 2012). To the

best of our knowledge, until now no one has attempted to model metabolic network

of PNSB to understand their carboniatition patterns on sucrose.

The rest of this manuscript is organized as follows: in the next chapter (Chapter 2),
characteristics of purple nesulfur bacteria and their metabolism in hydrogen
production are explained in detail. The functions of carlmm, fenzyme systems and
photosynthetic unit of PNSB during hydrogen production are clarified. The sucrose
metabolism of PNSB is also mentioned. In addition, metabolic modeling is defined
and its application to PNS bacteria in literature is reviewed.
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Chapte 3 describes the methodology followed for the metabolic modeling in the
present work. The objective of metabolic flux analysis as a mathematical tool used in
this study is covered and the application of this mathematical framework is described.
Important aspects in the construction of this model, namely, mass balances,
stoichiometric reductions, the pseudo stestdife assumption, optimization in linear
programming, objective functions and constraints used in the study and optimization
algorithm are explaied in detail. Lastly, the overall modeling procedungresented

to concludehe chapter.

In chapter 4, which presents the results, first metabolic parameters are defined and the
verification of simulation script is shown. Then, the verificationgindilation results

of the model is presented and discussed. Model results are compared with
experimental data previously obtainedother studiesThe resulting metabolic flux
network is evaluated in detail. Furthermore, the effect of various envirorimenta
growth conditions such aglutamate uptake ratanitial sucrose concentration,
illumination and organic acids on the control parameters of the model is evaluated

and discussed.

The final chapter (Chapter 5) summarizes the main conclusions and oftées fu

recommendations.
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CHAPTER 2

LITERATURE SURVEY

2.1 Characteristics of Purple NorSulphur Bacteria

Purple NonrSulfur Bacteria (PNSB) are an important group of photosynthetic
organisms enriched in an anaerobic or facultative environment (Maetigh/2009).

PNSB are nasmdd uasdh breacmuse they do not <co
electron donn Moreover, purple to deep red pigments are observed when PNSB are
present in facultative anaerobic conditions rather than aerobic conditions @asak

al., 2007). Their optimum pH and teemature range are®and 25353 , respectively

(Sasikaleet al, 1997).

PNSB are capable of growing as phbtterotrophs, photoautotrophs or chemo
heterotrophs depending on the presence of light, oxygen, and organic or inorganic
sources of carbon. Inorganic compounds {C&e used in autotrophic growth and
organic ompounds are used in heterotrophic growth. Figure 2.1 (Laehagy 2004)
summarizes the moddyy which PNSB are able to grow. It shows that PNSB are
metabolically versatile organisms because they have a metabolism supporting
photoautotrophic (energy dm light and carbon from carbon dioxide),
photoheterotrophic (energy from light and carbon from organic compounds),
chemoheterotrophic (carbon and energy from organic compounds) and
chemoautotrophic (energy from inorganic compounds and carbon from carbon

dioxide) growth modes.
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In an anaerobic environment, photosynthesis occurs by PNSB using energy from light
whereas chemosynthesis takes place with energy from organic or inorganic
compounds. Hydrogen production is favorable under anaerobic conditions where n
oxygen existsHydrogenproducing enzymes (hydrogenase and nitrogenase) become

active in the bacterial memdme in the absence of oxygen.
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electron donors ™ co, f &
\

Thiosulfate,
Hy, other inorganic
electron donors

Figure 2.1: Overview of growth modes for PNSB (Larimetral, 2004)

PNSB are promisingandidates for biological hydrogen production compared to
algae and cyanobacteria (Basstkal, 2007. For example, the energy desired for
hydrogen production by PNSB with complete decomposition of organic compounds
has been comparedtteeenergy required for water splitting by algae and PNSB were
found to require much less energy. This is because they have high efficiency to
convert organic compounds (carbon source) to hydrogen. PNSB have the ability to
utilize organic substrates (sugarsdashort chain organic acids) typically found in

agricultural and industrial wastes for hydrogen production (Ereigh) 2014).
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In addition, a larggortion of the solar spectruoan be utilized by PNSB to obtain
energy (Basalet al, 2007). PNSB inclu@s various species such Reodobacter
capsulatus, = Rhodobacter sulfidophilus, Rhodobacter sphaeroides,
Rhodopseudomonas palustris, Rhodospirillum rubrath capable of producing
hydrogen using energy from a light sourddve model species of the preseftrk is
Rhodopseudomonas palustbiscause good yields of hydrogen were obtained in the
photoheterotrophic growth mode of bacteria on cheap sugar substrates (Sagir, 2012,
Zhanget al, 2015. In addition, the genome sequenceRof palustriswas made
availeble in 2004 as the first PNS bacteria that exhibit the complex metabolism
(Larimeret al, 2004).This genome sequence is a starting point tdRugmlustrisas

a model to explore its metabolism resulting maximum hydrogen productivity
compared to other PBB. Its genome sequence shows tRapalustrishas additional
metabolic capabilities (Larimeat al, 2004), not in common with other PNSB such
asR. sphaeroidesr R. rubrum R. palustriss capable of modulating photosynthesis
according to light qualityThis is because its photosynthetic membrane has multiple
light harvesting complexes differing in the wavelengths of light absorbed. Therefore,

it can harvest light of differing qualities and intensities.

Moreover, it undergoes asymmetric cell divisard produces a cell surface adhesion

at one end of the cell that causes cells to stick to solid substrates resulting good yields
in the hydrogen production. On the other hand, Sagir (2012) experimentally observed
R. palustrishaving maximum hydrgen produtvity (0.78 mmolh) from sucrose
compared to the other PNS speddmdobacter capsulatuRhodobacter capsulatus

YO3 (hup) andRhodobacter sphaeriodedBNSB have been noted for their hydrogen
production capabilities from a wide selection of substr&ekancing the hydrogen
yields and productivities still remains a challenge due to their complex metabolism.
The metabolic activities of the PNSB that drive hydrogen produatiediscussed in

the next section.
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2.2 Overviewn of the Metabolism in Hydrogen Roduction by PNS bacteria

A thorough understanding of the metabolism plays a vital role in assessing and
improving efficiency and productivity in biological hydrogen production systems.
This is especially the case for purple rsutfur (PNS) bacteria, in which the hydrogen
producton metabolism is the result of the complex interplay of several systems and
components such as the photosystems, carbon flow and enzymatic reactions (Figure
2.2). The overall scheme of hydrogen production is illustrated in the foenfla#

chart in Figue 2.2. The distribution of protons and electrons over the components of

bacteria are shown agreams in thélock diagram.

Substrate (sucrose in this work) is broken down and oxidized thrimegducrose
pathway, glycolysis and TCA cycle. Electrons frdm bxidation of the substrate are
carried by NAD (Nicotinamide adenine dinucleotide) and Fd (Ferredoxin) to the
Calvin cycle, biosynthetic reactions, and the Nitrogenase and Hydrogenase enzymes
(Vignais et al, 1985). At the same time, light energy is certed into ATP in the
Photosynthetic unit (PSU). Nitrogenase receives ATP along with the protons and
electrons. Protons are supplied in part by the TCA cycle and the remainder by ATP
synthase, the latter working as a part of the photosynthetic appar#atogeNase
reduces protons to molecular hydrogen whereas Hydrogenase functions bi
directionally in general, both producing and consuming hydrogen. The detailed

explanation of each component in Figure 2.2 will be given in the following sections.
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2.2.1 Carbon flow

The hydrogen productivities and conversion efficiencies of even simple substrates
such as sugars and small organic acids can vary due to the differences in the utilization
manner of different substrates. Accordingly, more insight is needed into the carbon
utilization patterns of these species. Figure 2.3 shows the simplified scheme of carbon
metabolism of PNSB (Koket al, 2002). Sucrose is broken down to glucose and
fructose in the sucrose thavay. The glycolysis pathwayE(mbden Meyerhoff
Pathway, EntnerDoudorof pathwaynd Pentose Phosphate patiwan differ with
respect to the species of the PNSB (Hadeekal, 2011). For example, the pentose
phosphate pathway has only been observe®.impalustriswhereas the Entner
Doudorof pathway is present imly R. sphaeroidesMoreover,R. rubrumdoes not

have either of the Entner Doudorof pentose phosphate pathways (Hatliake
2011). In Figure 2.3 (Koket al, 20®), Glucose and Fructose are converted into
Glyceraldeyde 3 in the Entner Doudoropathway and Embden Meyerhoff
Pathways, respectively. GQOs fixed and Glyceraldeyde-B is converted into
pyruvate in the Calvin cycle. Acetyl CoA is produced from pyruvate vetdetrons

and CQ are produced in the TCA cycle (tricarboxylic acid cycle).palustris
encodes a complete tricarboxylic acid cycle. However, it also uses the glyoxylate

shunt which is a direct pathway from isocitrate to malsieKinlay et al, 2011)

The genome sequence that encodes the carbon cycle also indicates the syinthesis
gl ycogen ilydrakyalpaodatgs ad carbon storage polymers (Adesdi,

2012). Polyb-hydroxybutyrate (PHB) is synthesized to eliminate excess electron
carriers in the carbon flow. PHB production increases with excess carbon and energy
sourcesin a nitrogen deficient environment where limited cell growth can occur.
However, the stored PHB is degraded when bacteria is transferred to the environment

convenient for cell growth.
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Figure 2.3: Simplified overall scheme of carbon flow in PNSB (Kadual, 2002)

Conditions of growth media of bacteria (pH and substrate) can affect the rate of PHB
production (Cheret al, 2011). Pathway of PHB production may compete with the
pathway of hydrogen pduction for electrons because both pathways are favorable

with unbalanced growth (Vincenziat al, 1997).
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2.22 Enzyme §stems

In biological hydrogen production of PNSB, nitrogenase and hydrogenase are the two
most important enzymes that resulthydrogen production. Both enzymes produce
hydrogen from protons and electrons either in the presence or absence of a nitrogen
source. However, depending on the type and amount of the nitrogen source,
nitrogenase functions in different ways to produce hgelno Equation (2.1) shows

the reaction of nitrogenase when fixing nitrogen)(d ammonia (NE), whereas

(2.2) is the hydrogen production reaction of nitrogenase in low amounts or total
absence of the nitrogen source. In the absence of molecular nitndgagenase still
produces Husing only protons, electrons and ATERjuation 2.2)without nitrogen
fixation (McKinlay, 2014).

N2 + 8H" + 86 + 16ATPA 2 NHs + Hz + 16 ADP 2.1)

8H* + 8¢ + 16ATPA 4H, + 16 ADP (2.2)

Hydrogen production by Nitrogenase is an irreversible reaction. In addition to
molecular nitrogen, oxygen and ammonium present in hydrogen production medium
canrepress the activity of nitrogenase (Ko&ual, 2002). For this reason, limited
amounts of th nitrogen source are provided to PNSB for hydrogen production to
prevent low nitrogenase activity; this condition is typically referred to as a high
carbontoi nitrogen (C/N) ratio. This results the absence of significant growth
(Keskin, AbeHashesh andfallenbeck, 2011). When limited molecular nitrogen is
supplied to bacteria, one malémolecular hydrogen requires 4 moles of ATP as seen
in (2.2).
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Most PNSB carry molybdenum in the center of their nitrogenase enzyme, which is
called the Menitrogenae for this reason. However, two other nitrogenases have also
been identified for some PNSB, with vanadium i(\hitrogenase) or iron (Fé
nitrogenase) in the center of the enzyme (Basal, 2007). Nitrogenases are named

for the metals present in theictive sitesR. palustrisis a unique example of PNSB
encoding all three nitrogenase isozymes (McKinlay, 2014). The reactions of these

iIsoenzymes are given in (2.3), (2.4) and (2.5).

Mo-nitrogenase: b+ 8Hz + 8¢ +16 ATPA 2 NHs + H2+ 16 ADP (2.3)
V-nitrogenase: N+ 12H + 12e +24 ATPA 2 NHs + 3H: + 24 ADP (2.4)
Fe-nitrogenase: N+ 24H: + 24e + 48 ATPA 2 NHs + 9H: + 48 ADP (2.5)

As seen from the reactions; production is performed more efficiently by alternative
nitrogenases in the presence of molecular nitrogen. PNSB encoehitgoyenase

and Fenitrogenases theoretically catalyze three and nine times as much hydrogen as
do Mo nitrogenases, respectivel@daet al. (2005) comparedh vivo rates of H
production by strains using each nitrogenase individually umieogen fixing

environment.

Table 2.1: Comparison of individually expressed nitrogenase types and resulted H

productivityin vivo (Odaet al, 2005)

Nitrogenase| Growth rate H2 production Specific H
expressed (h) (umol/mg productivity
protein) (umol/(mg protein)h?)
Mo- only 0.048 30 1.44
V- only 0.036 51 1.84
Fe- only 0.028 140 3.92

21



Table 2.1 shows the comparison in terms of growth Hd@roduction and specific
H2 productivity. To obtain the data in this table, Qstaal(2005) experimentally
observed growth rates and production in the presence of nitrogen, but calculated
specific B productivities based on the Monod model. Straxgressing V and Fe

nitrogenases grow more slowly, but they have higher specifizddiuctivities.

On the other hand, when no nitrogenadimited nitrogen source is available, the
reactions of all nitrogenase isozymes forgioduction are identicallherefore, in
such a situation, V nitrogenase and Henitrogenase have the same reaction as Mo

nitrogenase (McKinlay, 2014).

Hydrogenasewhich is the other enzyme responsible for gioduction has the

reaction shown in (2.6).

2H" + 264 A Ho (2.6)

This is similar to the reaction of nitrogenase in the case of a limited nitrogen source
in terms of producing Hfrom protons and electrons (McKinlagt al, 2010).
However, no ATP is utilized for Hproduction. The reaction is reversiblader
certain conditions, with hydrogen being either produced or consumed (Mckeihlay
al., 2010).

Similar to the case of alternative nitrogenases, -fiyefogenase, [NiFe]
hydrogenase, and [FeFeydrogenase have been classified based on the type of metal
in the active site of thenzymesso far. [FeJhydrogenase and [FeFeydrogenase
have reactionsxclusively in the direction of Hproduction whereas the other catalyze

H2 consumption or uptake (Cammack 1999).
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The hydrogen uptake of hydrogenase ([NiRglirogenase) can be defined as the
metabolic antagonist of nitrogenase and the term uptakedsaase is used when
hydrogenase catalyzes ldonsumptioninstead of production. Some studies have
reported higher hydrogen vyields by modifying or completely eliminating the
hydrogenase activity of PNSB. Ooshined al. (1998) obtained mutants dR.
capsuldus without hydrogen uptake enzyme and observed a significant increase in
substrate (6@1M malate) conversion efficiency to 68% in the mutant type from 25%
in the wild type. Oztirlet al. (2006) eliminated the gene of uptake hydrogenase in
Rhodobacter capdatusto have higher hydrogen productivity and obtained 70%
hydrogen production efficiency. However, this deletion is probably unnecessary or
even detrimental for hydrogen productiorRipalustrispecause its genome sequence
revealsan inactive uptake yrogenase and other hydrogenase(s) that produce
hydrogen (Ret al.2006).

