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Stellingen

. Realistische modellen van celmetabolisme bevatten altijd onderbepaaldheden

(dit proefschrift).

. Het berekenen van numerieke waarden voor onderbepaalde fluxen is een

wiskundige oefening (dit proefschrift).

. In vitro celkweek is een typisch voorbeeld van de tragedie van de meent [1,2].

[1] MacLean RC, Gudelj I. 2006. Resource competition and social conflict in experimental
populations of yeast. Nature 441:498-501

[2] Hardin G. 1968. The Tragedy of the Commons. Science 162:1243-1248.

. Biotechnologie is een trukendoos.

Variant op de stellingname: De truc van ruimtevaart is vallen (André Kuipers, 2005).

. Het zou de groenste universiteit van Nederland sieren als eerste het drukken

van proefschriften af te schaffen.

. De slogan ”leuker kunnen we het niet maken, wel makkelijker” kan de
belastingdienst beter vervangen door ”leuker kunnen we het nooit maken,

ook niet makkelijker”.
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Life comes down to a few moments. This is one of them.
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General introduction

NEISSERIA MENINGITIDIS

Meningococcal disease

The genus Neisseria belongs to the family Neisseriaceae of the B-proteobacteria [1]
and is named after Albert Neisser who discovered the gonococcus in 1879 [2]. The
genus includes a group of closely related cocci that are primarily commensal organisms
of mucosal surfaces of mammals [3]. Two species: Neisseria gonorrhoeae (the gonococcus)
and Neisseria meningitidis (the meningococcus), are important human pathogens [4].
Anton Weichselbaum first identified N. meningitidis as the causative agent of bacterial
meningitis in 1887 [5]. N. gonorrhoeae is considered to be always pathogenic and
causes the sexually transmitted disease gonorrhea, while N. meningitidis colonizes
oro- and nasopharyngeal mucosa, its sole ecological niche, asymptomatically, which
means that not all people who harbor the meningococcus develop disease [6, 7].
Transfer of meningococci from one person to another can occur via direct contact
with nasal or oral secretions or through inhalation of droplets [8]. Acquisition of
meningococci may result in invasive disease, which normaly occurs 1-14 days after
acquisition or lead to colonization (carriage) [8]. Carriage leads to the induction of
‘natural acquired’ immunity against the organisms [9]. In non-epidemic situations
approximately 10% of the adult population is colonized by meningococci [10-13], but
increased carriage rates have been observed during epidemics and close contacts [12, 14].
The highest incidence of meningococcal disease occurs in young children under the
age of four. In addition, an incidence peak is observed among teenagers, most likely
as a result of increased exposure to environmental risk factors, such as the number
and closeness of contacts (e.g. intimate kissing) [15] and (passive) smoking [16]. By a
mechanism that remains unknown, some N. meningitidis strains are able to cross the
mucosa into the bloodstream from where they can cause invasive meningococcal
disease with severe clinical syndromes [17]. Understanding how the meningococcus
can both be a harmless commensal and a devastating human pathogen has been a

major quest in the biology and in the design of prevention strategies for N. meningitidis.
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Meningococcal disease is a life-threatening illness with annual incidence rates varying
from 1 to 1000 per 100 000 persons in different parts of the world [8, 12]. The disease
is charachterized by a variety of clinical symptoms [17] and in the early phase mild
symptoms like chills, fever and musle aches can change rapidly (within hours) into
bacterial meningitis or septicaemia, potentially leading to shock and death [17].
Despite antibiotic treatment, the mortality rate is about 10 to 30% in the case of
meningitis and sepsis, respectively [18]. Early antibiotic treatment should be applied
as soon as possible when clinical diagnosis confirms meningococcal meningitis since
effective antibiotics immediately stop proliferation of N. meningitidis [19]. Without
antibiotic treatment, death rates can increase up to 80% [20]. About 5-20% of the
surviving patients suffer from permanent damage, such as amputation of limbs, mental
retardation, and deafness [20]. The rapid onset of invasive meningococcal disease
[17], the high incidence in young children [19], the high mortality rate [18] and the
severe permanent damage in patients recovering from disease [20] indicate the impor-

tance of vaccine development against this devastating pathogen.

Microbiology

N. meningitidis is a heterotrophic, aerobic Gram-negative coccus, occurring as single
coccus but often as diplococcus with adjacent sides flattened and ranging from
0.6-1.9 um in diameter [1]. Meningococci are obligate human pathogens that have an
optimal growth temperature of 35-37 °C. The cell envelop of N. meningitidis is typi-
cal for a Gram-negative bacterium and composed of an outer membrane and an inner
membrane, separated by the periplasmatic space that contains a peptidoglycan layer
and proteins (Figure 1.1). The inner membrane is a phospholipid bilayer containing
mainly proteins involved in transport of proteins and nutrients across the inner mem-
brane, while the outer membrane is assymetrical containing mainly lipopolysaccharide
(LPS) on the outer leaflet and phospholipids on the inner leaflet [21]. The outer
membrane contains various outer membrane proteins (OMPs) of which the major

ones are: Porin A (PorA), Porin B (PorB), reduction-modifiable protein M (RmpM),
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opacity proteins (Opa, Opc) and the lactoferrin receptor proteins. Virulent bacteria
are covered by a capsule [11] composed of polysaccharides. Through this capsule
fimbriae (type IV pili) protrude. These pili are filamentous proteins and are found to
play an important role in a number of processes such as: the initial attachement of
meningococci to host cells [22], natural transformation [23], twitching motility

(movement) [24] and biofilm formation [25]. Although type IV pili are immunogenic,
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Figure 1.1 Cross-sectional view of the N. meningitidis cell surface.

The cell envelop is composed of an outer membrane (OM) and an inner membrane (IM), separated
by the periplasmatic space (PS) that contains a peptidoglycan layer (PG). The cell surface is
surrounded by capsular polysaccharide (CPS) that is anchored in the OM via a phosphatidyl
glycerol moiety. Type IV pili (pilus) protrude through the entire envelope and extend several
thousand nm from the surface [19]. The IM is a phospholipid (PL) bilayer containing mainly
proteins involved in transport of proteins and nutrients across the inner membrane. The OM is
assymetrical containing mainly phospholipids on the inner leaflet and lipopolysaccharide (LPS)
on the outer leaflet. Furthermore, it harbors integral and surface exposed outer membrane
proteins (OMPs). LbpA and LbpB are integral and cell-surface exposed OMPs respectively,
which together constitute the lactoferrin receptor that is involved in the acquirement of iron
from the environment. Opa: Opacity protein (class 5 OMP), PorA: protein Porin A (class
1 OMP), RmpM: reduction-modifiable protein M (class 4 OMP). Courtesy Wilma Witkamp,
Netherlands Vaccine Institute.
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they are not suitable as vaccine candidates, because of the high degree of antigenic
variability [20] and the phase variation of expression [23]. Flagella are absent in
Neisseriaceae [1]. In addition, CPS, LPS (endotoxin) and OMPs present in the outer
membrane are linked to meningococcal virulence [26] and protection against meningo-

coccal disease, and are discussed in more detail below and in Chapter 2.

N. meningitidis strains can be classified into thirteen serogroups based on differences
in the structure of their CPS, but only six serogroups (A, B, C, W-135, Y, and X [19])
cause most of the disease [10]. Further classification into serotypes and serosubtypes
is based on the outer membrane porin proteins PorB and PorA, respectively, while the
immunotype is determined by the LPS structure [19]. The different serogroups show
a regional distribution: group B and C meningococci dominate in western countries
while group A and C dominate in less developed countries [19]. The highest burden
of meningococcal disease, predominantly caused by group A organisms, occurs in

sub-Saharan Africa, which is known as the “Meningitis Belt” [27] (Figure 1.2).

The genome sequences of N. meningitidis strains MC58 (serogroup B), strain Z2491
(serogroup A) and strain FAM18 (serogroup C) have been published [28-30].
Meningococcal genomes possess several important charachteristics that differ from
other Gram-negative bacteria like Escherichia coli. Next to differences in genome sizes
(i.e. 2.2 MB vs 4.6 MB for N. meningitidis and E. coli, respectively), and the number
of different genes (i.e. ~ 2065 genes vs 4288 genes for N. meningitidis and E. coli,
respectively), the genomes of meningococci are highly instable as a result of different
mutational events. These events originate from either local genomic changes caused
by repeat sequences, phase and antigenic variation, recombination and horizontal gene
transfer, or globally from mutator alleles [23, 30]. All contribute to the highly variable
dynamics of meningococcal genomes. For example, phase and antigenic variation alone
involve approximately 100 genes [31], whereas, in E. coli, less than 10 genes are subject

to phase variation [23]. These differences are likely to be caused by the differences
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Figure 1.2 Global distribution of major meningococcal serogroups and of serogroup B out-
breaks (shaded in dark grey). The meningitis belt (dotted line) of sub-Saharan Africa and other
areas of substantial meningococcal disease in Africa are shown. Adapted from [19].

between the habitats of both bacteria. The sole natural habitat of N. meningitidis is
mucus layer that covers the oro- and nasopharynx, whereas E. coli shuttles between
different habitats in the human body. The latter explains the battery of sophisticated
regulatory systems in E. coli [32], to sense and respond to different environmental
conditions, which enables adaption to, and survival in, these different environments.
Along with a small genome size, the meningococcal survival strategy involves a
reduced DNA-repair capacity [33] in combination with events that promote genome
plasticity, mentioned above. Instead of sensing and responding to the environment,
meningococci generate a surplus of genetic variants that are subjected to natural
selection [34]. The strains that evade recognition by the host immune system, and
consequently innate immune killing, survive. In addition, N. meningitidis is equipped
with secretory proteins that are involved in the adherence to host cells or required to
suppress the host’s defence mechanisms [35], of which the site-specific proteases to
cleave human immunoglobulin A1 (IgA1), the first line of defense at mucosal

membranes [36] and PorB [37], are an example.
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The central metabolism of N. meningitidis (Figure 1.3) is similar to the central meta-
bolism of other aerobic Gram-negative organisms with some particular differences.
Glucose, an important substrate for growth, is processed via the Entner-Doudoroff
(ED) pathway and the pentose phosphate (PP) pathway. The glycolytic Embden-
Meyerhof-Parnas (EMP) pathway, the main glucose processing pathway in many
other organisms, does not contribute to pyruvate synthesis [38-43] because the gene
encoding the enzyme phosphofructokinase (PFK) is not present in the N. meningitidis
genome [29]. The tricarboxylic acid cycle (citric acid cycle) is operational but to establish
oxidation of malate to oxaloacetate, FAD-dependent malate:quinone oxidoreductase
is used instead of malate dehydrogenase. Lactate is an important carbon source for
the bacterium during colonization and is necessary for growth of the bacterium in
nasopharyngeal tissue [44], however in vivo studies indicate a lower biomass yield
when grown on lactate [45]. The amino-acid biosynthetic pathways are present,
however for some N. meningitidis strains the additional need for glutamate, arginine,
glycine, serine, and cysteine has been indicated [46]. A detailed review of the primary

metabolism of N. meningitidis is given in Chapter 2.

Vaccines and vaccine candidates

For more than a century, vaccine development has followed the principle of Louis
Pasteur: “isolate, inactivate and inject” the causative microorganism [47]. Vaccines
that have been produced based on this principle consist of whole killed pathogens
(e.g. the whole cell Bordetella pertussis vaccine) or live attenuated pathogens (e.g. oral
polio vaccine). Technological breakthroughs during the past three decades have extended
the power of the vaccines produced according to Pasteur’s principles considerably.
Especially subunit vaccines, composed of purified protective components, cause less
adverse reactions upon administrating in comparison with a whole cell vaccine [48].
The subsequent development of polysaccharide-protein conjugate vaccines has been
another important breakthrough. In this case, the polysaccharide vaccines that were

known to be able to induce protective immunity, but they could not engage lasting
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Figure 1.3 Central metabolism of N. meningitidis (simplified). The dashed arrow indicates phos-
phofructokinase (PFK), which is not present in N. meningitidis. Abbreviations are listed in
Appendix 2.2.

immunological memory and failed to work in infants, were conjugated to a carrier
protein. This made these vaccines very effective in infants, opening the way to the
development of several safe and effective vaccines [48]. In addition, the application of
adjuvants enhances the immune respons against antigens of several vaccines [49, 50].
Effective polysaccharide and polysaccharide-protein conjugate vaccines that offer
protection against infection with meningococcal serogroups A, C, Y and W-135 are
being developed or have been licenced and are available worldwide [51, 52]. Efforts
to use the capsular polysaccharide of serogroup B meningococci as vaccine have been
hampered by its poor immunogenicity [53], even when conjugated to a carrier protein
[54, 55]. However, recent studies suggest the capsular polysaccharide can be engineered
to express unique epitopes suitable as vaccine candidates [56, 57]. In addition, a recent

study demonstrates evidence towards the proof-in-principle that by using specific LPS
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conjugates, coupled via the lipid A region of LPS, it is possible to elicit functional and
protective antibodies against meningococcal infection [58]. Since serogroup B meningo-
cocci contribute significantly to the burden of meningococcal disease in many indus-
trialized countries where both epidemic and endemic infections occur [59], different
approaches to the development of vaccines are followed. Current vaccine development
against serogroup B strains has mainly focussed on major subcapsular protein antigens,
that are contained in outer membrane vesicles [51] produced from noncapsular
recombinant strains, or other antigen delivery systems, like liposomes [60, 61]. The
availability of genome seqences dramatically changed the scope for developing improved
or novel vaccines by increasing the speed of target identification in comparison with
conventional approaches [62-66]. This systematic search to identify novel protein
antigens from genomic information has been termed 'reverse vaccinology' [65] and

has been successful, in particular for identification of novel serogroup B antigens [63].

Different OMP antigens are being investigated as vaccine candidates (e.g. PorA, PorB,
Opa/Opc, NspA, NadA) but PorA is the most highly expressed OMP by almost all
meningococci and induces strong protective serum bactericidal antibodies (SBA),
pinpointing PorA as a promising vaccine candidate [67]. Unfortunately, these bactericidal
antibodies are usually directed against the two highly variable regions (VRs) of PorA
[68]. PorA contains eight exposed surface loops (loops I to VIII) and most variability
between PorA proteins resides in VR1 and VR2, which correspond to loops I and IV,
respectively [68]. According to the PorA sequence database [69], a total of 177 variants
of VR1 and 482 of VR2 are identified to date. Because of the high level of heterogeneity
found in these regions, a vaccine based on a single PorA (i.e. isolated from one strain)
shows only a narrow range of specificity. Therefore, the development of vaccines
containing different PorA serosubtypes (i.e. a multivalent vaccine) is an absolute
requirement to provide cross-protection against a variety of heterologous meningo-
coccal isolates. Notably, significant differences in SBA titers between different PorAs

have been observed [70], which means that the human immune response is PorA-

10
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specific. However, the problem of weakly immunogenic PorAs can be overcome by

using a different immunization schedule [71].

The Netherlands Vaccine Institute has produced an outer membrane vesicle vaccine
(OMV vaccine), containing multiple PorAs, which has been through Phase 1T clinical
trials. This hexavalent OMV vaccine (HexaMen), containing OMVs that were produced
from two recombinant N. meningitidis strains that each express three PorA serosub-
types, has been studied in infants, toddlers and children [72, 73]. Potential efficacy,
based on the induction of SBA, has been promising with this vaccine however cross-
protection to PorA serosubtypes not contained in the vaccine has been a limitation. To
overcome the limitations of the hexavalent vaccine, three additional PorAs have been
added to a new nonavalent formulation (i.e. nine PorA serosubtypes). This NonaMen
vaccine stimulates high SBA responses in mice [74], and further preclinical trials are
underway. An important aspect of the further development trajectory of this promi-
sing vaccine is the development of a production process that is capable of producing

sufficient amounts of vaccine in order to have a meaningful impact on public health.