R. palustriswas reported to encodéeFe}hydrogenase and [NiFélydrogenase
(Androgaet al, 2012) where [NiFehydrogenase was inactivated by a regulatory
mechanism explairteby Reyet al. (2006) The main characteristics of nitrogenase
and hydrogenase are compared in Table 2.2 (Batsalk 2007.

Table 2.2:Comparison of enzymes responsible farprbductionin PNSB

Characteristics Nitrogenase Hydrogenase
H2 production Yes Yes
H2 uptake No Yes
Oxygen sensitivity Yes Yes
ATP dependency Yes No
Catalytic rate Low High
Subunits 6 1-3
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2.2.3 Photosynthetic Wit

The photosynthetic unit (PSU) of PNSB is located in the cell membrane. During
photosynthesis of bacteria, functions of ligharvesting vesicular, photosynthetic
pigments (bacteriochlorophyll, carotenoids etc.) and an electron transport chain are
observedn this unit. Light energy is converted to ATP as a result of a set of equations
driven by the membradeased components of the PSU. Figure 2.4 (Klatmdl,

2008) illustrates these components and their functions for ATP production.
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Figure 2.4: Processes for components of photosynthetic unit in PNSB; solid arrows:
electron flow, dotted arrows: proton (hydrogen ioh) fow (Klamt et al, 2008)
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The membrane closer to periplasm is defined as intracytoplasmic membrane (ICM)
whereas the rest of the mbrane is known as cytoplasmic membrane (CM). In the
intracytoplasmic membrane, the reaction center (RC), light harvesting complexes
(LHC) and photosynthetic pigments play the important roles of absorbing photons
from the light source and starting the cgcATP production (red arrows in Figure
2.4). Cytoplasmic membrane includes the components of electron transport chain of
PSU. The components of electron transfer chain are NADH dehydrogenase, succinate
dehydrogenase, cytochromepecytochrome £*, ubiqunone (Q) / ubiquinol (QH2)

and ATP synthase. In the membrane, ubiquinone (Q), cytochrgihand NADH

are electron carriers. NADH bridges the membrane and central metabolism by
interchanging electrons, whereas the others diffuse only in the membran&. The
important reactions taking place in the photosynthetic unit are listed below as
equations (2.7§2.11) where IH and K" represent protons (hydrogen ions) in the

cytoplasm and periplasm, respectively.

In the photosynthetic unit, light harvestimgmplexes including chlorophyll and
carotenoids pigments surround the reaction center (integral membrane protein
complex) and harvest light energy from the light source. Therefore, photons are
absorbed by the light harvesting complexes in the form of atamit energy in
chlorophylls. Bacteriochlorophyll @hl) plays the important role of charge separation
and the initiation of a cyclic electron flow with electron carriers, acting as the primary
electron donor and final electron acceptor. The excitatiorggns exchanged with

electrons in the reaction center by reducing Q te @i oxidizing ¢* to 3",

Reaction center: 2 photons + Q +22'@ QH:z + 2¢* (2.7)

The reaction by the cytochromeilmomplex occurs in the opposite direction loé t
reaction center. Reduced @4 converted back into Q and electrons are transferred

to cytochromec2 to be reducedThe cytochrome hccomplex takes electrons from

the Q pool to cytochrome end protons are pumped to periplasm.
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Cytochrome bgcomplex:QHz+ 2H* + 20 A 2 ?* + Q + 4" (2.8)

NADH Dehydrogenase reversibly transfers two electrons for reduction of Q 40 QH
and pumps only four protons towards periplasm.

NADH Dehydrogenase: NADH + Q + 5H8 A QH2 + 4Hy," + NAD* (2.9)

Succinate Dehydrogenase does not pump protons to periplasm, only reversibly
reduces Q to QHby transferring succinate to fumarate. In that way, central

metabolism and the components of PSU basadbaquinong(Q).

Succinate Dehydrogenase: Succinate & & Fumarate + Qb (2.10)

The final and critical component of PSU in PNSB is ATP synthase. Protons
accumulated in the periplasm are used by ATP synthase to produce ATP. NADH
dehydrogenase and Succinate dehyelnage donate protons in opposite directions of
other components to maintain the redox balance of Q pool. In this way, a proton
gradient between periplasm and cytoplasm forms for ATP synthesis during
photosynthesis. ATP synthase converts the generatedhpgoddient to chemical
energy in the form of ATP. This conversion is called cyclic photophosphorylation
because the process is continuous as long as the bacteria uses energy from a light

source.

ATP synthase: ADP+ P +3H," A ATP* +H20+ 2H"* (2.12)
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2.3 Sucrose Mtabolism in PNS Bacteria

Sugar industry wastes containing high amounts of sucrose have been used as main
substrates for PNSB (Keskat al, 2012). Beet molasses, sugar cane and wastewater
are typical wastes obtained during sugenufacturing. In earlier studies, hydrogen
production was performed using two different stages. In theabed, twestage
processes, the first stage is the conversion of fermentative sugar to organic acids and
hydrogen whereas in the second stage ombyamc acids are utilized for H
production. Lecet al.(2010) obtained a yield of 5.8 mole per mole of sucrose using
microorganisms o€lostridium butyricum CGS5&8ndRhodopseudomonas palustris
WP35. However, recent studies have aimed to perform hyrggoduction in a
singlestage batch process, in order to reduce the cost and complexity of the overall
process. Keskiret al. (2011) achieved hydrogen production using beet molasses,
black strap and pure sucrose wirhodobacter capsulatus a single sige phote
fermentation process for the first time. Yields of 10.5 mole, 8 mole and 14 mole H
per mole of sucrose are obtained, respectively. This result seems to be very promising
when compared to two stage phd&tomentation processes.

Independently, Sar (2012) studied single stage phdésmentation on molasses
using Rhodobacter capsulatu¥O3 and observed aproductivity of 0.41 mole
H2/(m3.h). However, in single stage photo fermentation, significant decreases in pH
values of hydrogen production meniwas observed due to organic acid released by
bacteria. Hydrogen production was found to be negatively affected because of
decreasing pH in the bacterial culture (Sagal, 2012). Indeed, both single and two
stage processes have some disadvantagbhsasudependence on a light source and
the difficulty in designing photbioreactors. To overcome these drawbacks and to
obtain higher H yields, the use of metabolic engineering and process control
techniques is required (Hallenbeekal, 2015).
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PNSB ae organisms with very versatile metabolic pathways (Larighed, 2004).

Unlike metabolism of other carbon sources such as simple sugars and organic acids,
sucrose metabolism is not welhderstood in these bacteria. Although their genome
sequences areailable in the literature, the enzymes in sucrose metabolism have not
been identified in terms of their activity during sucrose utilization. Figure 2.5 shows
the pathway map of sucrose and starch metabolisi palustris This metabolic
pathway is primaly responsible for the conversion of sucrose into glucose and
fructose. Some enzymes are known via genomic studasefiseet al, 2015 to be

active inR. palustris On the other hand, experimental studies resulting in biomass
growth and H production on sucrose by PNSB4llenbecket al, 2015 and Sagir,

2012), lend support to the presence of additional enzymes not identified within the
genome. Therefore, in modeling the metabolism, it is possible to use an overall,
hypothesized pathway eficrose utilization for the bacterimarked by red in Figure
2.5.The boxes circled in red represent the enzymes assumed to be present. Of these,
the green boxes correspond to confirmed enzym&s palustriswhereas the white

boxes correspond to enzymést have not been verified but hypothesized to be
present in the current study. The pathway where maltose is utilized was ignored
because the bacterial culture does not have extracellular maltose to be consumed. In
addition, glycogen, cellulose and pa&cpathways were not included in the model
because there is no experimental observation about synthesis of these metabolites by
R. palustris In particular, enzymes for transportation and breakdown of extracellular
sucrose (2.7.1.69 and 3.2.1.26) are assutnde present in the metabolic network.

The list of enzymes with their EC number and nsucen be found in Appendix B.2.

As seen from Figure 2.5, sucrose is also synthesized within the metabolisthérom
phosphorylated intermediate sucr@sfiposphate by enzymes of suciggmsphate
synthase (SR3.4.1.13) and sucrogghosphatase (SP¥R1.3.24). Both external and
produced sucrose are broken down by the enzymes of invertase or sucrose synthase
(3.2.126) into glucose and fructose to be used in glycolysis pathasysentioned

in section 2.2
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STARCH AND SUCROSE METABOLISM
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2.4 Metabolic Modeling and its Application to PNS Rcteria

The netabolism can be defined #se rate ofbiochemical reactions of chemical
compounds (metabolites) taking placehia organismComplex molecules are either
formed or broken down in the metabolism. Energy is also required or produced in
some of these processes. An organism should have a lhlaetabolism in terms

of the reactions to be alive. The metabolismaahicroorganism can be used to
increase the yield ok desired product obtained from the microorganism. For this
purpose, a research area of metabolic engineering has been studieedigllgsp
pharmaceutical companies for drug development and industrial companies for
product development to understand the metabolism of orgarfiemthis purposea
quantification of the metabolisia required. Metabolic models have been developed
from networks of chemical reactions representing the metabolism of the organism. To
construct the network, the genome sequence and biochemical atifmmnof the

organism are used.

Therefore, the objective of metabolic engineering is to obtain the optimum rnetabo
network resulting maximum product synthesis. An optimum metabolic network
shows the biochemical paths that a substrate should follow to obtain the desired
productivity of the process. This network is estimated from the flux distribution (the
rate of eah biochemical reaction) obtained from metabolic models.

There are different techniques to model metabolic networks. Dynamic flux analyses
and metabolic flux analysis are the main categories for metabolic modeling. Dynamic
flux analysis requires detailedeliable kinetic data for the metabolism of the
organism of interest (Gaa al, 2007). Though more rigorous in principle, the amount

of experimental data needed to be amassed prohibits the applicability of such an

approach, especially for the metabdlicaersatile PNSB.
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Klamt et al. (2008) constructed a mathematical model of electron transport chain of
PNSB to predict changes in fluxes of the reactions with respect to different
environmental conditions. However, only 10 ouB8ftime dependent variks were
kinetically defined. The whole metabolism of PNSB has not been dynamically
modeled so far because detailed kinetic data is not available in literature. The other
modeling technique is metabolic flux analysis which is the method used in the present
work. The methodology chapter will present a more extensive overview of metabolic
flux analysesThe process of hydrogen production by PNSB has some drawbacks
such as low light conversion efficiency, low enzyme activity of nitrogenase and the
presence opathways competing with hydrogen production for electrons (Gabsh

al., 2015). In this work, the objective of the metabolic modeling is to increase
hydrogen production capacities of PNSB. This capacity depends on carbon and
nitrogen sources utilized andtevities of hydrogen producing enzymes, light source
and the components of photosynthetic unit of the bacteria. Metabolic modeling has
also been applied in other studies to improve the process of hydrogen production by
PNSB so far. Recently, most of theidies have been focusing on the metabolic flux

analysis in carbon metabolism of PNSB.

Klamt et al. (2002) first attempted to apply flux balance analysisthar central
metabolism of PNSB. The photoheterotrophic growth of the bacteria was
guantitatively analyzed. This study showed that important metabolic constraints can

be identified from the stoichiometric analysis performed.

Golomysoveet al.(2010) constructethefirst comprehensive mathematical model of

the metabolism of PNSB in a condition of photoheterotrophic growth. 314 metabolic
reactions and 287 compoundsRn gphaeroideswere modeled usingux balance
analysis. Computed metabolic fluxes were compared with some experimental values

previously studied.
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McKinlay and Harwood (2010) usétC-metabolic flux analysis{C-MFA) to assess

the significance of the Calvin cycle in PNSB producing hydno&e palustriswas
analyzedwith acetate as substrate photoheterotrophic growtithe Galvin cycle

was quantifiedwith CQO; fixation resultingfrom the analysis. 22% of the carbon in
acetate was found to be oxidized to £Zd 68% of this C®was observed to be
reused by the bacteria in Calvin cycle. Therefore, this result showed Calvin cycle has
an important role to recycle electron carriers by. @ation because it rexidized

nearly half of the reduced cofactors when the acetate wamedttlh produce CO

Imamet al.(2011) constructed a genoraeale metabolic model with 796 metabolites
and 1158 reactions d®. sphaeroidesinder photoheterotrophic growth conditions.
The model results were found close to experimental observations. Tleénematted

that maximum yield of kican be achieved as much as ~50% higher than the yield
experimentally determined. The presence of competing pathways was indicated to

prevent low yields of EHproduction.

McKinlay and Harwood (2011) obtained metabdliexes resulted from metabolic
flux analysis inR. palustrisgrown on a range of organic compounds (fumarate,
succinate, acetate and butyrate). Metabolic fluxes were determined using two
different strains oR. palustris wild type and a NifA strain whicls a mutated strain

to grow photoheterotrophically in the presence ofsNBis the nitrogen source.
Nitrogenase was active in NifA strain (hydesgproducing strain) as oppogedwild

type (nonrhydrogen producing strain) because mineral medium contairtiagwas

used in their study. The contribution of Calvin cycle in the metabolism of the bacteria
was determined by comparing the fluxes obtained from these s&anos.the active
metabolic routes change depending on the substrate input, the hydrogen vyiel
changes, accordinglyin addition, H yield was observed to increase with all

substrates studied whéme Calvin cycle was blocked.
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Hadickeet al.(2011) developed a stoichiometric model using metabolic flux analysis
for three main representatives of PNSBhédospirillum rubrum, Rhodobacter
sphaeroidesand Rhodopseudomonas palusjrigrown on different substrates
(succinate, malate, propionate, atetand fructose). Their central metabolism was
modeled to understand and compare the redox mechanism behind their metabolism
in either photoheterotrophic or photoautotrophic growth. Different pathways were
observed in central metabolism of three organistudied. For exampl&. palustris

was found to assimilate acetate using the enzyme of isocitrate lyase in a pathway
named glyoxylate shunt whereRs phaeroidesand R. rubrumuse ethylmalonyl

CoA (EMCoA) pathway and citramalate cycle (CM), respectivVEhe resulted flux
distribution showed th&. sphaeroidesan grow on acetate without functional Calvin
cycle because EMCoA pathway mimics the Calvin cycle consuming reducing

equivalents.

Taoet al.(2011) studied glucose metabolisnRofphaeroidesn photoheterotrophic
growth and presented its intracellular carbon fluxes using metabolic flux analysis. H
yield was found to increaghie tosignificant increase in fluxes trficarboxylic acid
cycle (TCA cycle) corresponding 82 to 88% of the increase NADH formation
when the enzymes bfydrogenase and paoly hydroxybutyrate (PHB) synthase were

disrupted.

The present work models the carbon metabolisfR. @ialustrisin bacterial culture

with low nitrogen (glutamate) to carbon (sucrose) ratio to assess its capability of the
hydrogen production on sucrose. Additionally, effects of changes in the growth
conditions of the bacteria were analyzed on biomass productiorhytdgen
production, in particular. A distinctive feature of this study is that a metabolic model
investigating carbon utilization patterns Bf palustrison sucrose in hydrogen

production environment has not been studied previously, to the best obate#ge.
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CHAPTER 3

METHODOLOGY

3.1 Metabolic Flux Analysis

Metabolic flux analysis is a practical methodology to study the network of
biochemical reactions and to predict fluxes of metabolic pathvilaykis method, a
single cell of the organism is treated as a system that exchanges mass with its
surroundings, as well as carry out internal (intracellular) reactions. The set of
reactions and transport streams are referred to as fluxes and colleftvelyhe
metabolic network of the system. The method enables the determination of these
fluxes when proper conditions and assumptions areThetknowledge ofmetabolic

fluxes in a biologica production syeem informs scientistof the degree of
involvementof variouspathwaysin the metabot reaction networkkKnowledge of

the distribution of imacellular fluxeson metabolic pathwayplays acritical role

on metabadic emgineering design, as it helps identify specific targets fgenetic
manipulation inorder tomaximize the production of adesiredmetabdlite. For the
present study, thene of theobjectives of the metabolic flux analysis te detemine

the pathwaysthat havethe potental for genetc modification and may contribue to

higher R yield. One definitive aspet of metabdlic engineering is the focuson a

sygem of interacting biochemical reactions asa network nstead of on individual
erzymatic reactions. This metabolic network is an absact representatiorof the

cellularmetabolign (Stephanopoulost al., 1998).
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Metabolic Flux Analysis (MFA) has become a reliable and widely used technique to

obtain accurate trecellular fluxes within the metabolism over the past 20 years.

According to a literaturstudy (Cravn et al, 2013) 700 published papers containing

the term of O&dmetalbydiixd fdruxdfAmang Hekd, uwe raen f o u
70 papers were found to be about experimental MBA and approximately 50 of them

were simulation based and theoretical studiég. number of publications related to

MFA are shownn Figure 3.1a and b

Figure 3.1a shows that the annual numloéipublications on the topic of metabolic

flux analysis has had an increasing trend since 1995. The inspected papers consist of
a diverse set of organisms such as bacteria, fungi, mammalian cells and plants. In
Figure 3.1b, the distribution of organisnsfudied for MFA is given with the annual
number of publications. In recent years, the publications covering MFA on bacteria

have constituted the majority of the total.
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Figure 3.1: Annual number of publications involving MFA with respect to years; a.
general trend, b. distribution of organism studied for MFA (Cratial., 2013)
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To implement MFA in this study, a practical guideline present in the literature
(Crownet al, 2013) was followed. A summarized overview of good practices and a
required checklist in MFA were also included in this guideline. As a good practice it
is recommended that all reactions should be listed in table form in a concise manner
by giving all sipstrates and products clearly. In addition, the metabolites and fluxes
to be estimated should be listed. This is because the list of metabolites and fluxes
will be connected to obtain a metabolic network model, which is basis for the entire
analysis. It isalso recommended that a table should list the experimental and
estimated results for convenient comparison rather than a figure showing this
comparison. In the present study, results were presehtestd on these

recommendations.

3.2 Classification of Metbolic Flux Analysis

For MFA, a stoichiometric model is needed in the form of metabolic pathway map
where the intracellular reactions are represented in order to determine the
intracellular fluxes by applying mass balances aroutrdaellular metabolites. Mass
balances utilize a set of experimental extracellular fluxes as input to the flux
calculations. These extracellular fluxes are the experimentally determined cellular
uptake and excretion rates of metabolites. The result adriafysis is a metabolic

flux map shown as a diagram of the biochemical reactions included in the
calculations along with an estimate of the stesidye rates (i.e., the flux) for each
reaction. Figure 3.2 shows an example of such a diagram called a haedtakanap
(Stephanopoulost al, 1998). In general, MFA evaluates intracellular fluxes
considering the stoichiometry of the metabolism reactions and other mass balances
that result in an extensive understanding of metabolic network. However, metabolic
flux analysis can be divided into two categories based on the techniques used in the
estimation of fluxes. These are flux balance analysis (MFA with a metabolite balance
technique) and fluxomics (MFA with a tracer based technique), as will beireegbla

in the following sections.
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Figure 3.2: Example of a metabolic map; Fluxes distributed over different metabolic
pathways (Stephanopoulesal., 1998).

3.2.1 Flux Balance Analysis

Flux balance analysis (FBA) depends on the constraints of a metabolic Inaseel
on a stoichiometric matrix. This stoichiometric matrix shows the reactions taking
place in the metabolic network. The matrix is analogous to the one used in reaction

engineering to find the reaction rates of complex multiple reactions that occur
simutaneously in a reactor.
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In this study, FBA was performed as modelling approach where bacterial metabolism
is analogous to a set of biochemical reactions occurring in a reactor. The
stoichiometric matrix consists of the stoichiometric coefficients of budites
formed and consumed in the metabolic reactions and can be constructed using pre
defined reactions in the metabolic network. This approach allows a metabolic
network to adopt different constraints assumed to be obeyed by organisms. These
constraintsare &pressed in mathematical foras a multidimensional geometric
representation in which a single solution can be obtained as a result of FBA. This is
because each metabolic flux represents a dimension (i.e., a vector) in the solution
space and consird fluxes determine the resulting solution space that corresponds
to a specific metabolic network. An example of the geometric representation of
constraint based solution space is shown in Figure 3.3a & b (Tanis, 2006).

a b Maximization problem with 4 constraint and 2 variables
: " + 1000

Flux; X2
8

0 100 200 300 400 500 600 700 ©00 900 1000
Flux: X1

Flux V2

Flux V1

Figure 3.3: Geometric represerttan of; a. all possible solutions before
limitations, b. a specific solution space considering flux limitations (Tanis, 2006)
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The pyramid seen in Figure 3a3can be a solution space narrowed by three fluxes
present in the metabolic network. Howeverstipace includes many solutions that
are possible to obtain frorthe constructed stoichiometric matrix without any

limitation.

After the constraints are determined, the cone becomes a bounded solution space
shown in Figure 3:®. These constraints coulde mathematical statements
converted from experimental measurements or an objective function used in the
optimization of flux distribution. Optimization can be performed by linear
programming, which allows to obtain the optimal flux distribution basedhen t
constraints. Because this study uses FBA as a modeling approach, the theory behind
this technique will be explained in more detail in the following sections.

3.2.2 Fluxomics

In the analysis of a metabolic network, fluxomics is a complementary method to
overcome the shortcomings of constraint based MFA (FBA) by combining
experimenthand mathematical methods. Fluxomics, also named as Carbon Flux
Analysis (CFA), is a tracer based technique. This techniqué-iestopes to label

the substrates, which are distributed from the source of the substrate within different
metabolic pathways. Isotopic distributions in the steady state condition can be
measured using nuclear magnetic resonance spectroscopy (NMR) asd mas
spectrometry including liquid chromatograjiinyass spectrometry (LGAS), gas
chromatographiymass spectrometry (G®S) and matrix assisted laser desorption
ionization timeof-flight mass spectrometry (MALBTOF MS)(Cai et al, 2010).
These measurementspgllements the extracellular flux data used in FBA. An
underlying assumption in this approach is that enzymes cannot differentiate between

ordinary and*C-tagged carbon molecules.
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This apprach is applicable when all intrallular fluxes cannot be predicted by FBA.
This is especially the case for too many bidirectional and cyclic fluxes present in the
metabolic network.Therefore, the resulting data obtained from carbon labeling
experiments helps to predict the intraceliulaxes. As the metabolic network and
constraints in the present study were enough to quantitate the intracellular fluxes, the

fluxomics approach was not necessary

3.3 Construction of the Metabolic Network

The metabolic network of an organism shows hewbstrates are converted to
products in the form of a diagram. Reactions physiologically active in the
metabolism and metabolites in the metabolic network must be defined clearly to
construct the metabolic models to be studied by FBA. To characterizesthbahc
network of the organism, the fields of bioinformatics and theoretical biology help the
construction of metabolic models. There are several important fields like genomics,
proteomics, transcriptomics and metabolomics in biological studies to tentthe

phenotypic characteristics of an organism.

The starting point of all of these fields is the genomic sequence. Gene annotation is
performed on the sequence to obtain gene functions which describe the metabolic
enzymes. Therefore, all chemical reags catalyzed by these enzymes can be

defined. Figure 3.4 illustrates the resulting representation of a metabolic network.
In Figure 3.4, A, B and C are internal metabolite concentratiofjsvavand

represent internal fluxes in vector form wheregdband bz are the external fluxes

which relate the substrates and products of the cell.
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Figure 3.4: General representation of a metabolic network (Tanis, 2006)

It is difficult to determine thentracellular fluxes with only genomic data used as
basis for the constructed metabolic network. The knowledge of external fluxes such
asthe sugar uptake rate or producti{anol and C@) secretion rate from the cell is
very valuable to estimate and irpest the internal fluxes. This is because the
metabolic network in the cell is interrupted by external fluxesaffect a flux
distribution ofthe network.However, this requires the use of mathematical modeling
and computer siulation. Dynamic modelingral metabolic flux aalysis are two

existing methods of mathematical modeling.

Dynamic modeling was not selected as a mathematical method because it requires
detailed kinetic data on the enzymes or cofactors and such data is ndefiedd

in the literdaure. In the present study, Flux Balance Analysis was used to model the
constructed metabolic network by overcoming lack of these kinetic data. The next
section will emphasize the methodology behind the model construction by Flux

Balance Analysis.
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3.4 Canstruction of the Mathematical Model

The metabolic network is the basis of model construction because it is a map of all
metabolites and their reactions in the cellular metabolism. Internal and external
fluxes defined in the metabolic network are usefibton mass balance equations for

each metabolite. Mass balance equations mathematically define the cellular
information. Figure 3.5 summarizes the mathematical representation of the metabolic

network and the rest of the procedure in FBAbtainan optimalflux distribution.

The modeling approach does not need any kinetic information for enzymes and
cofactors because it is a constraint based method which assumes the metabolites
undergo steady state reaction rates (i.e., fluxes). Constraints are defined by mass
balance equatia) reversibility/irreversibility of the metabolic reactions and the
knowledge of external fluxesNo other adjustable/estimated parameters are
necessaryTo estimatethe fluxes in a reaction network, the pseudo stesidye

condition is assumed.

In matrix notation (Figure 3) (Orthet al.,, 2010), rows are metabolites (equations)
and columns represent fluxes of reactions (unknowns). The number of rows is
usually less than the number of columns in FBA. This is the case of underdetermined
systens which exhibit many solutions in the feasible solution space.

An objective function is defined to narrow the solution space and tonoatsingle
optimal solution. Therefore, this general scheme emphasizes thatmodel
construction requires mass balantbs,seadystate assumption and an optimization
process to obtain an optimal flux distribari over the metabolic networKheir

implementation will be explained in the following sections.
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Figure 3.5: A general scheme for Flux Balance Analysis (Gathl., 2010)
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3.4.1 Mass Balances and Stoichiometric Reduction

Mass balances are built up by all metabolites in the metabolic network. Mass balance
equations for each metabolite depict the change of concentration of that metabolite
over time. This changeocresponds to the difference between production and
consumption rates of that metabolite. Figure&.&nd b illustrate the formation of

mass balance equations based on predefined metabolic network.

o
a. b d4
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Figure 3.6:a. Simple reaction network to form mass balance, b. An example of a set

of mass balance equations

In Figure 3.6, the terms represent unknown internal fluxes whereas the b terms are
the known external fluxes. Mass balance equations are presented in a matrix form
with a stoichiometric matriX§f and an unknown flux vectob). The stoichiometric
matrix is anm x n matrix andv is the vector of unknown fluxes, wheneis the
number of metabolites andis the number of the reactions. The relation between
internal and external fluxes is converted into a mathematical expression with these
matrices. Equation (3)Idisplays the system of equations in term§Yaindv, and

equation (3.2) is the fullorm of equation (3.1) for an example stoichiometric matrix.
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The numbers in the stoichiometric matrix represent the stoichiometric coefficients of
all metabolic reactions in the constructed network, including the growth reaction of
biomass. A set of linear equations is obtained when steady state is assumed.

However these equations must be linearly independent to avoid trivial solutions.

To consolidate the equation system, stoichiometric reduction is performed on the
metabolic network by analyzing the individual pathways. Figure 3.7 shows an
example of this type analysis for stoichiometric reduction; each pathway in Figure
3.7 can be seen individually in different section of databases as a part of metabolism.
However, pathway 3 is a combination of Pathway 1 and 2. Therefore, only pathway

3 should be considered ihe stoichiometric matrix (Papgt al, 2004).
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Figure 3.7: Example representation for linear combination of pathways

Moreover, intermediate metabolites reacting in a single direction can be neglected in
the absence of branching (Varmiaal, 1993). These metabolites can be named as

a single metabolite. In addition, a reversible reaction has a single and unidirectional
flux in the final solution even though chemically it isdiectional. The sign of
resulting flux will give the direction of thaeversible reaction (Edwarésal., 2000).
Stoichiometric reductions also help to simplify the metabolic network. For this
reason, some compounds that are not of interest in the studied metabolism are not
included in the reaction network. For example, sobiosynthetic reactions are
lumped into one reaction because this study focuses on hydrogen produd®on in
palustris rather than the detailed synthesis of all products. Furthermore, cofactor
molecules such as coenzyme A and NABhich are carriers f@apecific molecular
species, have their flesintrinsically balanced and can therefore be ignored in the
network. Inclusion of such metabolitealy leads to the generation dependent

rows (Varmaet al.,, 1993).