11



Chapter 1

VACCINE PROCESS DEVELOPMENT

Background

The development of a vaccine is not limited to identification of protective components,
adjuvants, formulation and delivery systems, but also includes technical, manufacturing,
analytical and regulatory skills that are important determinants for successful translation
of a vaccine candidate to a licensed vaccine. On average, the total development time
from vaccine candidate to a vaccine is 15-20 years. The central issue related to tech-
nology skills is the translation of a laboratory scale vaccine production process to a
process that can be scaled-up and run reproducibly in the ultimate manufacturing
environment to make a sufficient amount of vaccine. Notably, for a vaccine with a
wide utility, the manufacture of tens of millions of doses per year is required [75].
From an economical point of view, rapid early phase process development is required,
but also processes capable of delivering high yields of product of the desired quality
are important. The broad quality goal is that each and every dose is equivalent, safe
and effective. The central issue related to manufacturing is the requirement of validated
process equipement and procedures meeting the requirements of good manufacturing
practices (GMP) [76], including the control of the starting materials (e.g. growth
media, inoculum), design and layout of the manufacturing facility, dedicated training
of personnel, cleaning, maintenance, etc. The central issue related to regulation is the
level of proof and documentation necessary to provide guarantees that consistent product

quality is realized after each production run.

Because it is more difficult to charachterize a whole cell vaccine or a vaccine in a
complicated formulation, in comparison with small-molecule pharmaceuticals and
with well-defined biopharmaceuticals like monoclonal antibodies, the regulatory over-
sight for the production and release of a ‘classical’ vaccine is more stringent. In addition,
the stringent regulatory oversight in vaccine production and release is also a result of

the historic tendency of vaccine manufacturers to state that the production process of

12
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the vaccine itself defines the product, which is in principle correct, but paved the way
for regulatory interference in all aspects of the production process. Any change in
either scale or process, requires comparability (i.e. reassurance that the product will
remain unchanged in terms of quality, efficacy, and safety) and satisfactory proof is
demanded by the regulatory authorities [77, 78]. As a result, many vaccine production
processes are outdated and stay outdated. This illustrates the importance of process

development in the development of a new vaccine.

Production process

The production process of a vaccine (and all biopharmaceuticals derived from
pro- and eukaryotic cells) can be divided into two major steps: upstream processing
(USP), where the product is made, and downstream processing (DSP), where the
product is purified and formulated to its final presentation. USP involves media
preparation and a number of successive cultivation steps. The upstream process starts
with thawing of a single cryovial with bacteria (or another microorganism) from a
cell-bank followed by inoculation of liquid medium in a small flask. Once the culture
reaches a certain density, subsequent transfer of the culture to systems of increasing
volumes is carried out. In each passage the culture is diluted approximately 20 times
(inoculum ~5%). These successive cultivation steps are required to start-up the final
large-scale bioreactor with a sufficient amount of growing cells in order to avoid a lag

phase and promote reproducibility.

When the final cultivation step is finished the DSP starts. In general, the DSP is much
more diverse and strongly depends on the type of product [79] and its quality require-
ments. For example for the manufacture of whole cell vaccines, two DSP steps are
executed; 1) harvesting the culture and 2) inactivation of the bacterial suspension by
heat or a chemical compound. However, most times DSP involves other and/or more
steps like concentration, extraction, detoxification, purification, blending, adjuvation

and freeze drying before the final product is obtained. During both USP and DSP

13
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samples are taken, measured and compared to set specifications. These samples, or
in-process controls, are important determinants for the release of a product. In parti-
cular, the quality controls of the final product determine whether safety and potency
testing in animals will be carried out and may include identity, sterility, opacity, pH,
protein content, LPS content and specific toxicity [76]. The research described in this
thesis, was mainly focused on the USP part of the process development of a vaccine
against N. meningitidis based upon components derived from the outer membrane of

the bacterium and incorporated in vesicles.

Upstream development and scale-up

Upstream processing or cultivation is, as mentioned before, an integral part of vaccine
development. Regulatory requirements must be taken into consideration in the develop-
ment of the cultivation step. Another important, economically driven, requirement is
to maximize the product yield, which is in the case of N. meningitidis primarily the
maximization of biomass formation. The development of a cultivation process involves
equipment like shake flasks, small-scale bioreactors, medium-scale bioreactors (pilot-
scale), and large-scale bioreactors, of which the medium-scale and large-scale systems
are used for scale-up research, whereas small-scale systems are used to establish the
basis of the cultivation process. On the basis of mode of operation, a bioreactor may

be classified as batch, fed-batch, chemostat or perfusion system (Figure 1.4).

Since final product quality and quantity are primarily determined in the cultivation
process [80], gaining knowledge about the organisms’ metabolism is crucial. The
information provided by the N. meningitidis genome [29] can be used to obtain infor-
mation on the metabolic capabilities of the organism. As described in Chapter 2, this
is done by screening the genome for genes that code for enzymes present in the primary
metabolism yielding a genome-scale metabolic model. This process of network recon-
struction, followed by the synthesis of iz silico models describing their functionalities,

is the essence of systems biology [81]. Genome-scale metabolic models have been built

14
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for several organisms [82, 83] and were used to analyze cultivation data, to get a better
understanding of cellular metabolism, to develop metabolic engineering stategies [84-86],
to design media and processes [86-88] and even for on-line control of the process [89],
which illustrates their usefulness for the development of an efficient cultivation step.
Especially, the development of defined synthetic media is important in biopharmaceutical
production processes to ensure reproducible growth and prevent regulatory difficulties. In
particular, the use of raw materials of animal origin must be avoided to prevent
possible introduction of prion diseases [90] and because the quality of animal originating

materials is hard to control and could easily have impact on process performance.
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Figure 1.4 Schematic overview of bioreactors with different modes of operation. In a batch
process (a) medium and microorganisms are added at the start. When an essential nutrient
becomes limiting, growth will stop and the culture can be harvested. The batch process can be
prolonged by addition of (limiting) nutrients (fed-batch) leading to a higher biomass density and
higher product yield (b). A fed-batch process starts with a low volume batch process (dashed
line) and at the end of the batch phase feed medium is added until the maximum volume is
reached. Notably, different feed rate profiles (e.g. linear, exponential) can be applied. In a chemo-
stat (c), or continuous stirred tank reactor (CSTR), medium is added constantly and culture is
removed constantly at the same speed, which allows the control of the growth rate of the
microorganism and consequently its physiology and metabolism. In a perfusion system (d)
nutrients are refreshed continuously, while the microoganisms are retained in the bioreactor.
The perfusion system is commonly used for cultivation of animal cells.

Once a small-scale cultivation process with defined culture conditions has been esta-
blished, the process can be scaled-up. Notably, it is essential that the quality of the

starting material (the strain) has been established. The quality of the inoculum can
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have a substantial impact on process consistency and performance in terms of produc-
tivity, product quality and process control [91]. Therefore, in practice, the development
of a chemically defined medium often occurs in parallel with the development of the
first representative cell bank (or seedlot) for the vaccine, in which the organism has
been adapted to the culture conditions, resulting in a reproducible and robust inocu-
lation train. Its worth noting, that a cell bank is, like all other steps in vaccine development,
subject to stringent regulation and needs to last until the life-cycle of the vaccine is

completed (i.e. when no vaccine is required anymore because of eradication).

Scale-up can be defined as a procedure for the design and construction of a large-scale
system on the basis of the results of experiments with small-scale equipment. It is an
important step in process development that leads to the production of sufficient
amounts of vaccine and thus has a meaningful impact on public health. Factors affected
by scale are, for instance, the number of generations (i.e. population doublings), medium
preparation, temperature, pH and DO control, agitation, aeration and pressure. As
described in Chapter 5, transport phenomena are the most important phenomena that
are dependent on scale [92] and therefore become the basis of every bioreactor scale-up
procedure. Method-based procedures for scale-up and optimization of cultivation
(and fermentation) processes in large-scale stirred-tank reactors include: fundamental
methods, semifundamental methods (computional fluid dynamics), dimensional analysis
and scale-down, regime analysis and scale-down, rules of thumb and finally trial and
error [93]. No scale-up strategy as such is generally established, so for each product,
process and facility a suitable scale-up strategy needs to be determined [94]. Many
factors like overall production yields, costs, efficiency, time, knowledge, knowhow,
and GMP compliance of process equipment play an important role in scale-up.
Furthermore, the downstream process must be taken into account and preferably
scaled-up interactively with the up-stream process, since enlarged volumes and/or higher
product concentrations may affect the DSP and vice-versa. From a research point of

view, defining the process attributes that affect the productivity or the product quality
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during scale-up is very important, to ensure the control of the relevant process variables
in order to obtain a bacterial suspension with defined characteristics. Optimization of
the vaccine production process can be done until clinical phase III production (market
scale), given that no changes will be implemented with respect to bacterial strains and
starting materials that might change the characteristics of the vaccine product.
Demonstration that the process at phase IlI/market scale is comparable to the medium-
scale phase I/Il process, and meets the pre-set criteria for process and product is

always demanded by the regulatory authorities.
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MATHEMATICAL TOOLS FOR THE STUDY OF METABOLISM

Metabolism and metabolic models

Metabolism can be defined as the complete set of chemical reactions that occur in
living organisms in order to maintain life. Enzymes are the main players in this process
as they are responsible for catalyzing the chemical reactions. The enzyme-reaction
relationships can be used for the reconstruction of a network of chemical reactions,
which leads to a metabolic model of metabolism. Similarly, annotation of genes (present
in the genome of an organism) leads to gene-enzyme relationships, as explained in
Chapter 2. A genome-scale metabolic network of chemical reactions that take place
inside a living organism is reconstructed from the information that is present in its

genome. Metabolism is divided into catabolism and anabolism and a simplified repre-

taboli.
(S} catabolism =®

ATP &
L s
anabolism g

Figure 1.5 Simplified representation of aerobic metabolism. In catabolism substrate (S) is
oxidized to metabolic intermediates (I) and CO,, delivering reducing equivalents (R) and energy
(ATP) for biomass formation (B). In aerobic respiration, the reducing equivalents are converted
back to their oxidized form (OR) using the electron acceptor oxygen (O,) which is converted
to water (H,O). This process is called oxidative phosphorylation. In anaerobic metabolism (not
shown in the figure) ATP is generated using a process called substrate level phosphorylation,
which occurs in glycolysis and is far less efficient than oxidative phosphorilation The reducing
equivalents in anaerobic metabolism are converted back to their oxidized form by using inter-
mediate metabolites as electron acceptors and the reaction products are excreted by the
organism (e.g. ethanol, lactid acid).
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sentation of aerobic metabolism is shown in Figure 1.5. Catabolism is the part of
metabolism that delivers metabolic intermediates, reducing equivalents (e.g. NADH,
NADPH, FADH,) and energy carriers (ATP) to anabolism, leading to the formation

of biomass (for growth and maintenance) and the production of CO,.

A stoichiometric metabolic network describes the way in which the different metabolites,
substrates and products present inside and outside the organism are connected with
each other through the different enzymatic reactions. There are three types of metabolic
models: (1) steady state models, which only take into account the flow of metabolites
through the system in steady state; (2) steady state kinetic models, which take into
account the flow of metabolites through the system in steady state and contains at
least one kinetic equation that relates the concentration of a metabolite to a reaction
rate; and (3) dynamic kinetic models, which take into account the kinetics of all
different enzymes involved in the reaction network that are valid under dynamic
conditions. All metabolic models contain stoichiometric information, which means
that for each reaction in the network the number of moles of each substrate and pro-
duct taking part in the reaction is specified. Methods to solve a steady state model of

metabolism are discussed in literature [95-100] and a brief summary is given below.

19



Chapter 1

Metabolic modeling
A simplified metabolic network in which a substrate (S) can be converted into biomass
(B) and a by-product (P) through several chemical conversions with a stoichiometry

of 1, and which involves five intracellular metabolites (Mi) is shown in Figure 1.6.

@% M1 X (M2 X (M3 i»e
ixs lx“
M4 M5
f

Figure 1.6 Simplified metabolic network. Substrate (S) can be converted into biomass (B) and
product (P) through several chemical conversions involving intracellular (light grey area) meta-
bolites (Mi).

The mass balance equations over the intracellular metabolites of the metabolic

network in matrix notation are:

- x1 -
M1 -1 0 0 0 1 0 O x2
d M2 1 1 1 0 0 0 O x3 X
I M3|l= 0 1 0 1 0 O -1 ]|-|x4 =A-[r] (1.1)
M4 o o0 1 o0 o0 -1 O rl
M5 o o0 0 1 0 0 -1 r2
L 3

The stoichiometric matrix A (m x n) is the matrix in which m (rows) corresponds to

the number of intracellular metabolites and n (columns) is the number of fluxes (x)
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and exchange rates (7). In (pseudo) steady state it is assumed that there is no accumula-
tion of the intracellular metabolites (law of conservation of mass). Hence, their nett

conversion rate is zero:
A - H =0 (1.2)

This results in a set of linear equations and the set of all possible solutions for the
fluxes to this set of linear equations (under the steady-state assumption) is called the
null space or solution space of A. The dimension of the null space will be determined
by the number of free variables (the degree of freedom) in the set of linear equations,
which is equal to the number of unknowns minus the number of independent relations.
The number of independent relations is equal to the rank of the stoichiometric matrix
(i.e. rank (A)). In the network in Figure 1.6, there are 5 intracellular metabolites and
7 reactions (5 equations and 7 unknowns). Therefore, the null space is two-dimensional

(Figure 1.7a).

In general, stoichiometric matrices have more reactions than metabolites, which is
caused by branching in the metabolic network. In addition, some combinations of
metabolites might be conserved. For example, reducing equivalents like FADH, and
NAD(P)H are coupled to their oxidized forms (i.e. FAD and NAD(P)): If in a reaction
FADH, is converted to FAD, there is always a coupled reaction that regenerates
FADH, and therefore the FAD and FADH, amounts in the cell form a pool of constant
size (i.e. FAD+FADH,=constant) and the sum of their production rates is zero
(i.e. rEap+rEapH,=0). These compounds are called conserved moieties and introduce line-
ar dependencies in the set of linear equations. The set of equations in 1.2 is usually
underdetermined. The null space can be used to determine underdetermancies in the
metabolic network like for instance the detection of parallel pathways. This check for
network sensitivity problems can be done by doing singular value decomposition

(SVD) [101], as explained in Chapter 2. Notably, for a realistic metabolic network,
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Figure 1.7 The null space of the example network is two-dimensional (a). Metabolic flux
analysis (MFA): if consumption and production rates are measured a unique solution can be cal-
culated (b). Flux balance analysis (FBA): If only the substrate conversion rate (S) is known from
measurement, a solution that optimizes a particular objective, like maximize biomass
formation or maximize product formation, can be calculated using linear programming (c).
Adapted from [102].

that contains far more reactions, the null space is n-dimensional and mathematical
computer software (e.g. Matlab) is required to calculate the null space. Since a part of

the exchange rates might be unknown, Equation 1.2 can be rearranged to:

A- [’r‘] - [A, Am]-[:C]zo (1.3)
or
A -r.+A, - 1,=0 (1.4)

Where submatrix (A,) is linked to the fluxes and exchange rates that need to be cal-
culated (r,) and submatrix (A,,) is linked to the measured exchange rates (r,,). The

solution now becomes:

r.=-A#- A, -1, +null space (A.) - A (1.5)
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Where —A_* is the pseudo inverse of matrix A, and A is a vector with as many elements
as there are columns in the nullspace of A.. Again, the number of independent linear
equations in the A. matrix is equal to the rank of the matrix (i.e. rank (A.)). Notably,
for all possible values of A the solution remains valid. The degree of freedom of the

system is given by:

df = n.—n,, —rank (A.) (1.6)

Where 7, is the number of unknowns (fluxes and unknown exchange rates), and 7,
is the number of known measured exchange rates. Metabolic networks can be classified

based on determinancy and redundancy.