In this study, the dependent reactionsreveliminated by hand and also using the

0l icolsé function i n Mat-ddepdndernt oowsnwerdee s ur
eliminated. As a result, the number of rows in the stoichiometric matrix was reduced

from 128 to 121.To illustrate, a part of thet@chiometic matrix is shown in

Appendix C.
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3.4.2 Steady State Assumption

The steadystate assumption plays a key role in FBA because it simplifies the
implementation of mass balances for each metabolite present in the metabolic
network. In the previous seon, mass balance equations are formed using equation
(3.1). When the metabolites are also presented in a vector notation, equation (3.3)
represents the reduced form of mass balance equation with steady state assumption

used in this study whek®is m x 1 metabolite vector andrepresents time.

— ™" T (3.3)

Equation (3.4) (Stephanopouletal, 1998) shows the general form of mass balance
of metabolites in the vector notation to reveal wieductions are made on this

equation.

™ (3.4)

In Equation (3.4) is the concentration vector of intracellular metabolites and r
represents the net rates of formation of the metabolites in the metatiolarkd he

* @term shows the consumption rate of metabolites due to cell growth called dilution
rate wheré is specific growth rate is constant. In additier, shows the change in

concentrations of the metalies over time. When the steadstate assumption is
valid, this term is equal to zero because all metabolites have constant concentration
over time. This assumption means that there is no metabolite accumulation within
the metabolism. It is reasonablert@ke such an assumption in FBA because the
reaction rates of intracellular metabolites is much higher than the dynamic changes
outside of the cells due to the nature of enzymatic reactions in the cellular
metabolism. It is accepted that enzymes presesriganism have high turnover ratio

and, therefore the metabolite pool can be conserved (Stephanopbalgsl998).
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This results in a pseudo steashate condition for cellular metabolism. In other
words, the incoming fluxes of each intracellular metab@lool balance the outgoing
fluxes, which can be described as one linear equation for each intracellular
metabolite shown in Figure 3i& The rank theorem (Varn&t al, 1994), shown in
equation (3.5), is used to determine the solution space of theae éiquations where

0 is unknown flux vector to be solved.

0 & i G (3.5)

In Equation (3.5), F represents the degree of freedom to show the solution space of
stoichiometric matrix. Rank of the stoichiometric matrix determines the number of
independent linear equations whereas n is the number of reactions within the

metabolic nawork.

If nis equal to the rank of stoichiometric matri¥,(the system consisting of a set of
independent linear equations is called determined and all unknown fluxes can be

calculated in a unique solution.

However, the number of linearly independent equations (metabolites) is usually less
than the number of unknown fluxes (reactions). This is the case of underdetermined
systems which is also observed in this study. These systems imply infinitely many
solutions because the degree of freedom (F) is greater than zero. In this work, n is
equal to 148 and rank of the stoichiometric matrix is 121. The degree of freedom
becomes 27 as seen in equation (6).

O pTtyYpgpcgx (3.6)

Therefore anoptimization approach is preferred in order to estimate the unique
solution. The optimization approach narrows the solution space using a specific

objective function in the cell, hence a unique flux solution is obtained.
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Maximal cell growth is mostly setted as a specific objective because it is
presumably the most primary objective of a growing cell (Vaetal, 1994). The

implementation of the optimization approach will be detailed in the next section.

3.4.3 Optimization in Linear Programming

Optimization is incorporated into the mathematical representation of metabolic
network constructed by FBA. The essentials of an optimization approach are
constraints and a specific objective of the cell called an objective function expressed
in mathematical formThis approach maximizes or minimizes the objective function
subject to the constraints. The objective function and constraints are functions of
some of the unknown fluxes in thé vector whereas constraints are additionally

bounded by a lower and an upper value for a specific flux.

In this work, both objective function and constraints are linear with unknown flux
variables; this approach is a problem of linear programming whidheso
optimization problem with linear algebraic equations. The most commonly used
algorithm in linear optimization problems is the simplex method. However, the
interior point method was used in this study instead of simplex method because of
the structureof solution space. The following sections will explain the case of
optimization problem in this study.

3.4.3.1 Objective Function and Constraints

The objective function is typically set to maximize the growth rate of the biomass
since this is arguably theatural goal of the cell. However, the existence of other
objective functions has been argued such as maximization of certain products,

maximization of ATP production or minimization of substrate consumption.
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Although the objective function can in prin@pbe set to any condition possiltae

the metabolic network, it has beargued that this is not biologically realistic and
the natural objective function is biomass growth (Fetistl, 2010). Nevertheless, in
this work, maximizing hydrogen productioate was also studied as an objective
function in addition to maximizing the growth rate Rf palustris However, the
objective function of maximum hydrogen production is questionable and for this
reason, with a few exceptions where stated, all the sakitio this work were
obtained for the growth objective functioAppendix Dshows the coefficients of

metabolites related with the growth reactiorRofpalustris

In this work, the flux vector has a large range of initial solution space resulting in a
large difference between its lower and upper bounds. This is because there is no well
defined rate limitation for a specific enzyme or a set of enzymes in the metabolic
network ofR. palustris.The lower and upper bounds in this work were chosen as
1000 and+1000, respectively.

These values are very high compared to the values of model inputs; here, the upper
and lower bounds do not have a physical meaning for the biomass but rather, they
are introduced to achieve convergence and obtain proper finitesv&loesolutions

were found when unconstrained sets were used.

Reversible reactions in the metabolic network can have positive or negative flux
values based on the direction of those reactions whereas irreversible reactions always
have positive flux value In the model of the present study, 50 out of 148 reactions

are reversible and thus their resulting values can be positive or negative.
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3.4.3.2 Optimization Algorithm

In spite of the fact that simplex method is the most commonly used optimization
technique in linear programming, the interior point method was used as an
optimization algorithm in this study. The main reasothefuse of theniterior point
method is thathe unknown flux vector might contain negative fluxes. This is not the
case for simplex method which is used as long as all the variables must eventually
have nonnegative values (Venkataraman, 2009). However, the iterative algorithm
thattakes placen theinterior point method isimilar tothe simplex method. Both
algorithms start off by identifying a feasible trisblution. At each iteration, the
algorithmmoves from the current trial solution to a better trial solution in the feasible
region. It then ontinues this process until it reaches a trial solution that is essentially
optimal (Hillier et al,, 2001).

When these algorithms are compared to each other, the difference originates from
the nature of the trial solutions. In the simplex method, tlé galutions consist of
corner point feasible (CPF) solutions. In other words, iterations move along the edges
on the boundary of feasible region. On the other hand, the interior point method has
trial solutions which are the points inside the boundarfgasible region and this is

the reason it is referred to as interior point algorithm. The interior point method is
alternatively referred to as a barrier algorithm because each constraint boundary is
treated as a barrier for trial solutions in the intepomnts. Figure 3.& and b show
graphical representation of solution spaces solved by simplex and interior point

method, respectively.
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Figure 3.8: Graphical analysis of the iteration approach; a. Simplex method b.

Interior point method (Hillieetal., 2001)

Figure 3.8 illustrates the difference of the iteration approach between two algorithms.
Interior point algorithm works in three main stages. Firstly it starts off through the
interior of the feasible region toward an optimal solution. Themmawes in a
direction that improves the objective function value at the fastest possible rate.
Lastly, it transforms the feasible region to place the current trial solution near its
center, thereby enabling a large improvement when the previous stage is
implemented. This algorithm is designed to solve huge problems efficiently.
Considerably more extensive computations are required for each iteration to find the

next trial solution.

The simplex method is known to be a more practical and faster algoriththefo
routine use of linear programming because the optimum solution can be easily
obtained through the corner constraints. Howewtien the corner or edges are not

well defined, the simplex method becomes unreliable.
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On the other hand, interior poinasts from the interior and propagates to the borders,
it has a better chance of reaching a solutidrerefore, an interior point approach is

the most suitable algorithm for the linear optimization problem in this study.

3.5 Overall Modeling Procedure

In the present study, a modeling procedure was planned not only to construct the
metabolic network but also to implement the network into a Flux Balance model.
The modeling methodology followed is summarized in this section. In this
procedure, there are mainfour different phases named as initial, preparation,

development and result. Figure 3.9 shows these phases.

The initial phase is the investigation of the cellular metabolism in terms of metabolic
pathways and their reactions. Growth condition®kqdalstris are identified from
genome databases to construct the metabolic network. Pathways in the cellular
metabolism are listed in standard notation to perform stoichiometric analysis.

For this purposghe KEGG(Kanehiseet al, 2015)and MetaCy¢Caspiet al., 2014)
databases weranalyzed. Most reactionsere obtained from the KEGG database
whereas MetaCy¢Caspiet al, 2014 and BRENDA (Schomburget al, 2013)
databases are used to check the existence of some enzymes/reactions that are not
available inKEGG databas@&anehiseet al., 2015.

The preparation phase shows the procedure of stoichiometric analysis which
determines the reactions that are included in the metabolic network. After selecting
a reaction/enzyme among metabolic reactions in pathwags, the genome is

scanned for the selected enzyme coding reaction. If the enzyme is present in the
genomic data of the bacteria, the reaction could be included. If not, literature data is
additionally surveyed for that reaction. If the enzyme is repddede present in

literature, then it is also included. The reason of this additional search is that the used

databases might not b@ve been updated to incluthat enzyme.
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If no relationship between the enzyme and genomic data is found, théedelec
reaction must be excluded@he development phase is followed after the iterative
preparation phase. A metabolic network is formulated with the selected reactions.
The stoichiometric matrix is constructed based on the metabolic network as
previously expained. (Section 3.4.1) However, stoichiometric reductions should be
made on the formulated network by following a strategy like the one given in 3.4.1.
Then, preparation of stoichiometric matrix is finalized and an objective function is

set to achieve li@ar optimization. (Section 3.4.3.1)

The fluxes are assumed to depend on an objective function and as discussed
previously, the constraints were either the maximal growth of biomass or maximum

hydrogen production.

Check literature data |~
Identfying growth conditions e . '" 3 aill ]
E j Scan genome for enzyme| - __INo The presence f’f
coding reaction [ (Shayme prasers) enzyme/eattion

:
Tnding pathways froﬂ T ' ﬁ*li\?és V
genome databases g, . j{j\ﬁlfd?fhe react/i}liﬁ; \No

’ Select a reaction |

@oichiometric analysiB LjE,xE'E‘iﬂ,’Eﬁ“j?'f
|Network Formulation |

| Stoichiometric Reduction|

: s - - [Computational analysis|
| Preparing stoichiometric matrix| :

[Jinitial phase l l
[IPreparation phase - — - Flux distribution
[—IDevelopment phase I Setting objective functlonl

[ Result phase

Figure 3.9: Schematic representation of modeling procedure
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The result phase starts with a computational analysis where a simulation script is
formul ated considering principles of Ilinear
function of MatlabR2014b. Prior to thanalysis of flux distribution over the

metabolic network ofR.palustris a test case having a known flux distribution

(Varmaet al, 1993 was adapted into the Matlab script and the script was verified

by reproduction of the known results. After thagishiometric matrix formed for

the metabolism oR.palustrisis loaded into the simulation in order to obtain a flux

distribution which aims to interpret different metabolic phenotypes.

The determined flux distribution can be used to describe experihmestdts and to

predict how cells will respond on their environment. The Matlab scripts used to
obtain the resultant flux distriltions are given iAppendix F.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Verification of the Simulation Script

A Matlab script to solve the flux balance analysis problem was written based on the
methodology described in Chapter 3. Before applying the script tB.tipalustris
metabolic network, however, a test case was implemented to verify the proper
operation of the script. In computational studeegst case can be defined as a set of
conditions with a verifiable solution, which allows validation of the software or
model.Once the software program or system passes the test, the actual research case
can be implemented with reasonable confidence in the reliability of the algorithm and
the accuracy of resultsTo test the effectiveness and accuracy of the Matlab
simulation sapt, a test case was tried where data from an existing analysis was
reproduced. The flux distribution of a simplified network fér coli aerobic
respiration, originally computed and published by Vagnal (19930 was solved

with the simulation scripised in this study. The values obtained for the fluxes were
almost identical to those given in the previously published results. The maximum
growth rate was found to have a value &80g dry weight/hexactly equal to the
results of Varma and Palss(®3b). The results of the test case and comparison of
the results with the previous pulbiesd data are shown in Table 4A&ccordingly,
Figure 4.1 compares these two sets of results, and the graph desglage match

between the data.
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Table 4.1:Comparison of flux distribution of test case to published data

Enzyme | Enzyme Test Fluxes| Published fluxes
number | abbreviation | (mmol/h) (mmol/h)
1| HK 5.55 5.55
2 | PGI 0.66 0.38
3| PGIR 0 0
4 | G6PDH 4.76 5.05
5| ALD 3.37 3.28
6 | FDPASE 0 0
7 | TRALD 1.48 1.58
8 | TRALDR 0 0
9 | TRKET 1.27 1.37
10| TRLETR 0 0
11| PGK 7.94 7.85
12 | PGKR 0 0
13| PGM 7.06 6.97
14| PGMR 0 0
15| PYK 5.07 5.09
16 | PEPSYN 0 0
17 | PEPCK 0 0
18 | PEPC 1.68 1.21
19 | LACDH 0 0
20| LACDHR 0 0
21| PFLASE 3.45 3.79
22 | PFLASER 0 0
23| PTACET 0 0
24 | PTACETR 0 0
25| ACCOASN 0 0
26 | ALCDH 0 0
27| PYRDH 0 0
28 | CITSYN 1.2 1.11
29 | MALSYN 0 0
30| ACO 1.2 1.11
31| ACOR 0 0
32| ISODHP 1.2 1.11
33 | ISODHPR 0 0
34| ISOLYS 0 0
35 | AKGDH 0.56 0.48
36 | SCOASN 0.56 0.48
37 | SCOASNR 0 0
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Table 4.1(continued):

Enzyme | Enzyme Test Fluxes | Published fluxes
number | abbreviation | (mmol/h) (mmol/h)

38| SUCCDH 0.56 0.48
39 | FUMASE 0.56 0.48
40 | FUMASER 0 0
41 | MALDH 0.56 0.53
42 | MALENZ 0 0
43 | TRANSH2 0 0
44 | TRANSH2R 0 0
45 | NDH1 0 0
46 | FDHASE 0.56 0.48
47 | FORDH 3.4 3.28
48 | CYT 14.6 15.2
49 | ATPASE 0 0
50 | ATPASER 19.6 19.9
51| vVCO2 4.84 4.32
52 | Growth Rate 0.58 0.58
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Figure 4.1: Graphical comparison between test fluxes and publihres
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The schematic representation of the tetwork is given in Figure 4.Enzymes are
defined with an abbreviation and the lesare summarized in Figure 4Refinitions

of enzyme abbreviations, coefficients of objective function and Matlab $orifite

test case are given as Appendix A. Based on the results of test case, the simulation

script used in this work can be accepted to vpwdperly.

Glc
HK:5.55 mmol’h
ATPASER: 19.6.!

G6/P G6PDH: 4.76
""" Hexp NADH
PGI: 0.66 N ('\"1:14.6\ ~*NDH: 11.2
QH2 |&— > FADH

FDHASE: 056 . )
SUCDH:0.56

% Fum H Succ |
FUMASE: 0.56,+

SCOASN: 0.56 *
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MALDH:0.56
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Figure 4.2 Linear optimization results for the test case using network. afoli
aerobic respation (Varma and Palsson, 1993partially dashed arrows represent
reversible reactions, with the solid portion of the arrow indicating the direction of the

calculated flux.
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In Figure 4.2the values of fluxes are in mmol per unit time based onitéad glucose
supply flux of 5.55 mmol (1g). Only nerero fluxes are shown. After this preliminary
test case, the case study of this work, namely the flux analysis for the netwrk of
palustrisin anaerobic and photoheterotrophic growth modes, wasdaotit. The

results are presented and dissed in the following sections.

4.2 Metabolic Network

The constructed metabolic network is a map showing the carbon utilization pattern of
R. palustris It forms the basis of the model on which substrate utilization routes,
hydrogen productivities and conversion efficiencies can be evaluated with a
mechanistic approach. The metabolic networR gbalustrisvas constructed through

the reactions obtained from genome databases and the available literature, following
the procedure explained in section 3.5. In this study, the metabolic model contains
148 reconstructed biochemical reactions within the metabobased on 128
compounds. The list of these compounds and reactions are given in Appendix B. The
metabolic network includes sucrose pathway, the pentose phosphate pathway,
glycolysis, Calvin cyle, TCA cycle, PHB, synthesis, lumped biosynthetic reactions,

phaosynthetic reactions and hydrogen production reactions.

The pathways which maltose, pectin and cellulose are consumed and the pathways
that require the aerobic respiration were not included in the metabolic network. These
pathways are not active in theetabolism oR. palustris

In the central metabolic network, sucrose was considered as the primary carbon
source and glutamate the nitrogen source in a growth medium with low nitrogen to
carbon ratio, to emulate typical conditions usedgirogen produ@n. Figure 4.3
represents the constructed carbon flow. Reactions were numbered in the same order

of the reaction list given in Appendix B.3.
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Metabolites are shown with their names in colored boxes. Black boxes have
biosynthetic precursors for biomas®wgth. Metabolites reacting at different part of

the network are shown with different colors to represent the network two dimensional.

In Figure 4.3 each pathway was named with letter§ Ao identify itsregion on the
metabolic network. Carbon utilization starts with external sucrose in th& 120
reaction. Sucrose is broken down to Glue6gghosphate in sucrose pathway (A).
Glucose6 phosphates enter glycolysis (B) and the pentose phosphate pathway (C),
which are parallel to each other until producinBt8spho Bglycerate. The pentose
phosphate pathway (C) is peculiaRopalustrisamong the PNS bacteria. Following
3-Phospho Bglycerate, carbons are utilized in the Calvin cycle (D) which is a series
of biochemical redox reactions to fix the €@volved. Lastly, organic acids are
produced in TCA cycle (E). In the TCA cycle, thé"3thd 4d reactions are called
the 6glyoxylate shuntd whi cR. palustrisbser ved onl
COz andelectrons are produced and consumed throughout these pathways. Electrons
are fed by electron carriers (NAD, FAD) to the reactions on the metabolic network.
Residual electrons and ATP are consumed for hydrogen production by nitrogenase
and hydrogenase enmgs. In addition, the production of PHB (F) was also observed

in the model results. PHB synthesis reduces fluxes in the TCA cycle by sharing
electrons. The resulting flux distributions for each case previously defined are listed

with the corresponding rea@n number in Appendix B.3.
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Photosyntheticeactions and hydrogen production réats are not shown in Figure
4.3 because these reactions are outhefcentral reaction network. These reactions

will be explained in the section of base case results (Section 4.3.2).

4.3 Description of Cases an&esults for the Base Case

This section describes input fluxes and different cases applied to the model to
understand the effects of changes in the growth conditions of the bacteria on the
estimated flux distributions. Additionally, flux distribution of thmase case is
provided in this section specifically including evaluation of two objective functions
used in the model, photosynthetic reactions, hydrogen production reactions and

sensitivity analysis.

4.3.1 Inputs and List of Cases

The input and output pameters used for FBA are defined in Table 4.2. An
experimental work carried out by Sagir (2012) was used to provide the input
parameters (known fluxes). This work inspired the construction of metabolic model
in the present study and therefore model inpmése determined based on the
experimental conditions. The same work also formed the basis of comparison between
the model calculation results which are unknown fluxes estimated by FBA in the
present study and their counterparts obtained by Sagir (20i&)e &re three main
input fluxes calculated from the actual values of the bacterial growth medium used in
a previous experimental hydrogen production setup WRthpalustris as the
microorganism (Sagir, 2012); the glutamate uptake rate, the initial sucrose
consumption rate and the photon flux all in units of mmol/h per culture liter. The

calculatiors of these input parameters are givedppendix E.
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In the present work, the effect of individual parameters (Glutamate uptake rate, initial
sucrose consumptiaate and photon flux) was evaluated on significant output fluxes

shown in Table 4.2.

Table 4.2:Control parameters of stoichiometric model

Parameter name Units Type
Glutamate uptake rate mmol/h ot
npu
Initial sucrose consumption rat mmol/h . P
(experimental data)
Photon flux mmol/h
Biomass production rate gdcw/h
Hydrogen production rate mmol/h
COz production rate mmol/h
: Output
PHB production rate mmol/h
- - : (Calculated by the mode
Acetic acid production rate mmol/h
Lactic acid production rate mmol/h
Formic acid production rate mmol/h

Table 4.3 lists different cases studied the effect of changes in input fluxes on the
significant outputs. The base case represents the experimental condition of hydrogen
production setup with bacterial growth mediumRaf palustrispreviously used by
Sagir(2012). Therefore, the base case can also be defined as the comparison case.
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Table 4.3:List of model cases

Glutamate . Organic acid
Initial sucrose | Photon flux
Case uptake rate flux (mmol/h) (mmol/h) uptake rate
(mmol/h) (mmol/h)
0
0.1 0.25 5 0
(Base)
1 varies 0.25 5 0
2 0.1 varies 5 0
3 0.1 0.25 varies 0
4 0.1 0.25 5 varies

In the base case, an initial sucrose consumption flux of 0.25 mmol/h corresponds to 5
mM initial sucrose concentrationh@ glutamate uptake rate 0.1 mmol/h, which
corresponds to 2nM initial glutamate concentration. Photon flux is 5 mmol/h
assumed as constant from a light source (e.g. a tungsten lamp). The photon flux is
calculated considering the experimental illumination (2100 lux) by tumdateps.

These numbers are based on a culture volume of 50 ml, typically useeé in th

experimental systems of Sa@2012).

The input fluxes of other cases are similar to base case expect the individual variations
in the input fluxespecific to each cas€ase 2, 3 and 4 represém effect of initial
glutamateuptake ratginitial sucroseflux, photon fluxes and organic acillixes
respectively, on the significant output fluxes previously mentioned in this section.
These cases will be discussed inrlegt sections in detail (Section 4.815.4). The
following section will analyze the carbon flow in the metabolism including base case

results.
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4.3.2 Base Case Results

The fluxes ar@btained foran objective function such as maximal growth of biomass
or maximum hydrogen production. In the model, these two objective funetenas
investicated in particular. The resultirflgix distributions for both objective functions
are shown in Table 4.4 in notth based on 0.25 mmol/h sucrose, 0.1 mmol/h

glutamateand 5 mmoli photon flux (input parameters of base case).

Flux Distribution of the Base @se

The growth rate (147 flux) was the same (0.0118 g dry cell weight/h) for two
different objective funitons, presumably due to the nitrogen limitations. Bacterial
growth is accepted to occur in 3 phases, namely the lag phase, exponential phase and
stationary phase. In the lag phase, cell are only increasing their size, therefore,
modeling is not appropriatfor this growth phase.

In the exponential phase, the presence of carbon and nitrogen sources Istings fa
bacterial growth. &tionary phase is a period when bacteria consumes the remaining
nitrogen sources from the exponential gtlowate until their depletiorAs objective
functions of the model, maximum biomass production tates place in the
exponential phase whereas maximum hydrogen production rate is observed in both
late exponential phase and stationary plf@sdigorskaetal., 2009) In the modelit

may be speculated that the nitrogenited environment causgshortexponential

phase and low biomass growth rate. This situation brings the point of maximum
biomass growth rate closer to the point of maximum hydrogen produiate.
Therefore, having same growth rate for two different objective functions is expected

in the case of low nitrogen to carbon ratio.
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Table 4.4 shows the flux distributions based on the maximum biomass growth rate
(Obj 1) and maximum hydrogen pratlion rate (Obj 2). The boldalic flux values
areresults that are exactly the safoe both objective functions. Some reactions in
the Calvin cycle (3, 5", 8" and 10", reaction for synthesis of the biomass"f62

107") and sucrose uptake reactofl2@" i 122" were obsrved to have same flux
values As seen from Table 4.4, 16 fluxes, especially those in the sucrose and pentose
phosphate pathways, become zero when the objective function is switched to
maximization of hydrogen production. Most thiese reactions consume electrons.
Furthermore, the direction of the'Sieaction is reversed into consuming formic acid
that has been generated intracellula@yher organic acids (acetic and lactic acids)
are also observed to be depleted. Althougliltixes for biosynthetic precursors (82
-107") did not change due to nitrogen limitations, the flux of some reactions (i.e. 43th
and 44") supplying electrons increases. Therefore, the number of electrons in the
metabolism increases and a higher hydmqg@duction rate (110flux) was obtained

in the case of objective 2.

Next, & important part of hydrogen production in the bacteria, photosynthetic
reactions and hydrogen production reactions are defined and discussed, specifically

focusing on their reultant fuxes estimated in the base&as
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Photosynthetic Ractions

Photosynthetic reactions occur the membrane between periplasm and central
metabolism of the bacteria usiegternalphotons. Table 4.5 shows photosynthetic
reactions considered the model and their resultirftyixes with respect tthe base

case mentioned in section 4.3.1.

Table 4.5: Photosynthetic reactions and their resultant fluxes

Reaction . Flux
Reaction

number (mmol/h)
111 | 2 photon + Q + 22" A QH2 + 2" 2.5
112 | QH2+ 2H"+ 2 A 20* + Q + 4H* 2.5
113 NADH + Q + 5H"a A QHz+ 4H," + NAD" -21.5
114 ADP* + PP +3H," A ATP* +H0+ 2H* 1.2
35 Succinate + @ A Fumarate + Qb 0.18

Photons, with flux 5 mmd¥ (for base case), acaptured in the reaction center (111
reaction). The 11M.and 119 reactions have fluxes in same magnitude and direction
because they are sskquentialMoreover, the flux othe 113" reaction is higher
than other reactions because the reachords the central metabolism tthe
membrane of the bacteria usithge electron carrier (NADH). It pumps the protdies

the cytoplasmbecause itsign is negativeTable 4.5 also shows that ATP production
rate (1.2 mrol/h) is lower than photon flux. These results were obtained in the case
of maximization of biomass growth as objective function. When the objective
function is he maximization of hyargen production, the fluxdedexactlythesame

values shown in Table 4.5.
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Hydrogen Production Reactions

Hydrogen is produced by nitrogenase and hydrogenase enzymes using excess
electrons and ATP in the metabolism. As different from other PNS bacteria, the
genome sequence Bf palustrigwild type) shows genes encoding three nitrogenase
isozymes having diffent metals in their active sites (Mo, V and Fe). The alternative
nitrogenase enzymes were also considered in the model because their presence was
supported by the Microarray analysis Rf palustriscells in the case of nitrogen
starvation similar to thisnodeling case (McKinlay, 2014). All nitrogenase isozymes
demand equal number of electrons for ptoduction. The hydrogen production

reactions and the resultant fluxes are shown in Table 4.6.

Table 4.6:Reactions for hydrogeproduction with their resuitg fluxes

Enzyme Reaction Flux
(mmol/h)
Mo-Nitrogenase| -16ATP + 8H + 8¢ A 16ADP + 4k 0.048
V- Nitrogenase | -16ATP + 8H + 8¢ A 16ADP + 4k 0.048
Fe- Nitrogenase| -16ATP + 8H + 8¢ A 16ADP + 4H 0.048
Hydrogenase |2H"+2e A H2 0.11

R.palustrishas an inactive uptake hydrogenase enzyme as different from other PNS
bacteria. In other words, the reaction of hydrogenase is expected to irreversibly
produce hydrogen similar to the reaction of nitrogenAsean be seen in Table 4.6,
both hydogenase and nitrogenase fluxes were positive, which means both enzymes
are capable of hydrogen productidihus, he model results confirm this information,

producing positive fluxes for hydrogenase.
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Moreover, Table 4.6 shows that the hydrogen prodoctimte of one of the
nitrogenase isoenzymes (0.0dimol/h) is lower than the hydrogen productitie

of hydrogenase (0.11 mmb)/ This agreed with the literature information stating
catalytic rate of nitrogenase is lower thha rate of hydrogenase (B&et al, 2007).

On the other hand, when the objective function is the maximization of hydrogen
production, the rate of nitrogase was obtained as 0.025 mrhpWhich is lower than

its value for the case where the objective function is the maximizatibromass
growth. However, the ratof hydrogenase was 0.59 mnhoMWhich is higher than the

value shown in Table 4.6.

4.3.3 Sensitivity Analysis

Sensitivity analysiss a technique to determine how uncertainty in the output of a
model can be attributed to uncertainty in the input to the metabolism (Letieks

2005). In this work for example, one question of sensitivity analysis is how
uncertainty in the glutamate ugtarate would affect the specific growth rate and the
hydrogen production rate of bacteria, which are target output variables in this model.
Glutamate uptake rate is selected as the uncertain input parameter because glutamate

is the limiting nutrient dueotthe low nitrogen to carbon ratio in the bacterial culture.