Determinancy

1. Underdetermined: The rank(A.) is smaller than the number of unknowns (df>0).
There are not enough linear independent relations to calculate all the unknowns,
7., from the measured rates r,,. Notably, some of the unknowns may be calculable.

2. Determined: The rank(A.) equals the number of unknowns (df=0). All unknown
rates can be calculated from the measured rates.

Redundancy

1. Redundant: There is at least one linear relation between two or more measured
rates and these rates can be balanced. This means that the measurements can be
inconsistent, or in other words there is no r, for the given 7,, that exactly matches
Equation 1.5. For instance, in the example network the biomass production rate
should always be twice the substrate consumption rate (7, = r3+2-r,). Notably, the
term overdetermined, which is often encountered, is, in principle, not correct, since
a system that is redundant can at the same time be underdetermined.

2. Non-redundant: There is no relation between measured rates and the system is

always consistent.
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In line with the above classification for networks also rates and fluxes can be classified.
Non-measured rates can be classified according to whether they can be calculated

from Equation 1.5 or not:

Calculable: The rate can be uniquely calculated from Equation 1.5. Only when all
rates are calculable the system is determined.
Non-calculable: The rate cannot be uniquely calculated from Equation 1.5. If one

of the rates is non-calculable the system is underdetermined.

Measured rates can be classified according to whether they are balanceable or not:

Balanceable: There is a linear relation between the rate and at least one other rate.
If the linear relation does not hold, the measurements are inconsistent. If two or
more rates are balanceable the system is redundant.

Non-balanceable: There is no relation between the rate and any of the other

measured rates. If all rates are non-balanceable the system is non-redundant.

If values for the substrate consumption rate (r;) and the biomass formation rate (r,)
are known from measurements, the degree of freedom of the network shown in Figure
1.4 is zero, which means that the systems is determined and a single unique solution
for all fluxes and the product formation rate (r;) can be calculated using linear-
algebra techniques. This unique solution is shown in Figure 1.7b. If, in addition, a
value for the product formation rate (r3) is also known from measurements, the system
is redundant. In this case the measurement errors can be used to balance the measured
rates (see Chapter 2), which yields a unique and more reliable solution. Solving deter-
mined and redundant metabolic networks is mostly referred to as metabolic flux
analysis (MFA). In the case where only a value for the substrate consumption rate (r;)
is known from measurement, the system is underdetermined (df=1). A solution to

Equation 1.5 can be calculated (i.e. estimated) by assuming that the system fullfils an
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optimality condition. By using a particular objective function, like for instance maxi-
mize the biomass formation rate (r,), the optimal solution (i.e. optimal flux distribution)
that optimizes this object function can be found using linear programming
(Figure 1.7c), as explained in Chapter 3. To find a particular maximum, one or more
constraints are required, otherwise the solution to the optimization will be unbounded
(the vector goes to infinity). At the given substrate consumption rate (indicated as
substrate capacity constraint in Figure 1.6¢), the corresponding optimal solutions for
biomass and product formation can be calculated ( indicated as dots in Figure 1.7¢).
The technique for solving an underdetermined metabolic model is commonly referred
to as flux balance analysis (FBA) and is often used in genome-scale models, in which
the number of unknown fluxes is too large to calculate from measurements [102].
It is worth noting that in the case where the metabolic model is both redundant and
underdetermined, the techniques for solving the determined part including balancing
and the underdetermined part (optimization) can both be applied. In this case a solution
that optimizes a particular objective function is calculated for the underdetermind

parts, whereas a unique solution is calculated for the determined parts of the model.
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AIM AND THESIS OUTLINE

The aim of this thesis research was to develop the upstream part of the production
process of a vaccine based upon PorA entrapped in outer membrane vesicles directed
against N. meningitidis serogroup B organisms. For this, an extensive study on the
primary metabolism of N. meningitidis serogroup B was used as a starting point,
which led to the design of a chemically defined minimal synthetic medium for growth.
A recombinant N. meningitidis strain that expresses a heterologous phosphofructo-
kinase was genetically engineered to illustrate the potential of genetic engineering
from a manufacturing point of view and gather more insight into the evolution of part
of the primary metabolism of N. meningitidis. Besides covering the N. meningitidis
primary metabolism in detail, the cultivation process was further optimized and
scaled-up, including bioreactor design and bioreactor operation strategy. The upstream
production process, including the realized manufacturing bioreactor configuration is
compliant with ¢cGMP and can be used for bulk production of the vaccine against

meningococcal disease at the ultimate production scale.

Chapter 2 describes the construction of a genome-scale flux model for the primary
metabolism of N. meningitidis using the genomic database of N. meningitidis sero-
group B together with biochemical and physiological information from the literature.
Hence, this chapter contains a detailed review on the N. meningitidis primary meta-
bolism. The validity of a simplified metabolic network derived from the genome-scale
metabolic network was verified using flux-balance analysis. In addition, several useful
predictions were obtained from in silico experiments, including substrate preference,

which led to the design of a minimal medium for growth of N. meningitidis.
Chapter 3 describes the influence of the growth rate of N. meningitidis on its macro-

molecular composition and its metabolic activity. Besides the determination of yield

and energy parameters, the reliability of the calculated flux distribution was indicated
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using Monte Carlo simulation, which has not been done previously for this type of
analysis. Furthermore, a mathematical split ratio analysis between the Entner-
Doudoroff and the pentose phosphate pathway indicated a required minimal flux
through the Entner-Doudoroff pathway and a minor effect on ATP formation rate.
This approach led to a range of possible flux solutions as a function of the split ratio.
Therefore, flux ranges are presented for underdetermined parts of metabolic network
rather than single flux values, which is more commonly done in literature. The meta-
bolic model for N. meningitidis serogroup B presented in Chapter 2 and 3 is the first
available metabolic model, offering a framework to study N. meningitidis
metabolism as a whole or certain aspects of it. For example, the knowledge gathered
in Chapter 2 and 3 was used for in silico FBA prediction of the impact of
heterologous expression of phosphofructokinase in N. meningitidis on biomass yield

as described in Chapter 4.

Chapter 4 describes the genetic engineering of a recombinant N. meningitidis strain
that expresses a heterologous phosphofructokinase from E. coli to address the
questions why the N. meningitidis genome lacks the gene encoding this enzyme from
an evolutionary point of view, and to possibly improve the production strain in terms
of biomass yield on substrate. In particular since expression of phosphofructokinase
enables a functional glycolysis in N. meningitidis and in silico FBA predictions indicated
a higher biomass yield on substrate which might lead to process improvement. Genetic
engineering in vaccine development against N. meningitidis is, in general, focused on
the identification of vaccine candidates by expressing these potential candidates in
E. coli (reverse vaccinology), whereas improvement of N. meningitidis from a manu-
facturing point of view is hardly investigated. Genetic engineering has been applied in
N. meningitidis in order to express different porA serosubtypes in one strain [103]
or to detoxify LPS [104], but it has not been applied to possibly improve production
strains from a manufacturing point of view (e.g. increase the yield of biomass on

substrate or reduce by-product formation). The research described in Chapter 4 is a
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first step in this direction.

Chapter 5 describes the scale-up approach for the upstream process at 1,2 m3 scale
and the resulting bioreactor design and operation strategy that led to a feasible solu-
tion for the production of a vaccine against meningococcal disease based upon OMVs,
The bioreactor was technically realized following cGMP guidelines and is appropiate
for bulk production of the vaccine for phase III clinical trials and for the vaccine after
licensing of the product. In addition, the design of the bioreactor allows production
of other bacterial vaccines (e.g. diphtheria) without the need for fundamental changes

(i.e. multi-purpose).

Chapter 6 places this work in a broader context and highlights some of the results
described in this thesis. Furthermore, suggestions for the further improvement and
optimization of vaccine process development against N. meningitidis serogroup B

organisms are given.
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ABSTRACT

Neisseria meningitidis is a human pathogen that can infect diverse sites within the
human host. The major diseases caused by N. meningitidis are responsible for death
and disability especially in young infants. In general, most of the recent work on
N. meningitidis, focuses on potential antigens and their functions, immunogenicity,
and pathogenicity mechanisms. Very little work has been carried out into Neisseria
primary metabolism over the past 25 years. Using the genomic database of
N. meningitidis serogroup B together with biochemical and physiological information
provided in the literature we constructed a genome-scale flux model for primary meta-
bolism of N. meningitidis. The validity of a simplified metabolic network derived
from the genome-scale metabolic network was checked using flux balance analysis in
chemostat cultures. Several useful predictions have been obtained from
in silico experiments, including substrate preference. A minimal medium for growth
of N. meningitidis was designed and tested succesfully in batch and chemostat
cultures. The verified metabolic model describes the primary metabolism of N. menin-
gitidis in a chemostat in steady state. The genome-scale model is valuable because it
offers a framework to study N. meningitidis metabolism as a whole, or certain aspects
of it, and can also be used for vaccine process development purposes (for example the
design of growth media). The flux distribution of the main metabolic pathways (that
is, the pentose phosphate pathway and the Entner-Douderoff pathway) indicates that
the major part of pyruvate (69+6%) is synthesized through the ED-cleavage, a finding

that is in good agreement with literature.
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INTRODUCTION

Neisseria meningitidis is a human pathogen that can infect diverse sites within the
human host. The major diseases caused by N. meningitidis - meningitis and meningo-
coccal septicemia - are responsible for death and disability, especially in young infants.
There are different pathogenic N. meningitidis isolates of which serogroups B and C
cause the majority of infections in industrialized countries, whereas strains of group
A and C dominate in less developed countries [1]. Some disease control has been achieved
by vaccination with polysaccharide vaccines. Effective conjugate vaccines against
group C organisms have been licenced in the United Kingdom and other countries [2].
At present there is no vaccine available against group B organisms, which are the
predominant cause of meningococcal disease in developed countries [3]. Development
of a safe and effective vaccine based on the serogroup B capsular polysaccharide is
complicated because of the existence of identical structures in the human host [4].

This results in poor immunogenicity and the risk of inducting autoimmunity [5].

Current strategies for developing a vaccine to prevent disease caused by serogroup B
meningococci include outer membrane protein- and lipopolysaccharide- based
approaches [3]. In addition, the systematic search of genomic information, termed
'reverse vaccinology', has been used to identify novel protein antigens [6-10].
Genomic-information-based analysis of pathogens has dramatically changed the scope
for developing improved and novel vaccines by increasing the speed of target

identification in comparison with conventional approaches [11].

The outer membrane protein PorA has been identified as a major inducer of, and
target for, serum bactericidal antibodies and is expressed by almost all meningococci,
which pinpoints PorA as a promising vaccine candidate [12]. However, PorA appears
to be heterogeneous, requiring the development of a multivalent vaccine in which

various PorA subtypes are present in order to induce sufficient protection. Although
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various approaches can be used in the development of a multivalent vaccine, the use
of genetically-engineered strains expressing more than one porA subtype to overcome
the problem of heterogeneity seems promising [13]. At the Netherlands Vaccine
Institute (NVI), a vaccine against serogroup B meningococci is currently being developed.
It is based on different PorA subtypes contained in outer membrane vesicles (OMVs).
An important aspect of this development trajectory is the process development of the
cultivation step, which includes, for example, the design of a culture medium. Genome-

scale constraints-based metabolic models are a useful tool for this.

In general, most of the recent work on N. meningitidis, whether based on genomic
information or not, focuses on potential antigens and their functions, on immuno-
genicity, and on pathogenicity mechanisms. Very little work has been carried out on
Neisseria primary metabolism over the past 25 years. However, the information
provided by the genome can also be used to obtain information on the metabolic
capabilities of the organism. This is done by screening the genome for open reading
frames (ORFs) that code for enzymes present in the primary metabolism yielding a
genome-scale metabolic network. Such a network may still contain gaps due to the
incomplete or incorrect annotation of the genome. Using biochemical literature,
transcriptome data or by direct measurements, the presence of missing enzymatic
reactions may be proved and the network can be completed. Often, such a complete
model contains underdetermined parts due to the presence of parallel or cyclic
pathways. This means that for certain parts of the network the flux values cannot be
determined. In order to narrow down the number of possible solutions for these parts,
constraints can be set on certain enzymatic reactions based on biochemical and
thermodynamic information found in the literature or determined experimentally.
A schematic diagram of how the genome-scale flux model was constructed and

verified using flux balance analysis (FBA) is shown in Figure 2.1.
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Figure 2.1 Schematic representation of model construction. The genome can be classified as the
first-level database holding the potential functions of an organism. The transcriptome can be
classified as the second-level database of functions describing the actual expression of genes,
and the proteome can be classified as the third-level database of functions describing the actual
expressed proteins. The metabolome (and fluxome) can be classified as the fourth-level data-
base holding the complete collection of metabolites and reactions in which the metabolites
participate. The metabolome, and to a lesser extent the proteome, determine the functionality
of the cell [146]. In principle, all databases can be used as source of input for construction (or
extension) of a genome-scale model (white arrows). In our study, information provided by the
genome and the literature was used for model construction (black boxes). A minimal medium
for growth was derived from the genome-scale model (upper gray box). The genome-scale model
was simplified as descibed in the text, resulting in the 'putative model'. The measured specific
metabolic rates and the corresponding measurement variances used in flux balance analysis (FBA)
were calculated using Monte Carlo simulation (MCS) with the measured experimental data and
their standard deviation as input. The final model, verified by FBA, can be used for process
development purposes (for example, optimization of growth medium, lower gray box).
Subsequently, the model can be extended to the desired informative level using all available
sources of information (light gray circle).
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Genome-scale constraints-based metabolic models have been built for several organisms
as summarized by Palsson and colleagues [14]. They can be used to analyze cultivation
data, to get a better understanding of cellular metabolism, to develop metabolic
engineering stategies [15-17], design of media and processes [17-19] and even for
on-line control of the process [20]. Knowledge about metabolism, as contained in
these models, is very useful for the development of an efficient cultivation process.

Notably, product quality and quantity are primarily determined in the cultivation process.

The aim of this study was to construct a metabolic model of serogroup B N. meningitidis
(MenB) based on genome annotation and biochemical literature for effective process
development purposes. The model was verified experimentally using flux balance

analysis (FBA) for steady state chemostat data.
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MATERIALS AND METHODS

Strain.

N. meningitidis strain HB-1, a nonencapsulated, nonpiliated variant of the group B
isolate H44/76 [100], was used throughout this study. Stock cultures of strain HB-1
were stored at =135 °C and when required, a 500 mL shake flask, containing 150 mL
of the chemically defined medium described below, was inoculated. After approxima-
tely 8 hours of incubation at 35 °C with shaking at 200 rpm in an aerobic humid

atmosphere, the culture was used to inoculate the medium in the bioreactor.

Medium.

The composition of the chemically defined medium described in this study are based
on the information provided by the genome and available literature as descibed in the
text. The composition of the minimal medium is given in Table 2.1. The trace-
element solution contained (values in mM) CaCl,.2H,0, 68; ZnSO,.7H,0, 0.17;
Na,M00,.2H,0, 0.08; MnCl,.4H,0, 0.4; CoCl,.6H,0, 0.04 and CuSO,.5H,0, 0.04.
The medium was sterilized by filtration (0.22 mm). To prevent precipitation, the minimal
medium and a sterile solution containing FeCl;.6H,0O in 0.6 M HCI were added

separately to the reactor by using two pumps (Watson Marlow).

Chemostat cultures.