As with all experimental data, the input fluxes calculated from the data of Sagir (2012)
are subject to uncertainty. Therefore it is useful to test the impact of this uncertainty
by varying theinput fluxes and observing the resulting deviations in the significant

output fluxes. In other words, the sensitivity of the results to perturbations in the input

needs to be considered.

Sensitivity analysis was performed by slightly changing the irgtidzamate uptake
rate by +/ 10%. Table 4.7 shows three different values for glutamate uptake rate and

their effects on the output values.
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The glutamate uptake rates of 0.09, 0.1 and 0.11 mmol/h were chosen to analysis
sensitivity of glutamateptakeratein the growth media to specific growth rate and
hydrogen production rate. This analysis was studied by considering both objective
functions which are maximum specific growth rate and maximum hydrogen

production rate of the bacteria.

Table 4.7:Resuts of sensitivity analysis based on slight changes in initial glutamate
uptake rate (Values in parentheses indicate reduction/increase as a result of the

perturbation)

Glutamate uptake flux
Output fluxes
0.09 mmol/h 0.1 mmol/h 0.11 mmol/h
Spec'(fg'(;gczlf/’/";]'t)h Al | 0.0107 (%9.3) 0.0118 0.013 (+%10.2)
Hydrogen production| ) o) (401 3) 0.68 0.75 (+%10.3)
raté'(mmol/h) ' ' ' ' '
Maximum hydrogen
production raté 0.70 ¢%10.3) 0.78 0.86 (+%10.3)
(mmol/h)

aUsing biomass growth as the objective function

b Using hydrogen production as the objective function

In Table 4.7, specific growth rate is maximum growth rate of the bacteria obtained
when the objective function is maximization of biomass growth with each specific
glutamate uptake rate as input paramedgdrogen production rates are also obtained

in the same manner. Maximum hydrogen production, on the other hand, is the
hydrogen produceeavhen the objective function is the maximization of hydrogen
production rate with each specific glutamate uptake rate as the input parameter.
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The results of the analysis show that output fluxes are affected linearly by 10%
changes in the glutamate uptataée. This is expected due to the linear nature of the
optimization proceduré&.herefore, the strong dependency of the hydrogen production
metabolism oR. palustrison glutamate uptake rate is confirmé&d.verify the model
results, the detailed compansof experimental and computed production rates will

be shown in the next section.

4.4 Comparison with Experimental Results

The performance of the model was tested using the selected output parameters (Table
4.2). For this purpose, experimental data in a recent study (Sagir, 2012) was used to
assess and compare to the model results. In the experimental study, biological
hydrogen production from sucrose and molasses by PNS bacteria was investigated.
R. palustris was tested on susse and molasses in 50 ml sredhble batch
photobioreactors during 200 hours. Sagir reported the time dependent profiles of the
medium pH, bacterial giwvth and hydrogen production. In addition, acetic acid,
formic acid and lactic acid were found as end products of the photofermenta®on of
palustrison sucrose and molasses and their production was also monitored in that
study. In the experiments comaig sucroseR. palustriswas grown for hydrogen

production on different sucrose concentrationsatg 7.5 mM and 10 mM.

In the model, sucrose and glutamate were used as carbon and nitrogen sources to
emulate typical conditions for hydrogen productidgfor comparison with the
previously resulted experimental data, the momehtmaximum bacterial growth

rate (24" hour) and maximum hydrogen production rate"(#8ur) for 5 mM sucrose

were considered because FBA allows to obtain the fluxes at a single time point subject
to the steadystate approximation. Table 4.8 shows the experimental and computed
production rates with sucrose concentration and glutamate concentratioivVieaad

2 mM, respectively.
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Table 4.8:Experimental and computed output parameters for the base case

Control parameters Units | Experimental result | Model result
Biomass production rate | (gdcw/h) 0.0104 0.0118
Hydrogen production rate| (mmol/h) 0.70 0.68
Max Hz productior? (mmol/h) 0.86 0.83
Acetic acid production (mmol) 0.0040.108 0.0128
Lactic acid production (mmol) 0.0080.09 0.0127
Formic acid production (mmol) 0.020.12 0.087
Sucroseconversion
efficiency ) >3% o6%

a2Using biomass growth as the objective function
b Using hydrogen production as the objective function

Table 4.8 indicate that the model results agreed well with experimental data. The
experimental values of biomass production rate and hydrogen prodatéan Table

4.8 are those reported at thé"hbur of the bacterial growth, which corresponds to
the maximum biomass producticste.Biomass production rate was calculated using
the average cell concentration at"2¥urs of the experimental hydrogen production
However, the values of Maximum Hydrogen production are considered when the
hydrogen production rate is maximum at %8 hour for cultures grown in 5mM

sucrose medi

In the case of organic acid producsoffcetic acid, Lactic acid and Formic Acid),
the 24" hour of the bacterial growth is considered, similar to Biomass production rate
and Hydrogen production rate. dher than single valugesangesare given for
experimental organic acid productions beeauSagir (2012) measured the
concentrations of organic acids at only tH& 82'¥ and 144' hours of bacterial

growth.
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Therefore, the lower and upper values of the ranges given in the tables correspond to
the organic acid fluxes at 0 and"?¥2ours of theexperimental data, which is the

targeted time period for this model.

In Table 4.8, the calculated percent errors between the experimental and model results
are 11.8, 2.9, 4.2 % for biomass production rate, hydrogen production rate and
maximum hydrogen pduction rate, respectively. Furthermore, organic acid

productions are in the given range of experimental results.

Additionally, sucrose conversion efficiency was calculated from the estimated
sucrose uptake flux of the base case and compared with tbieref§i resulted by
Sagir (2012)The sicrose uptake rate was foutadbe0.037 mmolh as seen from the

flux distribution (120" flux) in Table 4.4. For the model, substrate (sucrose)
conversion ratio is defined as estimated hydrogen production rate (0.68 mmol/h)
divided by theoretical hydrogen production rate (1.2 mmol/h) calculated based on
overall reaction of hydrogen productiohherefore, sucrose conversion efficiency
was calculateds56%, which is very close to the experimental efficiency (53 Phe

detailed catulation is shown in Appendix E.4.

As a conclusion of this section, the model results revealed good agreement with
experimental data previously obtained. This shows that the model is a reliable tool to
understand carbon utilization patterns in PNS bacteria.

The distribution of modelledukes will help to explain the capability of the hydrogen
production on sucrose ¥ palustrisas well as the effects of changes in the growth
conditions of the bacteria on biomass production. The following sections are about
effects of initial glutamatesucrose, photon and organic acid fluxes on production rate

of output parameters previously defined in Table 4.2.
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4.5 Effect of Individual Parameters

This section covers the effect of individual parameters sughutsmate uptake rate
initial sucroseconcentration, photon flux and organic acid concentration in the

bacterial culture on significant output fluxes previously defined in section 4.3.1.

4.5.1Glutamate Uptake Rate

Glutamate is one of the essential amino acids of proteins in orgaiiaatsrial cells
require glutamate for their metabolic processes to multiply. Glutamate is either
produced within the metabolism of the bacteria from another nitrogen source (e.qg.
Ammonium) or directly given to cells through their growth media. In this imode
glutamate was externally used as the nitrogen source, which is a typical choice for
experimental hydrogen production studies. The range of glutamate uptake rate was
found to be 0.06®.65 mmol/h for a flux tribution based on 0.25 mmolihitial
sucresseflux and 5 mmol/h photon fluxChis range corresponds to 1.3 niM.3 mM

initial glutamate concentratiohe effect of glutamate uptake rate on the specific
growth rate, sucrose uptake rate; ptoduction rate, PHB production rate, £0
production rate r&d the production rates of organic acids (acetic acid, lactic acid and
formic acid) have been obtained from simulation results considering both maximum
biomass growth and maximum hydrogen production separately as the objective

functions.

Figure 4.4 showshe effect of glutamate uptake rate on specific growth rate of
biomass at constant sucrose concentration and photonirldsigure 4.4, specific
growth rate of biomass linearly increases with increasing glutamate uptake rate for

both objective functions esl.
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Figure 4.4 Specific growth rate of biomass as a function of glutamate uptake rate
for two objective functions-e- : Maximum biomass growtl=6- : Maximum

hydrogen production)

When the initial glutamate flux was lower than 0.065 mmol/h, no solution was found
because presumably the bacteria could not support growth at these levels of the
nitrogen source. There is a minimum threshold amount of nitrogen source to maintain
biomass gowth with the limited sucrose consumption (Zhagl 2015).0n the

other hand0.25 mmol/hsucrose was not enough at glutamate uptake rates higher
than 0.65 mmol/h. Thisan beobservedn Figure 4.5where it can be seen that the
sucrose uptake rates have to be extrapolated beyond 0.25 mmol/h to supply sufficient
carbornwhen glutamate uptake rates are higher than 0.65 mreoidnose uptake rate
seems to be close to zero when glutamate uptaiesi@ 065 mmol/h in Figure 4.5

At 0.65 mmol/h of glutamate uptake rate, sucrose uptake rate is approximately 0.25
mmol/h which is the available sucrad@x computed initially.These results indicate

that bacteria should have sufficient nitrogen source (glate) to use external

sucrose, thereby promoting biomass growth.
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Figure 4.6shows the changes in hydrogen production rate of biomass when the
glutamate uptake rate increases. In general, hydrogen production rate increases
linearly with glutamate uptake rate for both objective functions. The deviation in the
hydrogen production ta between the two objective functions increases for higher
glutamate uptake rates. In addition, the slope of the linedamum biomass growth
exhibits a slight decreaser glutamate uptake rates higher than 0.25 mmol/h. This is
because the bacteriasaluse organic acids obtainedhagsult of metabolic reactions.

This was not observed for the case of maximum hydrogen production because the
metabolism uses all available carbon sources including organic acids to produce the

maximum hydrogen.

In Figure 4.7 PHB productionis plottedwith respect tdhe glutamate uptake rate.

For the case of maximum biomass growth, PHB production increases with increasing
glutamate uptake rateHB production is experimentally observed to increase in the
presence of o@nic acids as additional carbon sources @val, 2012). However,

PHB production is zero in the case of maximum hydrogen production because the

organic acids are also used for hydrogen production by bacteria.

Figure 4.8 shows that the G@roduction rate increases with glutamate uptake rate
for two objective functions used. This is because 9 biosynthetic reactidhsl (&5
reactions in Figure 4.3) produce €@hereas only 3 of them consume £0
Therefore, CQ production rate increasesith increasing fluxes of biosynthetic
reactions resulting from high glutamate uptake rate. Howeverp@@duction rate is
higher in the case of maximum hydrogen production. The reason of this deviation is
that the flux of formic acid production (8%eaction) becomes zero and €@ not

consumed to produce formic acid in the case of maximum hydrogen production.
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The production rates of organic acids (acetic acid, laxid and forng acid) are
shown in Figures 4-8, b and c. Their production rates increase with glutamate uptake
rate in the case of maximum biomass growth whereas organic acid production is not
observed in the case of maximum hydrogen produciibe flictuation in Figure 4.9

a after the glutamate uptake of rate 0.2 mmol/h is caused by the increase in
acetaldehyde production from acetate f(5faction). Therefore, acetic acid

production rate is slightly reduced.

At high glutamate uptake rates, lactiedais linearly produced from acetaldehyde via
58" reaction. Lactic acid production rates are lower than acetic acid production rates
because lactic acid is produced from the product (Acetaldehyde) of one of the acetic
acid reactions (30reaction). In Fjure 4.9c, the profile of formic acid production is

very similar to the C®production rate with respect to the @glmate uptake rate in

Figure 4.8 This is because formic acid is produced frome (83" reaction).
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4.5.2 Initial Sucrose @ncentration

Sucrose was used as a carbon source in this modebridlyses with various sucrose
concentrations (ImM20 mM) were carried out on the metabolic network. In this
case, the glutamate uptake rate was kept constant as 0.1 mmol/h. In addition, 5
mmol/h photon flux was computed for the energy source. The effattial sucrose
concentration on specific growth rate, sucrose uptake raterdduction rate, PHB
production rate, C®production rate and production rates of organic acids (acetic
acid, lactic acid and formic acid) were obtained from simulation mesaltsidering

both maximum biomass growth and maximum hydrogen production individually as

the objective function.

The specific growth rate and sucroseakgt rate are shown in Figure 4.46 a
function of initial sucrose concentration for the two objective functions. The specific
growth rate is same at each every sucrose concentration. This result shows that
biomass growth is not affected by sucrose concentration. The ultimate reasisn of th
result lies behind the fact that sucrose uptake rate is observed as constant although
different sucrose conceations are computed (Figure 4-) Therefore, biomass
growth becomes a strong function of glutamate concentration where glutamate uptake

rate is constant.

The sucrose uptake rate was found to be 0.037 mmolllofbobjective functions at

each initial sucrose conceation (1mM - 20mM). This is because sucrose uptake is
dictated by the limiting nutrient, i.e. glutamate. Since the glutarfhax is constant,

the sucrose uptake remainsthe saneiTs i s t he reason of usi
sucr os e c oatherethan initalt sucooseuptake, siradkof the available

sucrose ithegrowth media is not consumed by bacteria. Sintikends were obtained

for Hz production, PHB production and G@roduction in the following illustrations

because of same reason.
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initial sucrose concentration for two objective functio-e- { Maximum biomass

growth,=©- : Maximum hydrogen production)

At 5 mmol/h photon flux, a constant glutamate uptake rate aoehse uptake rate
result in the profile in Figure 4.11 for hydrogen production. The hydrogen production
rate in the case of maximum hydrogen production is higher than the rate profile in the
other case. This is because bacteria also consumes organigemidsed after

reaching maximum biomass growth for hydrogen production.
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Figure 4.11 H2 production rate as a function of initial sucrose concentration for two
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Figure 4.12 PHB production rate as a function of initial sucrose concentration for
two objective functions-e- : Maximum biomass growtl=©- : Maximum hydrogen

production)
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In Figure 4.12the PHB production rate is zero in the case of maximum hydrogen
prodwction whereas it has a constant profile for maximum biomass growth. This cas
is the opposite of Figure 4.hkcause PHB production is a competitive pathway with

H2 production in terms of sharing available electrons and ATP in the metabolic

network.

COz production rate is illustrated as a function of initial sucrose concentration for two
objective functions in Figure 4.1&imilar to H production rate, C&production rate

is higher for maximum hydrogen production.
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Figure 4.13 COz production rate as a function of initial sucrose concentration for
two objective functions-- : Maximum biomass growtt-%- : Maximum hydrogen

production)

Organic acid profiles with respect to initial sucrose concentration are seen in Figure
4.14. Sincedctic acid production is affected by acetic acid production via tfe 58
reaction, their profile (Figure 4.1 and b) are similar. However, formic acid

production is only affected by G@roduction via 5% reaction.
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function of initial sucrose concentration for two objective functi-es:(Maximum

biomass growth-¢- : Maximum hydrogen production)

91



4 5.3 Effect of lllumination

In this work,R. palustrisis assumed to adoatphotoheterotrophic growth mode using
energy from light and carbon from organic compounds. For this reason, the incoming
photon flux from a light source plays a significant role on the resulting flux
distribution of the metabolic networkhe experimentaphoton flux based on the
work of Sagir (2012) was calculated to be 5 mmol/h as shovAppendix E.3.A

range of photon fluxes (0150 mmol/h) was utilized to observe the effect of photon
flux on the specific growth rate, sucrose uptake rateptdducton rate, PHB
production rate, C®production rate and production rates of organic acids (acetic
acid, lactic acid and formic acid) considering both maximum biomass growth and
maximum hydrogen production as the objective functions. In this case, glutamate
uptake rate and initial sucrose concentration were kept constant as 0.1 mmol/h and 5

mM, respectively.

Specific growth rate was obtained constant at each photon flux computed for both
objective functions as seen in Figure 4.16rowth rate is a strong tigtion of
glutamate uptake rate (nitrogen source) instead of the photon flux. This is b&ause,
palustriswas considered in nitrogen starving condition where nitrogen source is very
low (2 mM) in the growth media. The nitrogen lintian is also seen ikigure 4.16
showing constant sucrose uptake rate with respect to increasing photon flux. Constant

glutamate uptake rate leads to constant sucrose uptake rate of bacteria.
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In Figure 4.17maximum hydrogen production was obtained when 10 mmol/h photon
flux was provided with 5nM sucrose and 1M glutamate initially used in the case
of maximum biomass growth. Sasi&adt al (1995) stated that saturated hydrogen
production was obtained at around 5000 lux corresportdii@ mmol/h which is
close to the value found in this work. At higher photon fluxespitdduction rate
decreases because of the inhibitory effect of high intensity light podduction. The
highest irradiation of the day (0.9 kWAmwhich approximatelycorresponds to
photon flux of 30 mmol/h was experimentally observed to deteriorapedduction
(Miyake et al,, 1999). Figure 4.1@grees with this observation because a significant
decrease in hydrogen production was resulted at photon fluxes38f d®nol/h. In

the model results, however; idroduction rate is not affected by photon finxthe

case of maximum hydrogen production.
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PHB production was seen antagonistic topkbduction for both glective functions

in Figure 4.18This is because PHB production pathway near TCA cycle competes
with Hz production for reducing equivalents and ATP. In the flux distribution, when
photon flux increases, more ATP is produced by theyme of ATP synthase.
However, H production decreases after a certain photon flux (10 mmol/h) because of
increase in PHB production triggered thye accumulation of organic acitlsat has

been produced intracellularlfitrogenase cannot utilize exces§Aconverted from

high intense ligh{McKinlay et al, 2010)and, therefore ATP is used for orgaacid
productions (Figure 4.20 With the accumulated organic acids, PHB synthesis

becomes favorable and decreases hydrogen production.
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Figure 4.18 PHB production rate as a function of photon flux for two objective

functions - : Maximum biomass growtl=¢- : Maximum hydrogen production)
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In Figure 4.19the CQ production rate was found lower than ptoduction in the
case of maximum biomass growth as expected due to stoichiometric relation between

H2 and CQ in the overall H production reaction shown below.

C12H22011+ 13 HOA 33 H+ 12 CQ
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0 e
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CO, production rate (mmol/h)

0 30 60 90 120 150
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Figure 4.19 CO; production rate as a function of photon flux for two objective

functions -e- : Maximum biomass growtl=$- : Maximum hydrogen production)

Moreover, in Figure 4.13he CQ production rate was found to slightly decrease and
reach a constant value unlike hgden production rate at higher photon fluxes
because of constant growth rate of the biomass. In the case of maximum hydrogen

production, CQproduction rate was found constant at 0.48 mmol/h.
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Even when the photon flux is zero, the simulation resutisawth and Hproduction.

The reason is that bacteria uses energy from organic sources in the growth media. As
seen from the estimated fluxes, sucrose is broken down inteDbletactose and
alphaD-Glucose éphosphate via 120and 121 reactions. Simildy, 27", 123128",

160, M, 2d 1 4h 129 and 13 reactions occur without ATP consumption,
respectively. In 18 reaction, phosphoenolpyruvate from™@action is used to
produce ATP. Therefore, growth and hydrogen production are observed at zero
photon flux. Additionally, organic acid production rates are highigally as seen in

Figure 4.20

When R production rate is found maximum, organic apidduction rates reach

minimum values. This shows that bacteria consumes also organic acids for H

production at a given photon flux.
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Figure 4.2Q Organic acid production rates as a function of photon flux
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At lower photon fluxes, a decrease vedserved for all organic acmroduction rates
in Figure 4.20This might be because maximum hydrogen production was observed
at photon flux of 10 mmol/h and organic acids are also used to produce hydrogen up

to this flux value.

Organic acid productionates starto increase after this point until photon flux of 30
mmol/h where lower rates in hydrogen production were obs@amk@dure 4.17 This

is because excess electrons and ATP are accumulated within the metabolism at high
photon flux and the fluxesf some reactions in TCA cycle increases. For example,
37", 30", 41" and 46 reactions in TCA cycle produces more Shen photon flux

is increased from 20 to 30 mmol/h. However, a decrease was seen pnodaction

rate rather than incase in thigange of Figure 4.1Because excess @@ converted

to formic acid via 5% reaction. Therefore formic acid production rate increases in

this rangeof photon flux (2630 mmol/h).

However, an increase in acetic acid production was not found as higherezse in
formic acid production because electron are directed from acetic acid to PHB

synthesis through 8156" reactions.

Even CQ production rate was resulted constant between photon fluxes of 30 and 100
mmol/h, formic acid production decreases because lactic acid is produced from formic
acid (58" reaction) to balance the electron flow at higher photon fluxes. However,
lactic acidproduction does not significantly change until photon flux of 2700 mmol/h.
This is because, lactic acid is converted to pyruvate in TCA cycle Viaea@tion

when stationary phases were observed for both hydrogen production rate and CO
production rate inFigure 4.17 and 4.19espectively. At the higher photon fluxes,
lactic acid is accumulated rather than completing the TCA cycle because hydrogen

production was deteriorated between photon fluxes of 100 and 150 mmol/h.
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4.5.40rganic Acids in the Growth Media

At high organic acid production rates, the pH of growth media decreases resulting
lower the biomass growth and: ldroduction. Therefore, understanding effects of
organic acid production is important fos pfoduction. In this work, acetic acid, lactic

acid and formic acid production rates were considered. Input fluxes were given for
the organic acids formate, acetate and lactate. Table 4.9 presents the individual effects
of organic acids on Hproduction inthe case of maximum biomass growth as the

objective function.

Table 4.9 Individual effects of organic acids ore groduction

Hydrogen production rate (mmol/h)
Initial flux of Acetate Lactate Formate
No acid 0.6783 0.6783 0.6783
0.001 mmol/h 0.6846 0.6826 0.6825
0.004 mmol/h 0.6952 0.6935 0.6851
0.01 mmol/h 0.715 0.713 0.6901

When no organic acids were present initially, hydrogen production rate was found to
be 0.6783 mmol/h. In general; production rate increases with increasing initial flux

of the organic acids because bacteria can also consume organic acids as substrates. H
production rates are higher in the initial presence of only acetic acid compared to the
other organic acids at ea initial flux used in Table 4.9. In addition ldroduction

rates when only lactic acid is used are higher than rates when only formic acid is used
at each flux computed. Therefore, the most and least effective organic acig for H

production is found adie acid and formic acid, respectively.
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This result seems reasonable because dlyat (2009) obtained highest hydrogen
productivities using acetic and lactic acid as substrates to PRS&psulatusfor

photo fermentation compared to other organids(butyrate, propionate and malate).

4.6 Applicability of the Model

The capabilities of metabolic networks is a complex problem and a fascinating topic
of study for biologists and biotechnologists. Mathematical models were developed to
reveal importantesults helping to create new hypotheses and to optimize metabolic
pathways in an organism. In this work, FBA was used to model metabolic network of
R. palustris However, FBA resulted a range of solutions instead of a precise solution.
This model can bemproved by incorporating additional interactions between the
genotype and phenotype of the organism. In other words, the range of solutions can
be narrowed further by introducing new data sources. This model has a stable basis
depending on the stoichiomgtof the organism. In addition, this model sheds light

to obtain new hypotheses to be testediivo. For example, the sucrose pathway
hypothesized in this model attracts the attention to study sucrose metaboksm of

palustris.

The objective of modelingnetabolic networks is to have a maximum product
synthesis which is maximum hydrogen production for this work. Models can be used
by industrial companies to create their products at desired form. Understanding
utilization manner of substrates through thetabvolism of the organism provides to

optimize the desired product.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

A metabolic framework was formulated in this study with the aim of understanding
carbon utilization patterns in purpde@n-sulfur bacteria (PNSBproducing hydrogen.

For this purposeR. palustriswas selected as a model bacteria with the utilization of
sucrose and glutamate as carbon and nitrogen sources for hydrogeimgod
conditions, respectivelyn a previous expé@nental work(Sagir, 2012) maximum
hydrogen productivitywas obtained usindR. palustrisgrown on sucrose and
glutamate compared to the other PNS spediessphaeriodesR. capsulatusandR.
capsulatusyO3 (hup). This work enabled the determinationrabdel inputs, and

provided a basifor verification of the model.

Flux Balance Analysis (FBA) wagsedas amathematicalool to formulate the
network of biochemical reactions4& reconstructed biochemical reacti@ml 128
compoundsvere considerewvithin the reaction network from substrate to product.
Flux distributiors wereobtainedbased on different cases defined forrtiael These
distributions were obtained aptimal solutiols depending oran objective function
considered in the studyMaximal growth of biomassor maximum hydrogen
production wereitherused as an objective function. The entire reaction netwask
assumeat seudo steady state conditighpathway of the network was visualized
to differentiate metabolic pathways used to camstthe metabolic model and to
evaluate the resulting flux distributiomodel results were found to agree well with
the experimental literature. Hydrogen production rate was estimated 0.68 mmol/h

whereas the experimental hydrogen production rate wasr@dal/im
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Substrate conversion efficiency of the model was calculated 56% as close to the
experimental efficiency (53%)Both hydrogenase and nitrogenase fluxes were
positive, which means both enzymes are capable of providing hydrogen production.
Hydrogen poduction rate of hydrogenase (0.11 mmol/h) was found to be higher than
the rate of nitrogenase (0.048 mmol/fM)e growth rate was the same for two different

objective functions, presumably due to the nitrogen limitations.

The capability of the hydrogeproduction on sucrose [y palustriswas assessed
with the results of the metabolic model. The effects of changes in the growth
conditions of the bactexi such as glutamate uptake raseicrose concentration,
photon flux and organic acid concentratiomsre observed on biomass production
and hydrogen production, in particular.

Specific growth rate of biomass linearly increases with increasing glutamate uptake
rate for both objective functions usdtheinitial glutamate fluxof 0.065 mmol/h was
observe as the minimum threshold glutamate uptake rate for maintenance of biomass
growth. The biomasgrowth is not affected by sucrose concentratibacause
biomass growths controlled by theylutamate uptake ratevhich is limitingin the

medium

Maximum lydrogen production was obtainedtwl10 mmol/h photon fluas the input
alongwith 5 mM sucrose and thM glutamatefor the case of maximum biomass
growth. At higher photon fluxes, Hproduction rate decreasasd PHB production
was observedntagonistic ta2 production for both objective functioni addition,
the most and least effective organic acid farmpkbductionwasfound asacetic acid

and formic acid, respectively.
The results can be evaluated for metabolic engineering studies to enhancefyields

hydrogen productiorf-or example, the pathways for organic acid productions can be

examinedy genetic studies to contribute the highelytéld.
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This is because the flux distribution obtained in this work shows that organic acids
which are producedntracellularly triggers the PHB synthesis against the H
production. However, it should be taken into account that the same distribution results
an increase in thidz productionwhen the extracellular organic acids are available in
the growth media of thieacterialn addition, investigation of the sucrose metabolism

of PNSB offers the potential to obtain insight into a low cost hydrogen production

system because sucrose is a cheap feedstock compared to other organic substrates.