Bacteria were grown in a 3-L autoclavable ADI bioreactor (Applikon, Schiedam, The
Netherlands), operated in chemostat mode, with a working volume of 1.4 L.
Temperature, pH, dissolved oxygen (DO) concentration, and stirrer speed were con-
tolled at 37 °C, 7.0, 30% and 600 rpm, respectively. The total gas flow rate was kept
constant at 1.0 L.min-1. The oxygen concentration was controlled by changing the
oxygen fraction in the gasflow using headspace aeration only. The growth rate was
controlled at 0.04 h-1. After at least three residence times, physiological steady state was

assumed based on online measurements (constant DO signal, O, and CO,-concentration
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in the off-gas) and offline measurements (constant optical density, zero glucose con-
centration). In steady state a 1.0 L sample was taken and divided into portions. After
centrifugation of the portions (3000g, 1 h at 4 °C) cells were washed once with saline
solution (0.85 w/v % NaCl) and centrifuged again. After centrifugation the saline solu-
tion was discarded and the pellet was freeze-dried without additives (Leybold,
Cologne, Germany). The freeze-dried pellet was stored at =80 °C until further analysis.

The chemostat cultures were perfomed in duplicate.

Table 2.1 Medium composition. All values in mM unless stated otherwise.

Component Concentration
NH,CI 23.5
NaCl 102
MgS0O4.7H,0 2.43
K,HPO, 12.5
KH,PO, 4.58
FeCl5.6H,0 0.30
Trace-element solution (mL.L-1) 2.0
D-Glucose Monohydrate 31.1
Na,$,03.5H,0 0.38

Analytical Procedures

Biomass concentration

Dry biomass concentration was determined in fourfold for each sample by
centrifugation (8000 g) of 50.0 mL of culture broth in preweighed tubes. The cell
material was dried at 80 °C for at least 24 h. Before weighing, the tubes were cooled
in a dessicator for at least 1 h. Dry cell weight was corrected for salts present in

the medium.
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Off-Gas analysis
The oxygen and carbon dioxide concentrations in the exhaust gas from the chemostat
cultures were measured with a mass spectrometer (Prima White Box 600, Thermo

Electron, Winsford, United Kingdom).

kya determination

The volumetric oxygen transfer coefficient, k;a, in the bioreactor was determined
accurately at 37 °C using a steady state set-up and a phosphate buffered saline solution
(NVI, Z3000) as reference liquid. The steady-state determination method makes use
of the global balance of oxygen over the bioreactor in the gas phase and liquid phase.
The calculated values were confirmed using the dynamic method with correction of

electrode response time [126].

Metabolite concentrations

Glucose and lactate were determined with a YSI 2700 glucose/lactate analyser (Yellow
Springs Instruments, Yellow Springs, USA). Ammonium was determined with an enzy-
matic kit (Boehinger Mannheim). Acetate, ethanol and other possible metabolites
present in the culture supernatant were determined by 'H-NMR using a Jeol JNM
ECP 400 spectrometer operating at 400 MHz (JEOL, Tokyo, Japan) equipped with a
JEOL stacman autosampler for 16 samples. Culture supernatant was analyzed by
adding 0.1 mL of D,O containing 3-(trimethylsilyl)[D4]propionic acid sodium salt
(TMSP, 0.167 mM) to 0.9 mL sample. The water signal was suppressed by irradiating
the signal with standard NMR software. The spectra were referenced using the TMSP
signal at 0 ppm. Metabolite concentrations were quantified by integration of the

relevant signals.
Protein

The amino acid composition of biomass protein was determined after hydrolysis

(6 M HCI, 24 h, 110 °C) and subsequent amino acid analysis using an HPLC method
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as described before [127]. Free amino acids in the culture supernatant were determined
using the same method. Cysteine and tryptophan, which were destructed during acid
hydrolysis, were calculated based on the predicted amino acid composition in the
genome by using a ratios as described in Appendix 2.1. Glutamine and asparagine
were converted to glutamate and aspartate, respectively, during acid hydrolysis were
calculated based on the predicted amino acid composition in the genome using ratios
as described in Appendix 2.1. Total biomass protein was calculated by summation of
the measured amino acid concentrations and corrected for salt present in the freeze-
dried biomass. No correction was done for amino acids present in peptidoglycan. The
methods recovery was determined as 0.85*4% based on measurements of pure Bovine
Serum Albumin and corrections were made accordingly. The measured amino acid

composition and the assembly into protein can be found in Appendix 2.1.

Fatty acids

The amount of total fatty acids and the fatty acid composition was analyzed using a
modified gaschromatography method [128]. Saponification reagent (1.2 ml of 3.75 M
NaOH in 50/50 v/v methanol/water) was added to 12 mg freeze dried biomass to
liberate the fatty acid from cellular lipid. After vortex mixing for 10 seconds the samples
were placed at 100 °C for 30 min. After cooling for 15 minutes to room temperature,
2.4 ml of methylation reagent (3.25 M HCI in methanol) was added and after vortex
mixing for 10 seconds the samples were placed at 80 °C for 20 min. After cooling
down to room temperature, the fatty acid methyl esters were extracted by adding
1.5 ml hexane reagent (50/50 v/v hexane/methyl tertiary butyl ether). Samples were
mixed for 15 minutes and centrifuged (3 min, 1834 g). The aqueous layer was removed
and the organic phase was washed by adding 3.0 ml of washing agent (0.3 M NaOH).
The samples were mixed for 5 minutes and centrifuged again (3 min, 1834 g). The
organic phase was finally transferred to a GC-vial and analyzed using a 6890 Agilent
gaschromatograph [129]. The standards and samples were injected into the GC

equipped with a flame ionization detector via an automated sequence run.
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An Agilent 19091B-102 capillary column (Ultra 2; 5% Phe-Methylsiloxane;
25 m * 0.200 mm; film thickness: 0.33 pm) was employed. Oven temperature was
programmed as follows: 60 °C: hold 3 min - 280 °C at 25 °C/min: hold 4 min - 320 °C
at 15 °C/min: hold 2 min - 340 °C at 20 °C/min: hold 0 min). The injector temperature
was set at 275 °C and detector temperature was set at 375 °C. Helium was used as
carrier gas at a constant flow-application of 2.0 ml/min. Fatty acid methyl-esters were
identified by their retention times in comparison to those of a
commercial standard (Microbial USA). Calibration curves of pure fatty acids present
in N. meningitidis were made based on the identified fatty acids [128] and confirmed
in literature [130]. The pure fatty acids used as calibration standards were dissolved
in dichloromethane (Sigma). All fatty acids were purchased from Sigma, except for
palmitelaidic acid (C16:1-trans 9) which was purchased from ICN Biomedicals.
Quantification of hydroxy-fatty acids has been done using C12:0-20H as an internal
standard whereas non-hydroxy-fatty acids have been quantified using C15:0 as an
internal standard. The measured fatty acid concentrations were corrected for salt
present in the freeze dried biomass. The measured fatty acid composition and the

assembly into lipid can be found in Appendix 2.1.

Lipopolysaccharide

LPS was isolated by hot phenol-water extraction as descibed before [131]. Isolation
and structural analysis of lipid A was performed by nanoelectrospray tandem MS on
a Finnigan LCQ in the positive ion mode as described previously [132]. LPS was

quantified based on the measured amount of C12:0-30H (see Fatty acids).

RNA and DNA

The biomass RNA content was determined as described previously [133] and the
biomass DNA content was determined colorimetrically as described previously [134].
The DNA composition was derived from the complete nucleotide composition in the

genome sequence. For RNA the uridine content was based on the thymine content in
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the genome sequence [23]. The measured concentrations were corrected for salt
present in the freeze dried biomass.The calculated RNA and DNA composition and their

assembly can be found in Appendix 2.1.

Biomass composition

Biomass biosynthesis was set as a linear combination of the macromolecules: protein,
DNA, RNA, lipid, peptidoglycan and LPS, which were considerd to account for the
overall biomass composition. The energy requirement for biomass assembly was also
considered and estimated to be 13.27 mol ATP / mol biomass. This value was calcu-
lated using linear regression of available 1/Yyrp vs. growth rate data from E. coli
[122]. The accuracy of the estimation is, however, quite low. A detailed calculation of
the biomass composition and its assembly, next to an overview of the metabolites

measured in the culture supernatant and off-gas can be found in Appendix 2.1.

Modeling aspects

Mathematical formulation

First the genome-scale metabolic network was simplified as described in the text.
Next, the stoichiometric matrix was constructed from the set of reactions using a self-
made computer program running in Visual Basic (Microsoft, Seattle, USA). Both MCS
and FBA were performed in self-made computer programs running in Matlab
(Matlab, version 6.5 r13; The Mathworks Inc, USA). Methods for solving a meta-
bolic network or set of linear equations are discussed extensively elsewhere [135-138].
A brief summary is given below. In steady-state growth, the reactions of the con-
sidered metabolites form a set of linear equations which can be expressed in matrix

notation as:
A.V=A.m:o (2.1)

where A (m x n) is the stoichiometric matrix which contains 7 metabolites and »
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reactions, including measured exchange reactions, and v is the flux vector that
contains the unknown fluxes x and measured exchange rates r. A solution to the meta-
bolic network will exist provided that A is nonsingular. Singularities in A may arise
due to reaction dependence or network observability problems. Equation (2.1) states
a compound balance for each of the metabolites in the system. If measurements are
performed on substrate and product concentrations, and the conversion rates of these

metabolites are calculated, such a set of measured rates should match equation (2.1).

Error diagnosis and balancing

Methods for error diagnosis and balancing are discussed extensively elsewhere [117, 118].
A brief summary is given here. In order to be able to do error diagnosis the measurement
set should contain balanceable rates. Balanceable rates can be found by calculating the
redundancy matrix [117], which contains linear relations between measured rates that
are thus balanceable. Parts of the relations are usually formed by a carbon, nitrogen
and redox balance. In practice all measurements suffer from measurement noise, and
sometimes process noise, which lead to unavoidable inaccuracies in the measured con-
version rates. Consequently, the product of the redundancy matrix and the measured

rates is not zero, but yields a vector of residuals, ¢:

R-r, =¢ (2.2)
where R is the redundancy matrix and and r,,, the measured conversion rate vector.
To test whether € can be explained from random measurement errors the following
test function was developed [139]:

h,=¢€T -y, 1 ¢ (2.3)

where h, is the test function and 1, is the variance-covariance matrix of the residual

vector €, which is calculated from the variance-covariance matrix y; of the measurements
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according to:

Y, =R -y; - RT (2.4)

When ¢ is due to random measurements only, h, follows a X*-distribution with the number
of degrees of freedom equal to the rank of g, [118]. When no gross errors are detected

the measured rates should be balanced to obtain more reliable intracellular fluxes:

rp=r,—-9 (2.5)

where r, is the vector containing the balanced specific production rates (mol.g-1.h-1)
and 8 is the vector containing the deviations between measured and balanced rates,
which can be calculated using a weighed minimum last square approach according to

the following equation:

d=1y-RT-yp, 1 ¢ (2.6)

The resulting balanced measurement rate vector can be used to calculate the unknown
fluxes and production rates. As described in more detail below, Monte Carlo simula-

tion can be used to determine the variance of a measured conversion rate.

Network sensitivity analysis

The matrix containing the mass balances over the intracellular compounds can
be checked for network sensitivity problems by performing singular value decompo-
sition (SVD). SVD is a mathematical technique that decomposes matrix A into three

matrices as follows:

A=U-W.VTI (2.7)
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The matrix W is an orthogonal matrix containing the eigenvalues of the matrix. The
columns of U, who’s corresponding elements of W are non-zero, form an orthonormal
basis that span the range of A. The columns of V, who’s corresponding values of W are
zero, are an othonormal basis for the nullspace of A. In other words these columns of
V contain the combination of fluxes and rates that cannot be uniquely identified. Here
we use SVD to identify and isolate the combinations of fluxes and unknown exchange
rates that cannot be uniquely identified (i.e. calculated from the measurements) [138].
It is worth noting that no measurements are needed to perform this check. If under-

determined parts are present the number of solutions for the flux vector is infinite.

To reduce the number of allowable solutions for these underdetermined parts of the
metabolic network, limits on the range of individual flux values can be set based on
available biochemical and thermodynamic literature of the enzymatic reactions. These

constraints have the form:

asvsp (2.8)

where o and B are the lower and upper limits, respectively. Thermodynamic constraints,
regarding the reversibility or irreversibility of a reaction can be applied by setting a for
the corresponding flux to zero. To further shrink the original solution space to a single
solution, linear optimisation can be used to find the solution that optimizes a particular
objective function. Some examples of objective functions are maximize biomass
formation or minimize the production of ATP, NADH, NADPH or a particular meta-
bolite [1335, 140]. An alternative objective function is to minimize the sum of the squares
of the fluxes also called the minimum-norm constraint. The minimum-norm
constraint minimises the length of the solution vector without any further restrictions
using the Moore-Penrose-pseudo-inverse of A [141]. The Moore-Penrose-pseudo-
inverse gives the one solution vector that has the smallest Euclidian norm (e.g. the

smallest square of its length). Like Bonarius [119], we hypothesize that the minimum-
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norm constraint correctly assumes that the total flux activity is minimized in order to

fulfill the efforts of the bacteria to achieve an efficient flux distribution.

Monte Carlo simulation

Error diagnosis and balancing are important aspects of flux balance analysis. Before
error diagnosis can be done, errors in the primary measurements need to be translated
to errors (i.e. variances) in measured conversion rates. This can be done using a Monte
Carlo approach [115, 116] as follows: The various measured values and their standard
deviations were used as input to calculate the measured conversion rate of a specific
metabolite numerous times. The value of each measured variable in the mass balance
equation of this specific metabolite was simulated randomly within the allowed standard
deviation interval of each variable. For example, the mass balance describing the
conversion rate of glucose contained four measured variables being the glucose
concentration in the incoming and outgoing medium, the medium flow and the
biomass concentration. In each Monte Carlo run a random value was assigned to each
measured variable within the allowed standard deviation interval of that variable.
This was done separately for all of the four measured variables. The resulting four
random values were used to calculate the conversion rate of glucose. After numerous
simulation runs, the average glucose conversion rate and the corresponding variance
was calculated from all the simulated conversion rates. As stated in the text, accurate
results were obtained after 10000 simulations, resulting in an average measured
conversion rate with a normal error distribution (a prerequisite for part of the flux
balance analysis procedure). All other measured conversion rates were calculated
similarly, resulting in a set of measured conversion rates and corresponding variances

that were subjected to error diagnosis.
In silico modeling

All in silico experiments were done using the simplified metabolic model. All simulations

were performed in a self-made computer programs running in Matlab (version 6.5 r13;

51



Chapter 2

The Mathworks Inc, USA). The flux through the non-growth associated ATP main-
tenance reaction was fixed to 2.8 mmol.gy, 1.h-1 [122]. The lower limit of
irreversible reactions was set to zero and fluxes through all other intracellular reactions
had no upper or lower limit. In addition, the production rate of all amino acids and
extracellular protein was set to zero. The following external metabolites were allowed
to freely enter and leave the system: ammonia, water, phosphate, thiosulfate, sulfate,
carbon dioxide, oxygen and protons. In addition, acetate, hydrogen sulfide and ethanol
were only allowed to leave the system. Growth on different carbon sources was simulated
by allowing the cabon source under study to enter the system. The consumption rate
of all carbon sources was fixed to 4.23 mmol.g4,,-1.h-1. In all simulations, maximization

of biomass formation was used as objective function.
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RESULTS AND DISCUSSION

Construction of the genome-scale metabolic model

The available genome sequence of N. meningitidis serogroup B [21] and its annotation
in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [22] was taken
as starting point for model construction. As described by Heinemann and co-workers
[23], the KEGG database was corrected for obvious errors [24] and complemented
using the database of the Institute for Genome Research (TIGR) [25], which is based
on the same sequence data, but runs a different annotation methodology, and the
BioCyc database [26]. These databases, along with biochemical information found in
the literature provided the information needed to construct the genome-scale metabolic
model. The genome-scale model was next simplified by lumping successive reactions
and removing dead ends. This led to the simplified model shown in Figure 2.2.
The complete reaction database along with the genes involved, enzyme numbers and
metabolites can be consulted in the Additional data. From this reaction database,
parts that describe the main primary pathways were selected and cross-checked with

the literature.

Glucose metabolism

According to the genomic information for MenB, glucose can be completely catabolized
through the Entner Douderoff pathway (ED) and the pentose phosphate pathway
(PP). The Embden-Meyerhof-Parnas pathway (EMP, glycolysis) is not functional,
because the gene for phosphofructokinase (EC 2.7.1.11) is not present. Studies on the
utilization of glucose in N. meningitidis [27-33] confirm the presence of enzymes
related to EMP , ED and PP pathway. However, it was found that the EMP pathway
does not contribute to pyruvate synthesis, indicating that, in accordance with the
missing phosphofructokinase gene, this pathway is not functional. On the basis of
genomic information, glyceraldehyde phosphate and fructose-6-phosphate, which are

formed in the PP pathway, can be recycled to glucose-6-phosphate. This indicates that
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Figure 2.2 Simplified metabolic model of N. meningitidis. As described in the text, the simplified
model was obtained by simplification of the genome-scale model. For ease of understanding, only
the main pathways were admitted into the diagram illustrated here. A complete overview of the model
including a list of all abbreviations used is in Appendix 2.2.

in theory glucose can be completely oxidized in the PP pathway to CO, forming
six NADPH. In practice it was found that glucose is mainly catabolized by the ED
pathway and to a lesser extent by the PP pathway [32]. On the basis of 14C studies,

Jyssum [32] roughly calculated that the ED cleavage always synthesizes the major part
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of pyruvate (67-87%) and the PP pathway accounts for the remaining part. Morse
and co-workers [34] found similar results for Neisseria gonnorhoeae, which is bio-

chemically similar to N. meningitidis [35].

The tircarboxylic acid cycle

All the genes for the tricarboxylic acid cycle (TCA cycle) enzymes are present in the
MenB genome, except the gene for malate dehydrogenase. To establish oxidation of
malate to oxaloacetate, the MenB genome suggests the FAD-dependent malate:quinone
oxidoreductase (NMB2069). Studies of the citric-acid cycle and related reactions [35-42]
in N. meningitidis and N. gonorrhoeae indeed confirm the presence of all citric-acid-
cycle enzymes except malate dehydrogenase. Although activity of the FAD-dependent
malate:quinone oxidoreductase has not been measured, its presence is plausible as
indicated by an operational TCA cycle. The TCA cycle, ED pathway, PP pathway and

the disfunctional EMP pathway are shown schematically in Figure 2.2.

Anaplerotic reactions

In the MenB genome a gene for phosphoenolpyruvate carboxylase (NMB2061) is present.
Studies on phosphoenolpyruvate carboxylase activity [35, 43, 44] confirm the presence
of a specific irreversible phosphoenolpyruvate carboxylating activity, EC 4.1.1.31.
Other phosphoenolpyruvate carboxylating enzymes have not been annotated in the
MenB genome. In addition, the gene for malic enzyme, EC 1.1.1.38 (NMB0671) is
present in the genome. Based on genomic information, N. meningitidis does not posses
a functional glyoxylic acid cycle, since the genes for isocitrate lyase (EC 4.1.3.1) and
malate synthase (EC 2.3.3.9) are not present. This was confirmed by Holten [45] and

Leighton [35], who both did not detect these enzymes in cell-free extracts.
Metabolism of lactate, acetate, glutamate and CO,

The first work on growth requirements of Neisseria in a chemically defined environment

was published in 1942 [46] and provided the basis for many later metabolic studies.
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Growth of N. meningitidis requires glucose, pyruvate or lactate as sole carbon source,
and during cultivation on any of these carbon sources, secretion of acetate into the
medium occurs [47, 48]. In addition, a certain environmental CO, tension was required
to initiate growth [49]. In silico simulation of biomass growth using the metabolic
model showed that when bacteria are grown on glucose and the oxidation capacity is
limiting, acetate secretion occurs. Limitations in oxidation capacity may be due to
limitations in metabolism or limitations in oxygen supply to the culture. In silico

simulation of limited oxygen supply was added as an example to the Additional data.

Studies on lactate utilization [50] demonstrated that L-lactate can be utilized by different
meningococcal lactate dehydrogenases (LDH). In the MenB genome a LDH gene
(NMB1377) specific for L-lactate (EC1.1.2.3, EC 1.1.1.27) has been annotated. The
predicted amino acid sequence of this gen, lldA, is homologous to that of the
Escherichia coli lldD gene (43% similarity) and to other prokaryotic and eukaryotic
flavin mononucleotide-containing enzymes that catalyze the oxidation of L-lactate.
However, in E. coli the corresponding lldD gene is part of an L-lactate regulated operon
also containing genes for ll[dP (permease) and /[dR (regulatory), whereas the meningo-
coccal L-LDH gene does not appear to be part of an operon [50]. A meningococcal
lld mutant had reduced L-LDH activity, but was still able to grow on L-lactate
indicating that a second L-LDH must exist [50]. At this moment, no additional genes
have been annotated. Two LDH genes specific for D-lactate (EC 1.1.1.28) have been
annotated in the MenB genome. These genes, NMB0997 and NMB16835, are homo-
logous to the E. coli dld and 1dhA genes, respectively (71% and 66% similarity). In
agreement with this, an NAD-dependent D-LDH activity was identified by Erwin and
Gotschlich [51]. IdhA is associated with fermentative processes [52]. L-lactate is an
established and important intermediate in mammalian metabolism. It is less clear whether
D-lactate also originates from mammalian metabolism. D-lactate can be produced as
a byproduct of glucose metabolism by some lactic acid bacteria as well as by E. coli,

so it may be available on the mucosal surfaces that pathogenic Neisseria colonize.
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De Vrese and co-workers [53] showed that after human consumption of food contai-
ning DL-lactic acid (such as yogurt), significant levels of both L- and D-lactic acid
were present in blood. Although both L- and D-lactic acids were metabolized rapidly,
the availability of D-lactate in humans might explain the presence of specific D-lactate
dehydrogenases in N. meningitidis. Erwin & Gotschlich [51] showed that N. meningitidis
was able to grow on L-lactate at least as well as on glucose, but more recent work of
Leighton [35] contradicts this work. He found that growth on L-lactate gave a lower
biomass yield and suggested that the additional ATPs produced during glucose cata-
bolism to pyruvate, which are not formed when growing on lactate, accounted for this
observation. In addition, the Cs; and Cg carbohydrates required for bioynthesis of
macromolecules, are synthesized using the gluconeogenesis pathway when grown on
lactate, which also requires additional ATPs. In silico simulation of biomass growth
using the metabolic model confirmed the observation of Leighton [35] and predicted

a 10% higher yield of biomass on glucose (see Table 2.2).

Table 2.2 In silico yield, Y of biomass on substrate for growth on different carbon sources

Substrate Y, 7 silico (g Cmol1)
Glucose (GLC) 10.7

Lactate (LAC) 9.6

Glutamate (GLU) 8.2

Acetate (ACE) 0.0 (not possible)
GLC + LAC (50/50 Cmol/Cmol) 10.4

GLC + GLU (50/50 Cmol/Cmol) 9.7

LAC + GLU (50/50 Cmol/Cmol) 9.0

ACE + GLU (50/50 Cmol/Cmol) 6.3

According to genomic information, acetate is synthesized via phosphate acetyltrans-

ferase, EC 2.3.1.8 (NMB0631) and acetate kinase, EC 2.7.2.1 (NMBO0435,
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NMB1518) or acetate-CoA ligase, EC 6.2.1.1 (NMB1555). The presence of phospha-
te acetyltransferase and acetate kinase was confirmed by activity measurements [35].
The hypothesis that acetate is synthesized from pyruvate [38] via cytochrome-linked
pyruvate dehydrogenase (EC 1.2.2.2) might be incorrect, as the required gene is not
annotated. Studies on the catabolism of pyruvate and acetate [38] showed that acetate
can be oxidized, but only when glutamate is present, indicating that acetate can be
oxidized under specific growth conditions. Because the glyoxylate cycle is not present,
C, compounds cannot be converted to C, compounds, wich explains the requirement
for glutamate in this case. In silico simulation of biomass growth using the metabolic
model, confirm that acetate can be oxidized in the presence of glutamate. The result
of this in silico experiment can be found in the Additional data. Ethanol is synthesized
from acetaldehyde using alcohol dehydrogenase, EC 1.1.1.1 (NMBO0546).
Remarkably, no gene(s) involved in the biosynthesis of acetaldehyde are found in the
MenB genome. Because ethanol was measured in the culture supernatant, a biosyn-
thetic pathway to ethanol must be present. Hence, aldehyde dehydrogenase (EC
1.2.1.3) was assumed to be present in the metabolic model to complete the biosynthetic

pathway to ethanol.

Both Frantz [46] and Grossowics [48] described glutamate as requirement in their
growth media for meningococci, but Jyssum [54] showed that ammonium can serve
as sole nitrogen source after adaption to glutamate-free medium. The genes encoding
NAD-specific glutamate dehydrogenase (NMB1476) and NADP-specific glutamate
dehydrogenase (NMB1710) are present in the MenB-genome as well as genes for
several aminotransferases. The presence of NAD-dependent glutamate dehydrogenase
was demonstrated [54] and additional studies of meningococcal transaminase activity
also revealed the presence of transamination to 2-oxoglutarate from a number of
amino acid donors. Holten & Jyssum [55] also found NADP-linked glutamate dehydro-
genase activity. They found that NAD-linked glutamate dehydrogenase was most active

in glutamate-containing media, while the NADP-linked enzyme dominated in absence
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of glutamate [55]. They observed that the NAD-linked enzyme mainly converts
glutamate to 2-oxoglutarate and ammonia (catabolism), whereas the NADP-linked enzyme
is responsible for the reverse reaction (anabolism). Because in our present study
glutamate-free medium was used, only the NADP-linked glutamate dehydrogenase

was admitted in the metabolic model.

To initiate growth, a certain environmental CO, tension is required [49]. This finding
is most probably associated with the high CO, concentration present in the nasopharynx.
In more recent studies, additional CO, tension is only used when bacteria are grown
on solid media and is omitted in liquid cultures. It seems plausible that the CO, tension
is only important in glutamate-free media, where phosphoenolpyruvate carboxylase
(NMB2061) must be an important link to the citric acid cycle, whereas this is normally
fed by glutamate. This hypothesis is supported by results obtained by Holten [38] and
in an earlier study by Jyssum and Jyssum [56], who studied the effect of KHCO; on
endogenous phosphorylation [56].

Amino acid metabolism

All genes involved in amino-acid biosynthesis are present in the MenB genome except
the genes coding for alanine transaminase, alanine dehydrogenase, and phosphoglycerate
dehydrogenase, which is part of the biosynthetic pathway to serine. For the synthesis
of alanine the MenB-genome suggests the gene (NMB1823) encoding valine-pyruvate
aminotransferase (EC 2.6.1.66). To complete the biosynthesis of serine, phosphoglycerate
dehydrogenase was assumed to be present. In 1989 the physiology and metabolism
of N. gonorrboea and N. meningitidis was reviewed by Chen and co-workers [57],
with emphasis on selected areas that have implications for the pathogenesis. The main
focus of this work was iron metabolism, and amino acid metabolism was touched brie-
fly for N. gonorrboea. Catlin [58] investigated growth requirements for various
Neisseria species pointing out the additional need for glutamate, arginine, glycine,

serine and cysteine for some N. meningitidis strains. However, amino-acid-free
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growth medium was used earlier [54], indicating that all biochemical pathways for
amino-acid synthesis in N. meningitidis are available, as supported by the genome. This
is confirmed by Leighton [35] who measured enrichments of all individual amino-acid

carbon after growth on 2-13C and 3-13C labeled pyruvate.

Oxidative phosphorylation

MenB genome sequence information indicates the presence of respiratory complexes
I, IT and 111, suggesting that electrons enter the respiratory chain through NADH dehy-
drogenase (EC 1.6.5.3) or succinate dehydrogenase (EC 1.3.99.1) and are transferred
to the cytochrome b¢y complex through ubiquinone (EC 1.10.2.2). Oxygen is utilized
by cytochrome cbb; oxidase (EC 1.9.3.1), which is the only respiratory oxidase encoded
by the MenB-genome. The cbb; type oxidases are usually found in proteobacteria that
express these oxidases in response to micro-aerobic conditions to permit the colonisation
of oxygen-limited environments. Thus cbb; type oxidases may be an important deter-
minant of pathogenicity for MenB [59]. N. meningitidis fails to grow under strictly
anaerobic conditions. Under oxygen limitation the bacterium expresses a denitrification
pathway. This reduction of nitrite to nitric oxide, via nitrite reductase, EC 1.7.2.1
(NMB1623), is regulated by oxygen depletion and nitrite availability [60, 61]. Thus,
under microaerobic conditions nitrite can replace oxygen as an alternative respiratory
substrate in N. meningitidis. Because our experiments were not carried out under
microaerobic conditions, nitrite was not added to the growth medium, and sub-

sequently the denitrification pathway was omitted from the simplified model.

Sulfur metabolism

Frantz [46] and Grossowicz [48] described that reduced sulfur in the form of cysteine,
cystine, or thiosulfate was required for growth. Catlin [58] showed that some strains
of meningococci have an absolute requirement for cysteine (or cystine). Jyssum [54]
showed that after adaption these sulfur sources could be replaced by sulfate. This was

confirmed by Port and co-workers [62], who demonstrated that numerous sulfur sources
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could be used as alternative for cysteine. DeVoe and co-workers [63] identified thiosulfate
reductase activity in N. meningitidis serogroup B, but no gene specifically encoding
thiosulfate reductase has been annotated in the genome. A wide range of sulfur-acqui-
sition routes is available in N. meningitidis. Genes encoding sulfate adenylyltransferase
(EC 2.7.7.4), phosphoadenosine phosphosulfate reductase (EC 1.8.4.8), and sulfite
reductase (EC 1.8.1.2) are present in the MenB genome. On the basis of this information,
both thiosulfate and sulfate were selected as sulfur sources in the growth medium for

the production of cysteine and other sulfur containing compounds.

Cysteine can be converted to the thiol glutathione (GSH) via glutamate-cysteine ligase,
EC 6.3.2.2 (NMB1037), and glutathione synthetase, EC 6.3.2.3 (NMB1559). In turn,
GSH can be converted to cysteine via gamma-glutamyltranspeptidase, EC 2.3.2.2
(NMB1057) and aminopeptidase N, EC 3.4.11.2 (NMB1416) yielding a functional
y-glutamyl cycle (see Figure 2.3). This cycle helps to maintain the redox balance [64].
GSH can be oxidized to glutathione disulfide (GSSG) by glutathione
peroxidase, EC 1.11.1.9 (NMB1621), thereby controlling the cellular hydrogen
peroxide level [65].

In solution, cysteine can be converted chemically to cystine. Yu and DeVoe [66, 67]
corrected for this so-called auto-oxidation and suggested that electrons from cysteine
enter the electron transport chain at the flavoprotein level in a manner similar to those
from succinate and NADH. They even suggested the presence of a specific cysteine oxidase,
but no gene encoding this enzyme has been annotated in the MenB genome and no
additional evidence supporting this hypothesis was found in literature. It seems plausible
that cysteine can increase the protonmotive force to drive oxidative phosphorylation.
During oxidation of cysteine to cystine, electrons from cysteine are transferred to oxygen,
yielding reactive oxygen, O,~, as shown in Figure 2.3. This reactive oxygen can reduce
cytochrome ¢, which in turn can provide a source of electrons for cytochrome cbbs,

which reduces oxygen to water, causing the concomitant generation of a proton motive
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force, Aut+, and ATP [68]. In addition, cysteine might be used directly as electron
donor by cytochrome cbb; but no evidence supporting this hypothesis was found

in the literature.