As recommendation for future works, the model in the present study can be applied
to other PNSB as long as significant changes in their metabolic pathways are
considered. In addition, it can be used to evaluate the effect of possible gene
knockouts on theébiomass growth or hydrogen production (Osth al, 2010).
Moreover, further developments might be required such as adding new metabolic
pathways, using different carbon or nitrogen sources, combining some kinetic
parameters, including more experimentaadand creating a user interface to identify

the resulting flux distributions easily

It should be emphasized that the model, and the procedure employed to analyze
hydrogen production in this study, provides insight into the theoretical limits of the

biological hydrogen production process. On the experimental and practical side, cost
analysis of the enhanced hydrogen production from the bacteria can be performed to

assess the worth and potential utility of metabolic engineering studies in the future.
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APPENDIX A

TEST CASE

A.1 Test Case Details

Table A.1: Definitions of enzymes used in the test case with the related reaction
number

ESrznybrg? Enzyme abbreviation Definition

1 HK Hexokinase

2 PGI Phosphoglucose isomerase

3 PGIR Reverse phosphoglucose isomerase
4 G6PDH Glucose6-phosphate dehydrogenase
5 ALD Aldolase

6 FDPASE Fructose 1,6 Diphosphatase

7 TRALD Transaldolase

8 TRALDR Reverse transaldolase

9 TRKET Transketolase

10 TRLETR Reverse transketolase

11 PGK Phosphoglycerate kinase

12 PGKR Reverse phosphoglycerate kinase
13 PGM Phosphoglycerate mutase

14 PGMR Reverse phosphoglycerate mutase
15 PYK Pyruvate kinase

16 PEPSYN Phosphoenolpyruvatynthase

17 PEPCK Phosphoenolpyruvate carboxykinase
18 PEPC Phosphoenolpyruvate carboxylase
19 LACDH Lactate dehydrogenase

20 LACDHR Reverse lactate dehydrogenase

21 PFLASE Pyruvate formatdyase

22 PFLASER Reverse pyruvate formatgase

23 PTACET Acetate thiokinase

24 PTACETR Reverse acetate thiokinase
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Table A.1 (continued):

Enzyme Enzyme abbreviation Definition

number

25 ACCOASN Acetyl CoA synthase

26 ALCDH Aldehyde dehydrogenase

27 PYRDH Pyruvate dehydrogenase

28 CITSYN Citrate synthase

29 MALSYN Malate synthase

30 ACO Aconitase

31 ACOR Reverse aconitase

32 ISODHP Isocitrate dehydrogenase

33 ISODHR Reverse isocitrate dehydrogenase
34 ISOLYS Isocitrate lyase

35 AKGDH Alpha-ketoglutarate dehydrogenas
36 SCOASN Succinyl CoA synthase

37 SCOASNR Reverse succinyl CoA synthase
38 SUCCDH Succinate dehydrogenase

39 FUMASE Fumarate hydratase

40 FUMASER Reverse fumarate hydratase

41 MALDH Malate dehydrogenase

42 MALENZ Malic Enzyme

43 TRANSH Transhydrogenase

44 TRANSHR Reversdranshydrogenase

45 NDH NADH deydrogenase

46 FDHASE FADdiphosphatase

47 FORDH Formate dehyrogenase

48 CYT Cytochrome reductase

49 ATPASE ATPsynthase

50 ATPASER Reverse ATPsynthase

51 VCO2 Net CQ production
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Table A.2: List of metabolites used in reactions of the test case

Metabolites | Definition

GLC Glucose

PEP Phosphoenolpyruvate
PYR Pyruvate

G6P Glucose6-phosphate
F6P Fructose6-phosphate
ATP Adenozin 3'trifosfat
COz Carbondioxide

R5P Ribose5-phosphate
T3P Glyceraldehyde-phosphate
E4P Erythrose4-phosphate
3PG 3-phosphoglyceric acid
OA Oxaloacetate

Lac Lactate

AcCoA Acetyl CoA

Form Formate

AC Acetate

Eth Ethanol

Cit Citrate

Glx Glyoxylate

Mal Malate

Icit Isocitrate

alphakKG Alpha-ketoglutarate
Succ Succinate

SucCoA Succinyl CoA

Fum Fumarate

Hexp Protons (H)

QH: Quinol
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Table A.3: Coefficients ofmetabolites in thebjective function used in the test case

(Table A.2 can be referred fdefinitions of the metabolite abbreviations)

Metabolites Coefficients(mmol/g dry cell weigh)
ATP 41.3
NAD 3.55

NADP 18.2
G6P 0.205
F6P 0.0709
R5P 0.898
E4P 0.361
T3P 0.129
3PG 1.50
PEP 0.519
PYR 2.83
AcCoA 3.75
OA 1.79
AKG 1.08
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A.2 Matlab Script for the Test Case

%%%%START%%%%

clc;

% simplex is used as optimization method for 'linprog’ function
options = optimoptions( 'linprog’ , "Algorithm’ , 'dual -
simplex' , 'TolFun' ,le - 6);

% stoichiometric matrix of the test case is loaded to the workspace
S_struct = load( '‘palsonmatrix.mat’ );
sm = S_struct.palsonmatrix;

% dependent rows of the stoichiometric matrix are eliminated with
licols'

% function

sto_transpose = sm’;

reduced_sto_tranpose = licols(sm',1e - 8);

% reduced stoichiometric is defined as 'S'

S =reduced_st  o_tranpose’;

%S is stoichiometric matrix giving mass balances

| =size(S,2); % number of columns of raw matrix (# of fluxes

enzymes)

w =size(S,1); % number of rows of raw matrix (# of metabolites)
demandcolumn = S(:,| -1); % Growth reaction coeffcien ts of biomass
supplycolumn = S(:,l); % Coefficients of inputs

% Objective function is set

% Note that linprog minimizes function by default so we will minimize

% obj as equivalent to maximizing obj

obj = zeros(l -1,1); % initializing objective function vector

obj(I - 1)= sum(demandcolumn); % max biomass growth as objective function
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%INEQUALITIES

% To make the growth reaction nonzero, A and b are described as vector.
A = zeros(l -1, -1);

Al -1)= -1,

b = zeros(l -1,1);

b(1)= -0.01;

% EQUALITIES
SG, =[] % remove input fluxes from stoichiometric matrix

% where the input(supply) fluxes are constant

% for S.v=0, Aeq.x - beg=0 is defined as below

Aeq=S;

beq= - 1*supplycolumn; % the supply flux constant from right
hand side

ub = 200;

UB = ub*ones(l -1,1); %upper bound as a constraint

LB =zeros(l -1,1); %Ilower bound as another constraint

x0=zeros(l -1,1); %initial guess for simplex algorithm

%'linprog' funtion is called to solve this optimization problem
[x, objectivevalue, exitflag,output] = linprog(obj, A, b, Aeq, beq, LB,
UB,x0,options );

%% %% END%%%
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APPENDIX B

METABOLIC NETWORK OF THE MODEL

B.1 List of Metabolites

© oo ~NO O WDNPRF

NNNNNNNNREPERRERRRERRERER
NOoOUBRWNRPROOONDUNMWNIERO

Abbreviation Definition

RL5P D-Ribulose 5phosphate

R15P D-Ribulosel,5-bisphosphate
6PG 6-PhospheD-gluconate

X5P D-Xylulose 5phosphate

3PG 3-PhospheD-glycerate

GL6P D-Gluconel,5lactone 6phosphate
F6P D-Fructose éhosphate

GAld3P D-Glyceraldehyde phosphate
E4P D-Erythrose 4phosphate

S7P Sedoheptulose-@hosphat

RSP D-Ribose 5phosphate

betaF6P betaD-Fructose hosphate
SPR1DP 5-PhosphealphaD-ribose tdiphosphate
3PGP 3-PhospheD-glyceroyl phosphate
2PG 2-PhospheD-glycerate

PEP Phosphoenolpyruvate

PYR Pyruvate

Pi Orthophosphate

PPi Diphosphate

betaG6P betaD-Glucose éphosphate
F16P D-Fructose 1,&isphosphate
betaF16P betaD-Fructose 1,&isphosphate
GP Glycerone phosphate

S17P Sedoheptulose 1-@isphosphate
alphaG6P alphaD-Glucose éphosphate

Mal (S)yMalate

OA Oxaloacetate
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28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

Fum
AcCoA
Glx

CoA
Succ

Cit

Icit

20G
Glu

Gly
SuccCoA
Ac

AcP
AcAl
AcAICoA
3-Hbut(S)
3-Hbut(R)
PHB
Form
Lac
MTHF
THF
Ser

NH3
Shiki
Chor
Ala
Valerate
Val

Leu

Asp

Asn

Lys

Cys
HSer
Met

Thr

lle

His

GIn

Pro

Trp

Arg

Fumarate

Acetyl-CoA

Glyoxylate

CoA

Succinate

Citrate

Isocitrate

2-Oxoglutarate
Glutamate

Glycine

SuccinytCoA

Acetate

Acetyl phosphate
Acetaldehyde
AcetoacetyfCoA
(S)3-HydroxybutanoyCoA
(R)-3-HydroxybutanoylCoA
Poly-betahydroxybutyrate
Formate

Lactate
5,10-Methylenetetrahydrofolate
Tetrahydrofolate

Serine

Ammonia

Shikimate

Chorismate

Alanine
3-Methyl-2-Oxobutanoate
Valine

Leucine

Aspartate

Asparagine

Lysine

Cysteine

Homoserine

Methionine

Threonine

Isoleucine

Histidine

Glutamine

Proline

Tryptophan

Arginine
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71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

Tyr
Phe
Asp-Sald
IMP

r ATP
rGTP
r UTtpP
rCTP
d ATP
d GTP
dCTP

dTTP
G3P

FAs
CPDEa
MA

LS
NDPHep
CMP-KDO
TDP-Glu
UDP-Ag
UDPAmMa
Dap
Bchla
AclLac
H>
Sucext
Suc
Suc6P
betaFruc
G1P
UDP-Glc
aaT6P
aaT
betaG1P
Glc
ADP-Glc
Fruc
alphaGlu
Pho
NAD*
NADH

Tyrosine

Phenylalanine
AspartaeSemialdehyde
Inosinmonophosphate

r ATP

r GTP

r UTP

rCTP

dATP

d GTP

dCTP

dTTP
Glycerol3-phosphate
Fatty Acids
CDP-Ethanolamine
Myristic Acid

Lipid Synthesis
NDP-Heptose
CMP-3-deoxy-D-manneoctulosonate
TDP-Glucosamine
UDP-Acetylglucosamine
UDP-N-Acetylmuramicacid
Diaminopimelate
bachteriochlorophyll_a
Acetolactate

Hydrogen

External Sucrose
Produced sucrose
Sucrose 6phosphate
betaD-Fructose
D-Glucosel-phosphate
UDP-Glucose
alpha,alphaTrehalose §hosphate
alpha,alphalrehalose
betaD-Glucose iphosphate
Glucose

ADP-glucose

Fructose

aphaD-Glucose

Photon

Oxidized nicotinamide adenine dinucleotide

Reduced\NAD+
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113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

NADP*
NADPH
UbDP
ATP
ADP
AMP

QH2
CO
Fd-Rd
Fd-Ox
cz2-red
C2-0x
H+

H.O

Nicotinamide adenine dinucleotide phosphate
Reduced NADP+

Uridine Diphosphate
Adenosine triphosphate
Adenosine diphosphate
Adenosine monophosphate
Quinone

Hydroquinone
Carbondioxide

Reduced Ferredoxin
Oxidized Ferredoxin

Ferro cytochrome ¢

Ferri cytochrome c

Protons in cyctoplasm
Protons in periplasm

Water
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B.2 List of Enzymes

Table B.1: Definitions of enzymes used in the construction of the metabolic

network ofR. palustris

EC number | Enzyme name

EC2.7.1.19 | ribulose phosphate kinase
EC1.1.1.44 | phosphogluconate dehydrogenase
EC5.1.3.1 phosphoribulose epimerase
EC4.1.1.39 | ribulosebisphosphate carboxylase;
EC 5.3.1.6 | ribose5-phosphate isomerase
EC3.1.1.31 | 6-phosphogluconolactonase
EC2.2.1.1 transketolase

EC2.7.6.1 ribosephosphata&iphosphokinase
EC2.7.2.3 phosphoglycerate kinase
EC5.4.2.12 | phosphoglycerate mutase
EC4.2.1.11 | phosphopyruvate hydratase
EC2.7.9.1 pyruvate, phosphate dikinase
EC2.7.1.40 | pyruvate kinase

EC1.1.1.49 | glucose6-phosphate dehydrogenase
EC3.1.3.11 | fructosebisphosphatase
EC2.7.1.11 | 6-phosphofructokinase
EC1.2.1.12 | glyceraldehyde3-phosphate dehydrogenase
EC4.1.2.13 | fructosebisphosphate aldolase
EC5.3.1.1 triosephosphate isomerase
EC5.3.1.9 glucose6-phosphate isomerase
EC3.1.3.37 | sedoheptulosbisphosphatase
EC2.2.1.2 transaldolase

EC1.1.1.40 | malate dehydrogenase
EC1.1.1.37 | malate dehydrogenase

EC4.2.1.2 fumarate hydratase

EC1.154 malate:quinone oxidoreductase
EC2.3.3.9 malate synthase

EC1.3.5.4 | fumarate reductase

EC4.1.1.31 | phosphoenolpyruvate carboxylase
EC4.1.1.49 | phosphoenolpyruvate carboxykinase
EC2.3.3.1 (R)-citric synthase

EC4.2.1.3 aconitate hydratase
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Table B.1 (continued):

EC number | Enzyme name

EC4.1.3.1 isocitrate lyase

EC1.1.1.42 | isocitrate dehydrogenase
EC2.6.1.44 | alanine--glyoxylate transaminase
EC6.2.1.5 succinytCoA synthetase
EC2.8.3.18 | succinylCoA:acetate CoAransferase
EC1.2.7.3 2-oxoglutarate synthase
EC2.7.2.1 acetate kinase

EC2.3.1.8 phosphat@acetyltransferase
EC6.2.1.1 acetylCoA synthetase

EC1.2.1.3 aldehyde dehydrogenase
EC2.3.1.9 acetylCoA C-acetyltransferase
EC1.2.7.1 pyruvate synthase

EC1.1.1.35 | 3-hydroxyacylCoA dehydrogenase
EC 1.1.1.36 | D-3-hydroxyacylCoA reductase
EC5.1.2.3 3-hydroxybutyrytCoA epimerase
EC1.2.1.43 | formate dehydrogenase
EC4.1.2.36 | lactate synthase

EC 1.1.2.3 | L-lactate dehydrogenase
EC2.7.1.69 | sucrose phosphotransferase system
EC 3.2.1.26 | betafructofuranosidase

EC2.7.1.4 D-fructokinase

EC5.4.2.2 phosphoglucomutase

EC2.7.7.9 UDP glucose pyrophosphorylase
EC 2.4.1.15 | trehalose phosphate synthase
EC3.1.3.12 | trehalosephosphatase

EC2.4.1.64 | alpha,alphdrehalose phosphorylase
EC5.4.2.6 betaphosphoglucomutase
EC2.7.7.27 | ADP-glucose synthase

EC 2.4.1.245| alpha,alphdrehalose synthase
EC3.6.1.21 | ADP-sugar diphosphatase
EC2.4.1.14 | sucrosephosphate synthase
EC3.1.3.24 | sucrosephosphate phosphatase
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Table B.1 (continued):

EC number | Enzyme name
EC2.4.1.13 | sucrose synthase
EC3.2.1.20 | alphaglucosidase
EC24.14 amylosucrase(invertase)
EC24.1.7 sucrose phosphorylase
EC2.7.1.2 | glucokinase

EC3.1.3.9 glucose6-phosphatase
EC 1.12.7.2 | hydrogenase

EC 1.18.6.1 | nitrogenase

EC3.6.3.14 | ATP synthase

EC 1.16.1.2 | diferric-transferrin reductase
EC 2.7.1.23 | NAD" kinase

EC 2.7.4.3 | adenylate kinase

EC 1.6.1.2 | transhydrogenase

B.3 List of Reactions with their Enzymes

The reactions with an asterisks represent lunmpadtions for biosynthetic
precursors whereas ME is the abbreviation of multiple enzymes
R: Reversible reaction

I: Irreversible reaction
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