Oxidative stress

The reactive oxygen can also be processed by the superoxide dismutases, SodC present
in the periplasm or SodB present in the cytosol, EC 1.15.1.11 (NMB0884, NMB1398)
followed by catalase, EC 6.3.5.5 (NMB1849, NMB18535) to regenerate oxygen, or by

glutathione peroxidase as described above (see Figure 2.3). This protection mechanism

CYS
CYST )
GSH H.O

H202 ApH*

6

GSSG ATP

Figure 2.3 Oxidation of cysteine to cystine. Cysteine (CYS) is oxidized to cystine (CYST), forming
reactive oxygen O, (step 1), which can reduce cytochrome c (step 4). The electron is used by cyto-
chrome cbbs, which reduces oxygen to water and causes the concomitant generation of a proton-
motive force, AuH* (step 5). The protonmotive force is in turn used to form ATP (step 6). Step 2
involves the formation of hydrogen peroxide (H,O,) from O, by superoxide dismutase followed by
catalase to regenerate oxygen (step 3). Cysteine can be converted to glutathione (GSH), via glutamate-
cysteine ligase and glutathione synthetase (step 8). In turn, GSH can be converted to cysteine via
gamma-glutamyltranspeptidase and aminopeptidase N (step 9), yielding a functional y-glutamyl
cycle. GSH can be oxidized to glutathione disulfide (GSSG), by glutathione peroxidase (step 7).
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against oxidative stress has been studied extensively [65]. Seib and co-workers concluded
that N. meningitidis SodB plays a key role in protection against oxidative killing. The
sodC mutant of N. meningitidis used in their study was no more sensitive to
oxidative killing than the wild type. Paradoxically, Wilks and co-workers [69] found
that a sodC mutant is significantly less virulent indicating that SodC contributes to the
virulence of Neisseria meningitidis, most probably by reducing the effectiveness of
toxic oxygen host defenses. This was confirmed by Dunn and co-workers [70], who
showed that SodC contributes to the protection of serogroup B Neisseria meningitidis
from phagocytosis by human monocytes/macrophages, with SodC mutant organisms
being endocytosed in significantly higher numbers than wild-type organisms. In vitro,
oxidative stress might be induced by a high dissolved oxygen concentration possibly
resulting in oxidative killing. Therefore, the dissolved oxygen concentration in the

chemostat experiments was controlled at a low level of 30%.

Metabolism of macromolecules

The metabolism of pyrimidine bases and nucleosides in N. meningitidis has been
reviewed and studied extensively [71]. Although some of the early work contradicts
the current information from the MenB genome in terms of pathway description, the
results indicate that the required routes for pyrimidine biosynthesis are available in the
genome. Furthermore, the MenB genome contains all the genes encoding the enzymes
for the biosynthesis of UMP. Activities of the enzymes for this biosynthetic pathway

were found previously in cell-free extracts [72].

In Gram-negative bacteria, such as N. meningitidis and E. coli, the cellenvelope
consists of an outer membrane, a dense peptidoglycan layer and a cytoplasmic or
inner membrane. The outer membrane has an asymmetrical organization in which the
outside layer is primarily composed of lipopolysaccharide (LPS) and proteins and the
inside layer contains phospholipids [73]. The inner membrane has a symmetrical

phospholipid bilayer stucture, holding proteins primarily responsible for regulating
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the flow of nutrients and metabolic products in and out of the bacterium [74].

Membrane phospholipids form a major constituent of the cellenvelope of N. meningitidis
and maintain the integrity of the outer membrane. Rahman and co-workers [75] sum-
marized early studies conducted in the 1960s and 1970s that indicated that the major
phospholipid component of membranes isolated from N. gonorrhoeae consisted
largely of phosphatidylethanolamine (PE) with varying amounts of phosphatidylgly-
cerol (PG), cardiolipin (CL) and lysophosphatidylethanolamine (LPE). Subsequently,
the total cellular fatty acids and extractable cellular lipids of N. meningitidis isolates
were found to be similar to those of gonococci. The precise structures of N. meningitidis
phospholipids, including their fatty acylation patterns, have been elucidated quite
recently [75]. Interestingly, the latter study shows that a major fraction (about 11%)

of the total phospholipids appears to be phosphatidate (PA).

Lipid biosynthesis can be divided into two parts: (i) biosynthesis of the fatty acids that
are responsible for the characteristic hydrophobicity of lipids and (ii) attachment of
the completed fatty acids to sn-glycerol-3-phosphate (GL3P) followed by the addition
and modification of the polar head groups to yield phospholipids [76].

The fatty acid biosynthetic pathway in N. meningitidis is similar to that in E. coli.

All genes, except a homologue to the B-hydroxyacyl-ACP dehydrase, FabA, are present
in the MenB genome. The absence of a fabA homologue in the MenB genome is not
unique as summarized by Rahman and co-workers [75], who state that the production
of unsaturated fatty acids in N. meningitidis and other species, may proceed via dif-
ferent biochemical pathways to that of E. coli. Homologs to glycerol-3-phosphate
acyltransferase (PlsB) and cardiolipin synthase (YbhO) from E. coli were not found in
the MenB genome. The reported phospholipid compositions in Neisseria species [75,
77-79] in which no, or only trace quantities of CL were found can be explained by the
absence of a homolog for ybhO, but the absence of a homolog for plsB is striking.

Apparently the gene(s) encoding the enzyme responsible for the formation of 1-acyl-
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sn-glycerol-3-phosphate has not been found in N. meningitidis. In fact, only 38 of the
125 prokaryotic genomes reported [22] annotated plsB or plsB homologues, all
classified as y-proteobacteria. Although it is possible that the reaction proceeds via a
different biochemical pathway to that of E. coli, it is incorporated in the present meta-

bolic model to complete the biosynthetic pathway to phospholipids.

The overall phospholipid composition used in our study was based on the information
provided by Rahman and co-workers [75], including 11 % PA, 71 % PE and 18% PG.
In their study no evidence supporting the presence of LPE was found. Bos and co-
workers [80] reported a neisserial pldA gene (NMB0464), encoding a phospholipase,
and characterized it as a neisserial autolysin that acts after bacteria have stopped dividing.
This is consistent with LPE only being measurable when cells are harvested in the late
exponential growth phase or stationary growth phase.

LPS, a second major constituent of the cell-envelope of N. meningitidis, is often referred
to as endotoxin and plays an important role in virulence. It is held responsible for the
severe pathological effects during invasive meningococcal disease [81]. LPS consists of
three parts: a lipid A part containing unique hydroxy-fatty-acid chains, a core oligo-
saccharide containing 3-deoxy-D-manno-octulosonate (KDO) and heptoses, and a
highly variable sugar backbone. In E. coli lipid A is essential for cell viability [82, 83],
whereas an LPS deficient meningococcal strain remains viable [84]. All genes involved
in the lipid A biosynthesis of LPS are present in the MenB genome. Unlike the LpxA
acyltranferase, present in the biosynthetic pathway of E. coli, the MenB LpxA acyl-
tranferase (NMBO178) favors the substrate 3-OH C12 acyl-ACP [85], yielding a lipo-
polysaccharide structure as described before [86]. The HB-1 strain used in this study
lacks expression of galE as a result of the deletion made into the capsule (cps) locus

[87] leading to the synthesis of galactose-deficient LPS [88].

Heterogeneity in the LPS sugar backbone can be caused by phase variation of the genes

involved [89], but phase variable genes have not been found in the lipid A biosynthetic
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pathway. Kulshin and co-workers [90] found minor fractions of penta- and tetra-acylated
lipid A structures in N. meningitis, but the hexa-acylated structure predominated.
Heterogeneity in lipid A has been found before in other species. Rebeil and co-workers
[91] found that a shift in growth temperature of the genus Yersinia induced changes in the
number and the type of acyl groups on the lipid A, suggesting that the production of a
less immunostimulatory form of LPS upon entry into the mammalian host is a conserved
pathogenesis mechanism and that species-specific lipid A forms may be important for life
cycle and pathogenicity differences. Other bacterial species, such as Salmonella typhimu-
rium and Pseudomonas aeruginosa are able to covalently modify their lipid A through the
enzymes PagL and PagP [92, 93], but homologs to PagP and PagL have not been found
in meningococcal genomes [94]. Structural analysis by mass spectroscopy of lipid A from
strain HB-1 (results not shown) revealed that a monophosphorylated form of the above

described hexa-acylated lipid A was present.

The capsular polysaccaride (whose synthesis is directed by the ¢ps locus) is an important
virulence factor in meningococcal pathogenesis and contributes to the survival of
N. meningitidis in the bloodstream [95, 96]. The biosynthesis of capsular polysaccaride
in N. meningitidis was first described by Blacklow and Warren [97]. They found that,
unlike mammalian cells, N-acetylneuraminic acid (NeuSAc) is synthesized from
N-acetylmannosamine (ManNAc) and phospoenol-pyruvate without phosphorylated
intermediates. NeuSAc is the most common form of sialic acid found in humans and
plays an important role in intercellular and/or intermolecular recognition [98], explaining
the difficulty of developing a safe and effective polysaccharide-based vaccine.
Gotschlich and co-workers [99] determined the composition and structure of meningo-
coccal group B capsular polysaccharide and found that it is composed of a-2,8-poly-
sialic acid polymer chains, which are integrated in the outer membrane by a phospholipid
anchor that is attached to the reducing end of the carbohydrate chain. This phospho-
lipid anchor of capsular polysaccharide polymers may help stabilize the outer mem-

brane of the meningococcal mutant without endotoxin [84]. As mentioned above, the
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strain used in this study lacks the ¢ps locus, as confirmed by Bos and Tommassen [100].
We therefore removed genes involved in sialic acid biosynthesis and polysaccharide
transport, as well as the galE gene. Subsequently, the rfbB, #fbA and rfbC genes located
downstream of galE, which code for enzymes involved in the biosynthesis of dTDP-
rhamnose were also removed yielding a disfunctional biosynthetic pathway. Hence,

these pathways were not included in the simplified model.

Peptidoglycan forms the third major constituent of the cell envelope of N. meningitidis.
Antignac and co-workers [101] determined the biochemical structure of peptidoglycan
in various N. meningitidis strains in detail and found that it consists of a maximum
of two layers. Variations in the degree of cross-linking and O-acetylation appeared to
be associated with the genetic background of the strains. The percentage of crosslinking
of the peptidoglycan was around 40%, which is consistent with that determined for
other gram-negative bacteria [102-105], whereas the percentage of O-acetylation per
disaccharide was on average 36%. O-acetylation of peptidoglycan results in
resistance to lysozyme and to other muramidases [106], suggesting that non-specific
lysis of the bacteria in the host enviroment by lysozyme can be prevented. Other studies
show that peptidoglycan structures are recognized by the innate immune system [107,
108]. Consequently, O-acetylation might contribute to affect the proper response to
infection. Most of the strains analysed by Antignac and co-workers [101] predomi-
nantly contained muropeptides carrying a tetrapeptide chain, but di-, tri- and penta-
peptide chains were also found. Their analysis also showed that non of the muropeptides
carried glycine residues on the peptide backbone, as has been observed in gonococci
[109, 110]. Hence, meningococci only synthesize D-alanyl-meso-deaminopimelate cross-
bridges. However, the gene involved in alanyl-meso-deaminopimelate cross-bridging,
for biosynthesis of the peptidoglycan polymer structure, has not been annotated. The
enzyme involved in glycine cross-bridging of peptidoglycan (EC 2.3.2.10) is not present
in the MenB genome, thus confirming the observations by Antignac and co-workers

[101]. The biosynthetic pathway for peptidoglycan bio-synthesis in the metabolic
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model includes the information provided by Antignac and co-workers [101], using
36% O-acetylation per disacharride and 40% cross-linking, whereas the model muro-

peptide only contains the predominantly present tetra-peptide backbone.

Main characteristics of the genome-scale model

The main characteristics of the genome-scale metabolic network are summarized in
Table 2.3. The MenB genome contains 2226 ORFs of which 2155 are protein encoding
genes, 59 are tRNA encoding genes and 12 are rRNA encoding genes [111]. At present,
1307 genes from the total of 2155 protein encoding genes have an annotated function

(60.6 %), of which 146 genes encode transporter functions [112].

Table 2.3 Main characteristics of the genome-scale metabolic network of N. meningitidis

ORFs 555
Annotated functions 509
Annotated putative functions 46
Unannotated functions 38

Metabolites
Unique intracellular metabolites 471
Extracellular metabolites (minimum, based on measurements) 33

Reactions 496
Intracellular reactions 451
Transport fluxes 74
Biosynthesis of macromolecules and biomass assembly S

For construction of the genome-scale model, a total of 555 ORFs were considered
corresponding to at least 496 associated reactions (including membrane transport

reactions) and at least 471 unique metabolites. The exact number of metabolites can-
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not be determined accurately because of the presence of polymerisation reactions in
which numerous intermediate compounds can be synthesized. In cases where nume-
rous ORFs accounted for a single reaction (e.g. the various subunits in ATPase), the
reaction was counted once, which explains the lower reaction count compared to
other genome-scale networks [14]. To complete the metabolic network, two chemical
oxidation reactions were added based on literature, four reactions were added to
account for biosynthesis of the macromolecules DNA, RNA, Protein and Lipid, one
reaction was added for biomass assembly and 38 reactions were added to account for
pathway gaps (unannotated functions in Table 2.3). For these unannotated functions
a corresponding gene has not been found in N. meningitidis. Furthermore, for nine of
these functions a corresponding gene has never been found in any organism. The
complete reaction database along with involved genes, enzyme numbers and metabolites
can be consulted in the Additional data. A detailed description of the biomass com-

position and its biosynthesis can be found in Appendix 2.1.

Construction of a simplified metabolic model

The genome-scale model was simplified to the model shown in Figure 2.2.
Simplification was carried out purely for ease of understanding and was done as
follows: First, successive reactions in a linear pathway were lumped up to the first
branch point. Second, some reactions were neglected (e.g. biosynthesis of amines,
co-factors and vitamins) because the production rate of these metabolites is very small
in comparison with the production rate of macromolecules required for biomass
assembly. Third, reactions were omitted to prevent dead ends. A ‘dead end’ exists in a
metabolic network if a metabolite is at the end of a metabolic pathway and, based on
literature and our own measurements, the metabolite does not accumulate in biomass
nor is it excreted to or taken up from the medium. Examples in our case are hydroxy-
pyruvate and lactaldehyde. In reactions that can use NADH or NADPH as co-factor,
the NADH co-factor was used in the model unless stated otherwise in the Additional

data. In the approach used, a distinction between NADH and NADPH preference can-
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not be made. Additional enzymatic analysis to distinguish between NADH or
NADPH preference, is complicated because of the presence of transhydrogenase. The
final simplified model used for flux balance analysis included 161 reactions (129 int-
racellular reactions, 33 transport fluxes) and 131 intracellular metabolites and can be

consulted in the Appendix 2.2.

Modeling of the metabolic network

In metabolism, substrates are converted into the different macromolecules that together
make up biomass. Thus, the macromolecular composition of biomass determines the
flux distribution, and a shift in the macromolecular composition of biomass will result
in a shift in the flux distribution. Consequently, experimental determination of the
biomass composition is very important in mathematical modeling of cellular meta-
bolism, as described in detail elsewhere [113, 114]. The measured concentrations of
substrates, biomass and products, which can be found in Appendix 2.1, were converted

to measured conversion rates using mass balances.

Monte Carlo simulation

Before error diagnosis was performed, errors in the primary measurements were trans-
lated to errors in measured conversion rates using a Monte Carlo approach [115, 116].
In complex mass balance equations (for example CO, production rate) in which various
measured values with various standard deviations are included, determination of the
total variance is quite laborious using standard error propagation. Therefore variances
of the measured conversion rates of the various substrates and products were calculated
using Monte Carlo simulation. The exact procedure involved mass balances that were
formulated for the reactor configuration and is described in detail in the Materials and
methods section. Accurate results were obtained after 10000 simulations as shown in
Figure 2.4. The resulting average measured conversion rates and their corresponding
variances were then used as input for flux balance analysis. In addition (results not

shown), all separate simulated measured conversion rates were also used directly as
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input for flux balance analysis, resulting in 10000 flux distributions. The final average
flux distribution, calculated from these 10000 distributions, was identical to the one
obtained using the average measured conversion rates as input. All calculated conversion

rates as well as the fluxes appeared to be normally distributed.
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Figure 2.4 Determination of measurement variance using Monte Carlo simulation. When an
arbitrary value (r) for the production rate of a hypothetical product of 1.00 with standard deviation
of 0.01 was used as input for Monte Carlo simulation, 104 simulations were required to obtain the
original input value (1.00 = 0.01), showing that accurate results for theactual measured input values
can be expected after 10* simulations.

Error diagnosis and balancing

Laws of conservation result in a number of linear constraints on the measured con-
version rates of the various compounds. The measured conversion rates and their
corresponding variances, that were calculated using Monte Carlo simulation, were
subjected to gross error diagnosis. First the redundancy matrix, R, was calculated as

described previously [117]. Matrix R, expressing the conservation relations between
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the measured conversion rates only, contained two independent equations. Inspection
of these equations indicated a carbon and a nitrogen balance. The residuals obtained
after multiplication of the redundancy matrix with the measured conversion rates
could be explained on the basis of random measurement variances [118] with test
values of h, = 1.598 and h,, = 1.391 for the first and second experimental set of mea-
sured rates, respectively, where the 95% chi-square critical value is 5.992. Also the
individual carbon and nitrogen balance could be closed for both datasets. Thus, the
measurements contained no gross errors and the model is also valid with respect to
the measurements. The results of the statistical test are shown in Appendix 2.2.
Hence, the measured rates were balanced by minimising the square of the distance
between the actual measurement and the adjusted measurement with the measurement
variance as a weighing factor as described previously [117]. The resulting balanced
measurement rate vector, which is more accurate than the primary measurement rate
vector, was used to calculate the unknown fluxes and conversion rates (see
Appendix 2.2). The combinations of fluxes and unknown exchange rates that cannot
be uniquely identified (that is, calculated from the measurements) were isolated using
singular value decomposition. These underdetermined parts of the simplified network

are listed in Appendix 2.2.

Flux distribution

As stated, the network contains underdetermined parts, for which the flux values
cannot be calculated from the measured rates. To calculate a solution for these fluxes
constraints can be set on certain enzymatic reactions based on available biochemical
and thermodynamic literature. In addition, objective functions and linear optimisation
can be used in order to calculate fluxes and unknown rates in the underdetermined
part(s) of the network, as explained in the Materials and methods. The main objection
against the technique of linear programming to find a solution for an underdetermined
part of the network is that the objective function may not be valid for the biological

system. The minimum norm constraint is an optimisation function that minimises the
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length of the solution vector without any further restrictions, as explained in more detail
in the Materials and methods, and was used to calculate fluxes and unknown rates
in the underdetermined part(s) of the network. Like Bonarius[119], we hypothesize
that the minimum-norm constraint correctly assumes that the total flux activity is
minimized in order to fulfil the to fulfil the efforts of the bacteria to attain an efficient
flux distribution. The flux values are given in Appendix 2.2. For most of the under-
determined fluxes realistic values are obtained using the minimum norm solution. For
instance, the calculated fluxratio between the ED cleavage and the PP pathway shows
that the major part of pyruvate (69%6%) is synthesized through the ED cleavage,
which is in agreement with literature [32]. Furthermore, we calculated that 91=7% of
the NADPH that is produced in both the PP-pathway (flux 17 and 18) and the TCA
cycle (flux 2) is used for biosynthesis while 97% is converted to NADH using trans-
hydrogenase (flux 74). Some of the flux values obtained for underdetermined fluxes
using the minimum-norm constraint are unlikely and are clearly an artefact of the
minimum-norm solution. These are the positive sulfate production rate and the negative
flux from pyrophosphate to phosphate (flux 71). By measuring thiosulfate, sulfate and
H,S, these underdetermined fluxes become determined and this problem can be solved.
It must be emphasized that the actual flux distribution through the underdetermined
parts may very well be different from the minimum-norm solution. Only isotopic tracer
experiments can deliver true flux values for some underdetermined parts, like, for
example, the ED and PP pathway. Nevertheless, the calculated flux distribution in the
present study also shows that it is in agreement with literature for specific underdeter-

mined parts of the network.

Application of the model for process development purposes

The metabolic model presented in this paper offers a framework to study N. meningitidis
metabolism as a whole or certain aspects of it. For example, gene deletion analysis
could be done to study, which genes are essential for growth in the host environment,

which in turn could serve to identify possible targets for new antibiotics. In the present
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study, apart from the data analysis discussed above, the model was developed for process
development purposes. In particular, the model was used for the design of minimal

medium for growth of N. meningitidis as discussed in more detail below.

Design of minimal medium

The amount of available literature describing the requirements for growth of
N. meningitidis is tremendous, which provided an easy starting point for designing a
minimal growth medium. The MenB genome was next checked for the presence of the
membrane-transport functions that are required for utilization of substrates. In the
case of carbon, nitrogen and sulfur substrates the genome was also checked for the

presence of subsequent processing pathways.

The membrane-transport functions for utilization of the inorganic ions Na+, K+, Mg2+,
Cl- and PO,3- are annotated in the MenB genome. Furthermore, genes for membrane
transport of the trace elements Fe3+, Cu2+, Zn2+, Co2+, Ca2+ and Mn2+ are also annotated.
These ions often function as cofactors for metal-activated enzymes or metalloenzymes.
For instance, copper-zinc superoxide dismutase is a metalloenzyme that uses copper
and zinc to help catalyze the conversion of superoxide anion to molecular oxygen and
hydrogen peroxide. Furthermore, aconitase (a TCA enzyme) contains several iron
atoms bound in the form of iron-sulfur clusters, which participate directly in the iso-
merization of citrate to isocitrate. The only trace element added as a supplement to the
medium that could not be related to an annotated function in the genome was
molybdenum. In general, molybdenum is necessary for the activity of several enzymes
[120] and is added as trace element in media for growth of various bacteria like
E. coli [121]. For this reason MoO,2- was added to complement the minimal medium.
However, it remains unclear whether molybdenum is an essential requirement for

growth of N. meningitidis.

N. meningitidis is able to metabolize a variety of sugars and amino acids for biosyn-
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thesis of macromolecules and their precursors as indicated by the presence of the relevant
transporter genes and the available processing pathways (ED-pathway, PP-pathway,
amino-acid biosynthesis). The main utilizable carbon sources include glucose, sucrose,
lactose, fructose, maltose, gluconate, lactate and pyruvate. An amino acid like
glutamate can serve as both a carbon- and a nitrogen source, as the glutamate
deamination product (o-ketoglutarate) can be metabolized via the citric acid cycle.
However, in the literature no media were found in which glutamate was used as sole
carbon and nitrogen source for growth of N. meningitidis. A possible disadvantage of
using other amino acids as carbon and/or nitrogen source is that the deamination
might result in acid products that cannot be processed in metabolism and therfore will
accumulate. To select the best carbon source, the metabolic model was used to simulate
growth on different carbon sources i silico. In all in silico experiments, ammonium
was selected as sole nitrogen source based on the presence of the ammonium trans-
porter, Amtb (NMB0615) and the NADP specific glutamate dehydrogenase proces-
sing pathway (NMB1710). For the in silico simulations, the uptake of the carbon
source was fixed at a certain value and biomass formation was optimized.
Furthermore a maintenance requirement of 2.81-10-3 mol.g-1.h-! was set, which was
obtained from literature [122]. The predicted yields of biomass on various carbon
substrates are given in Table 2.2. The metabolic model predicted that glucose is the
preferred carbon substrate for growth of N. meningitidis in terms of biomass yield.
Accordingly, glucose was selected as sole carbon source for growth. When growth was
simulated using glucose as carbon source, the predicted C:N consumption ratio was
9:1 indicating the minimal amount of ammonium that is required in the growth medium.
A wide range of sulfur-acquisition routes is available in N. meningitidis. Both thio-

sulfate [63] and sulfate [54] were selected as sulfur sources in the growth medium.
In silico predictions showed that thiosulfate is the prefered sulphur source for growth,

which can be explained from the fact that less energy is required for utilization of thio-

sulfate in comparison with sulfate. The results of these i silico experiments are listed
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in the Additional data.Constraint-based models give information on which substrates
to use and, for some substrates, in which ratio they should be used. However, they
give no information on the actual concentrations that should be used. For this work
the required concentrations (by order of magnitude) of the various compounds in the
minimal medium were derived from the relevant literature referred to earlier. The
resulting minimal medium (see Table 2.1) is suitable for growth of N. meningitidis
(Figure 2.5). To obtain higher biomass concentrations at the end of a batch culture

further optimization of the concentrations is needed.
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Figure 2.5 Growth of N. meningitidis in a minimal medium designed from the model. Growth of
N. meningitidis strain HB-1 in minimal medium in a bioreactor operated in chemostat mode after
an initial batch phase of approximately 36 h were assessed by optical density. Two experiments in
identical medium and growth conditions are shown here. Conditions were as described in Materials
and methods.
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CONCLUSIONS

In silico genome-scale flux models have been proven to provide insight into the com-
plexity of metabolism and can be used successfully as tools for medium design and
metabolic engineering strategies. Many studies lack sufficient experimental data sets
to check the consistency of the measurements and the validity of the metabolic network
model. In the present study, the experimental data sets used in flux balance analysis
proved to be sufficient to check for the presence of gross measurement errors or errors
in the model, neither of which was found to be present.

Working from the genomic database of MenB together with biochemical and physio-
logical information provided in literature, a genome-scale flux model for vaccine
process development purposes was contructed. From these information sources a minimal
medium for growth was designed and tested succesfully in batch and chemostat cultures.
The simplified metabolic network that was derived from the genome-scale metabolic
network was verified using FBA in two duplo chemostat cultures. The specific rates,
being the input of the model, were generated from the measured concentrations using
Monte Carlo simulation. The model contains underdetermined parts, for which fluxes
were calculated using the minimum norm constraint, providing a possible solution for
these underdetermined parts. Despite the unlikely positive sulfate production rate and
the negative flux from pyrophosphate to phosphate, which are both underdetermined
parts of the network, the flux distribution for the remaining underdetermined parts
seems plausible. This is strengtened by the observation that the major part of pyruvate
(69%6%) is synthesized through the ED cleavage, which is in good agreement with the
literature [32].

Methods for integration of metabolic network information with gene expression profiles
(transcriptomics) were described recently [123-125]. Such studies bridge the gap
between the putative, homology-based, information provided by the genomes and the
actual situation, and greatly contribute to further improvement of our understanding

of cellular processes and function.
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ADDITIONAL DATA

The following additional data are available on CD-rom. The file named Additional
data Chapter 2.xlsx is an excel file that includes 7 worksheets. The first worksheet
named ‘genome-scale model’ includes the complete reaction database along with
involved genes, enzyme numbers and metabolites. The second worksheet named
‘simplified model’ contains the simplified metabolic model. The third worksheet
named ‘abbreviations’ contains a list of abbreviations of the metabolites. The fourth
worksheet named ‘redundancy matrix’ contains the redundancy matrices of the
experimental data sets. The fifth worksheet named ‘measured rates, balanced rates’
contains a table in which the experimental set of measured rates and balanced rates is
given. In addition, the results of the statistical acceptance test are given in this table.
The sixth worksheet named c‘calculated fluxes’ contains the calculated flux
distributions of both experimental data sets using the mimimum norm constraint.
The seventh worksheet named ‘i silico’ contains the flux distributions of the in silico

experiments.
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APPENDIX 2.1

A. Biomass composition

A1. Overall cellular composition of N. meningitidis

In a specific medium for growth, the overall cellular composition of bacterial cells
depends on the growth rate of the cells [142, 143]. The overall cellular composition
of N. meningitidis stain HB-1, grown in minimal medium at a specific growth rate of

0.04 h-1 is shown in Table 2.1.1.

Table 2.1.1 Overall cellular composition of N. meningitidis

E. coli? N. meningitidis!
% (wiw) Average =+ SD RSD assay (%)
Protein3 55 71.0 = 3.6 5
RNA4 20.5 8.5+22 25
DNA 3.1 0.7 0.2 15
LipidsS 9.1 11.4 £ 0.6 S
LPsé 3.4 59=+0.3 S
Peptidoglycan” 2.5 2.5+0.3 10
Glycogen 2.5 - -
Polyamines 0.4 - -
Metabolites, cofactors, ions 3.5 - -

1 The analytical results were derived from two separate independent chemostat experiments. The standard deviation values
(SD) represent the standard deviation between the two experiments and include the relative mean standard deviation
(RSD) of the used analytical assay. All macromolecules and their composition were measured unless stated otherwise.

2 Average chemical composition of Escherichia coli [144].

3 Total biomass protein was quantified by summation of the individual measured amino acid concentrations measured
in biomass after acid hydrolysis as descibed in the text. The methods recovery was determined as 0.85 = 4 % based on
measurements of pure Bovine Serum Albumin and corrections were made accordingly.

4 The measured macromolecules in the biomass accounted for 100 = 6 % (w/w). The unmeasured content can be explained
by a too low measured RNA content. Accurate measurement of total cellular RNA is complicated due to poor stability
of RNA. The measured RNA content was multiplied by a factor of 1.2 to correct for unstable RNA [144]. The remainig
unmeasured biomass content can account for at least 6.4 % as indicated by the average chemical composition of E. coli.

5 The fatty acids present in biomass were individually quantified and equally distributed over the different phospholipids
using the overall composition of Rahman and co-workers [75] as described in the text. Although the resulting model lipid
structures are deviant from the actual stuctures as described by Rahman and co-workers its impact for modeling
purposes is negligible.

6 LPS was quantified based on the measured amount of 3-hydroxydodecanoic acid (C12:0-30H), a unique LPS related
fatty acid. The LPS value possesses high uncertainty and may need to be readjusted as described in section A4.

7 Peptidoglycan amount in N. meningitidis was estimated based on E. coli [144] and the composition was based on
the average of the peptidoglycan structures present in N. meningitidis [101]. For modeling purposes a relative mean standard
deviation of 10% was assumed.
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The biosynthesis of biomass was set as a linear combination of the macromolecules:
protein, DNA, RNA, lipid, peptidoglycan and LPS which were considerd to account
for the overall biomass composition. The growth-associated ATP for maintenace was
estimated to be 13.27 mol ATP / mol biomass. The accuracy of the estimation is,
however, quite low. This value was calculated using linear regression of available
1/Y yarp vs growth rate data from E. coli [122] using the growth rate applied in this
study in the obtained equation followed by conversion to the desired unit using the
molecular weight of biomass. One mole of biomass is defined by the reaction equation
for this compound (reaction 128 in the simplified model) and is equivalent to 140 g
dry weight with an elemental composition given in Table 2.1.7. Incorporation of the

energy requirement yields the biomass biosynthesis reaction:

0.936 PROT + 0.022 LIPID + 0.003 PEPTIDO + 0.003 LPS + 0.002 DNA + 0.035
RNA + 13.27 ATP + 13.27 H20 — BIOMASS + 13.27 ADP + 13.27 P1 + 13.27 H

A2. Protein composition and biosynthesis
The energy requirement for Protein biosynthesis and processing was assumed identical
to E. coli: 4.306 mol ATP / mol protein [145]. Incorporation of this energy require-

ment yields the final reaction for protein biosynthesis:

1 AA + 4.306 ATP + 3.306 H20O — 1 PROT + 4.306 ADP + 4.306 Pi + 3.551 H

In which 1 AA is the sum of molar fractions of the various amino acids present

in N. meningitidis.
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Table 2.1.2 Protein composition N. meningitidis

N. meningitidis!

% (mol AA/mol protein) genome! Average? = SD
Aspartate (Asp) 5.3 5103
Glutamate (Glu) 6.4 7.6 = 0.4
Serine (Ser) 5.4 44 +0.2
Histidine (His) 2.3 1.8 + 0.1
Glycine (Gly) 6.9 9.3+0.5
Threonine (Thr) 5.2 4.7 0.2
Alanine (Ala) 9.5 14.9 = 0.7
Arginine (Arg) 5.8 51+03
Tyrosine (Tyr) 3.2 1.9 0.1
Valaline (Val) 6.8 7.2 +0.4
Methionine (Met) 2.6 2.6 £0.1
Phenylalanine (Phe) 4.3 3.3+0.2
Isoleucine (Ile) 5.9 4.8+0.2
Leucine (Leu) 10.0 7.6 = 0.4
Lysine (Lys) 5.8 54+03
Proline (Pro) 4.2 3.5+0.2
Asparagine (Asn)* 4.1 4.0=+0.2
Tryptophan (Trp)3 1.3 1.2 0.1
Cysteine (Cys)3 1.1 0.9 = 0.1
Glutamine (Gln)* 4.1 4.8+0.2

1 Amino acid composition predicted by the genome [21]. For all genes, a random expression level between 0 - 100000 was
used resulting in an identical (random) expression level of the corresponding proteins and their amino acid composition.

2 The standard deviation values (SD) represent the standard deviation between two independent chemostat experiments
and includes the relative mean standard deviation (RSD) of the used analytical assay.

3 The amino acids Cys and Trp (AA) that were destructed during acid hydrolysis were calculated based on the predicted
amino acid composition in the genome and the measured threonine quantity by using the formula below.

Thr, < AA
AA < measured genome
Thr

genome

4 The amino acids Gln and Asn (AAn) that were converted to respectively Glu and Asp (AA) during acid hydrolysis were
calculated based on the predicted amino acid composition in the genome and the measured Glx and Asx (AAx) quantity
by using the formula:

AAX yeasured © AAN genome

AAgenome

AAn = in which AAxeasured = (AA+AAN) Laasured

In this way, the ratio of Glu:Gln and Asp:Asn predicted by the genome is incorporated. This provides a more solid point
of departure for flux mass balancing in comparision with the traditional applied 1:1 ratio.
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A3. Nucleotide composition and biosynthesis
The DNA composition was derived from the complete nucleotide composition present
in the genome sequence [21]. For RNA the Uridine content was based on the Thymine

content in the genome sequence [23].

Table 2.1.3 DNA composition in N. meningitidis

DNA composition

% (mol/mol)

dTTP 24.24
dCTP 25.76
dGTP 25.76
dATP 24.24
Molecular weight DNA (g/mol) 324.96

The energy requirement for DNA biosynthesis and processing was assumed identical
to E. coli: 1.372 mol ATP / mol DNA [145]. Incorporation of this energy requirement
yields the final reaction for DNA biosynthesis:

dNTP + 1.372 ATP + 2.372 H20 — DNA + PPi + 1.372 ADP + 1.372 Pi+ 1.372 H

In which dNTP is the sum of molar fractions of the various desoxyribonucleotides

present in N. meningitidis.
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Table 2.1.4 RNA composition in N. meningitidis

RNA composition

% (mol/mol)

UTP 24.27
CTP 25.56
GTP 25.97
ATP 24.20
Molecular weight DNA (g/mol) 337.63

The energy requirement for RNA biosynthesis and processing was assumed identical
E. Coli: 0.4 mol ATP / mol RNA [1435]. Incorporation of this energy requirement

yields the final reaction for RNA biosynthesis:

NTP + 0.4 ATP + 1.4 H20 — RNA + PPi + 0.4 ADP + 0.4 Pi + 0.4 H

In which NTP is the sum of molar fractions of the various ribonucleotides present

in N. meningitidis.

A4. Lipid composition and biosynthesis

The fatty acids present in biomass were individually quantified using a modified gas
chromatography method as descibed in the text. The quantified fatty acids were
equally distributed over the different phospholipids using the overall composition of

Rahman and co-workers [75].
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Table 2.1.5 Lipid composition in N. meningitidis

N. gonorrhoeae N. meningitidis

% (Wiw) Senff et al.2 Rahman et al.l

Average + SD Average = SD

phosphatidate (PA) - 10.2 = 1.1

phosphatidylethanolamine (PE) 77 =1 71.5 +4.2

phosphatidylglycerol (PG) 18 =2 18.3 = 4.1
lysophosphatidylethanolamine (LPE) 21 -
cardiolipin (CL) 2=+1 -

1 FAB-MS determined average lipid composition of N. meningitidis strains NMB, 6940, M7, SS3, CMK2, R6, CMK1 and
469 cultivated in GC broth at 37 °C for 16-18 hours in an aerobic humid atmosphere supplemented with 3.5% CO2
[75]. For modeling purposes 10.23 % PA, 71.46 % PE and 18.31 % PG were used.

2 Thin layer chromatography (TLC) determined average lipid composition of N. gonorrhoeae strain 2686 colonial types
1 and 4 cultivated in Mayer broth at 37 °C for 18 hours in an aerobic humid atmosphere [78]. Earlier, Sud and Feingold

[79] determined a comparable composition.

Table 2.1.6 Fatty acid composition in N. meningitidis

% (mol/mol) Jantzen et al. ! Average + SD2
Average = SD

dodecanoic acid (C12:0) 3.5+0.7 8.6 0.9
3-hydroxydodecanoic acid (C12:0-30H)3 6.0 2.8 9.6 £0.2
tetradecanoic acid (C14:0) 7.0 = 0.0 3.5+0.5
3-hydroxytetradecanoic acid (C14:0-30H) 4.5=+21 42 =11
hexadecenoic acid (C16:1) 29.0 = 5.7 26.8 +1.7
hexadecanoic acid (C16:0) 39.0+2.8 40.6 = 2.1
octadecenoic acid (C18:1) 9.0+1.4 10.3 +0.2
octadecanoic acid (C18:0) 2.0+0.0 1.1 0.1
octadecadienoic acid (C18:2) 1.0 £ 1.0 -

1 Gaschromatography (GC) determined fatty acid composition of N. meningitidis strains M1 and B8152/66 cultivated on
blood agar plates at 37 °C for 20 hours in an aerobic humid atmosphere supplemented with CO2 [130].

2 GC determined fatty acid composition of N. meningitidis strain HB-1 as descibed in the text. The standard deviation
values (SD) represent the standard deviation of two independent experiments and does not include the relative mean stan-
dard deviation (RSD) of the used analytical assay. Rahman and co-workers [75] additionally identified presence of tetra-
decenoic acid (C14:1) and hexadecadienoic acid (C16:2) in lipids.

3 Based on the measured lipopolysaccharide (LPS) stucture, the molar ratio of C12:0/C12:0-30H/C14:0-30H is constant
1/1/1. However, a ratio of approximately 2/2/1 was measured using the GC method. As mentioned in the text, LPS was
quantified based on the measured amount of C12:0-30H (GC), thus neglecting the measured amount of C14:0-30H.
The remaining C12:0 quantity was used in lipid biosynthesis. When the LPS amount is quantified based on the measu-
red amount of C14:0-30H more C12:0 can be incorporated into lipid but a relatively large amount of C12:0-30H is
left over. Although it is possible that C12:0-30H is synthesized faster than C14:030H and accumulates in the cell we
assumed that this was unlikely and therfore based the LPS amount on C12:0-30H. Therefore, the LPS value posseses

high uncertainty and may need to be readjusted.
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AS. Elemental composition

Table 2.1.7 Elemental composition

C H N (¢) P S + -
Amino Acids
GLU N 8 1 4 0 0 0 1
GLN N 9 2 3 0 0 0 1
PRO N 8 1 2 0 0 0 1
ASP 4 6 1 4 0 0 0 1
ASN 4 7 2 3 0 0 0 1
ARG 6 15 4 2 0 0 1 0
THR 4 8 1 3 0 0 0 1
LYS 6 15 2 2 0 0 1 0
ILE 6 12 1 2 0 0 0 1
MET N 10 1 2 0 1 0 1
SER 3 6 1 3 0 0 0 1
CYS 3 6 1 2 0 1 0 1
GLY 2 4 1 2 0 0 0 1
VAL S 10 1 2 0 0 0 1
LEU 6 12 1 2 0 0 0 1
ALA 3 6 1 2 0 0 0 1
HIS 6 10 3 2 0 0 1 0
PHE 9 10 1 2 0 0 0 1
TYR 9 10 1 3 0 0 0 1
TRP 11 11 2 2 0 0 0 1
DNA
dATP 10 12 5 12 3 0 0 4
dCTP 9 12 3 13 3 0 0 4
dGTP 10 12 5 13 3 0 0 4
dTTP 10 13 2 14 3 0 0 4
RNA
ATP 10 12 N 13 3 0 0 4
CTP 9 12 3 14 3 0 0 4
GTP 10 12 S 14 3 0 0 4
uTP 9 11 2 15 3 0 0 4
Fatty Acids
C12:0-30HACP 12 23 0 2 0 0 0 0
C12:0ACP 12 23 0 1 0 0 0 0
C14:0-30HACP 14 27 0 2 0 0 0 0
C14:0ACP 14 27 0 1 0 0 0 0
C16:0ACP 16 31 0 1 0 0 0 0
C18:0ACP 18 35 0 1 0 0 0 0
C16:1ACP 16 29 0 1 0 0 0 0
C18:1ACP 18 33 0 1 0 0 0 0
Macromolecules
PA 35.3 65.9 0.0 8.0 1.0 0.0 0.0 0.0
PE 37.3 69.9 1.0 8.0 1.0 0.0 0.0 0.0
PG 38.3 71.9 0.0 10.0 1.0 0.0 0.0 0.0
Peptidoglycan 55.8 88.2 12.2 27.7 0.0 0.0 0.0 1.0
LPS 134.0 245.0 4.0 67.0 3.0 0.0 0.0 4.0
DNA 9.7 12.2 3.8 7.0 1.0 0.0 0.0 2.0
RNA 9.5 11.8 3.8 8.0 1.0 0.0 0.0 2.0
Protein 4.7 7.5 1.3 1.5 0.0 0.0 0.0 0.0
Lipid 37.3 69.8 0.7 8.4 1.0 0.0 0.0 0.0
BIOMASS 6.3 10.3 1.5 2.2 0.1 0.0 0.0 0.0

Based on the measurements an approximate elemental biomass composition was determined:
CH1 6200.35N0.25P0.01350.005- This yields a molecular weight on C-mole basis of ~23 g/C-mole which is comparable
with other gram negative organisms like E. coli.
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B. Metabolites measured in the culture supernatant and off-gas

Table 2.1.8 Metabolites measured in the culture supernatant and off-gas!

Metabolite Average = SD2
Protein3 (g.L-1) 0.063 = 0.019
Asp 0.029 = 0.012
Glu 0.020 = 0.009
Ser 0.001 = 0.001
His 0.030 = 0.043
Gly 0.004 = 0.001
Thr 0.041 = 0.012
Ala 0.011 = 0.010
Arg 0.012 = 0.010
Tyr 0.018 = 0.007
Val 0.002 = 0.001
Met 0.002 = 0.001
Phe 0.205 = 0.058
Ile 0.000 = 0.000
Leu 0.007 = 0.008
Lys 0.050 = 0.020
Pro 0.000 = 0.000
Asn 0.000 = 0.000
Trp 0.000 = 0.000
Cys 0.000 = 0.000
Gln 0.000 = 0.001
lactate 0.00 = 0.00

acetate 0.19 = 0.04

ethanol 1.80 = 0.22

NH3 4.87 = 0.97

glucose 0.00 = 0.00

off-gas Oy %(v/v) 31.8 = 4.70

off-gas CO, %(v/v) 0.25 = 0.04

ka (h1)4 13.41 = 0.56

1 All metabolites were measured (mM) unless stated otherwise.

2 The standard deviation values (SD) represent the standard deviation between two independent experiments and includes
the relative mean standard deviation (RSD) of the used analytical assay.

3 The compostion of the supernatant protein was assumed to be identical to the cellular protein composition.

4 The volumetric oxygen transfer coefficient, ky a, in the bioreactor was determined accurately at 37 °C using a steady state
set-up and a phosphate buffered saline solution (NVI, Z3000) as reference liquid. As mentioned in the text, the k[ a values
were confirmed using the dynamic method. The determined ky a using the dynamic method was 15.73 = 2.28 h™*.

92



Modeling Neisseria meningiditis metabolism: from genome to metabolic fluxes

APPENDIX 2.2

A. Simplified metabolic model

TCA CYCLE

1 OXA + ACCOA + H20 <= CIT + COA + H

2 CIT + NADP < AKG + CO2 + NADPH

3 AKG + COA + NAD + H — SUCCOA + NADH + CO2
4 SUCCOA + Pi + ADP <= SUC + COA + ATP + H
5 SUC + FAD <= FADH2 + FUM

6 FUM + H20 <= MAL

7 MAL + FAD — FADH2 + OXA

EMP PATHWAY (glycolysis, gluconeogenesis)

8 GLC + ATP <= G6P + ADP + H

9 G6P <= F6P

10 GAP < GLP

11 GAP + GLP + H20 — F6P + Pi

12 GAP + Pi + NAD + ADP <> 3PG + ATP + NADH
13 3PG <> PEP + H20 + H

14 PEP + ADP + H <> PYR + ATP

15 PEP + CO2 + H20 - OXA +Pi+ H

16 PYR + ATP + H20 <+ PEP + AMP +Pi+ 2 H

PENTOSE PHOSPHATE PATHWAY

17 G6P + NADP + H20 — 6PG + NADPH + 2 H
18 6PG + NADP <= RUSP + CO2 + NADPH

19 RUSP <= R5P

20 RUSP <= X5P + H

21 X5P + RSP <= S7P + GAP

22 F6P + GAP <= E4P + X5P + H

23 S7P + GAP + H <> E4P + F6P

ENTNER DOUDOROFF
24 6PG <= HD6PG + H20
25 HD6PG < GAP + PYR

PYRUVATE METABOLISM

26 PYR + COA + NAD — ACCOA + CO2 + NADH
27 LAC + NAD < PYR + NADH + H

28 MAL + NAD — PYR + CO2 + NADH

29 ACCOA +Pi <= AC-P + COA

30 AC-P + ADP <= ACE + ATP

31 ACE + COA + ATP + H <« ACCOA + AMP + PPi

AMINO ACIDS

32 2 H + AKG + NH3 + NADPH <> GLU + NADP + H20

33 GLU + NH3 + ATP <= GLN + Pi + ADP + H

34 GLN + CO2 + 2 H20 + 2 ATP <=« CARBP + GLU + Pi + 2 ADP + H
35 GLU + ATP + 2 NADPH + H — PRO + ADP + Pi + 2 NADP + H20
36 OXA + GLU < ASP + AKG

37 FUM + NH3 + H <= ASP

38 ASP + O2 + H20 <= OXA + H202 + NH3 + H
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39 ASP + NH3 <> ASN + H20

40 ASP + 2 ATP + CARBP + NADPH + 2 GLU <= ARG + FUM + AKG + AMP + PPi + H+ 2 Pi +
ADP + NADP

41 ASP + ATP + NADPH + H <= ASP4SA + Pi + NADP + ADP

42 ASP4SA + H + NADPH <> HSER + NADP

43 HSER + ATP + H20O <= THR + Pi + ADP + 2 H

44 ASP4SA + PYR + NADH + SUCCOA + GLU — mDAP + SUC + AKG + COA + H + NAD

45 mDAP + H— LYS + CO2

46 THR — OBUT + NH3

47 OBUT + NADPH + H + GLU + PYR <= ILE + AKG + NADP + H20 + CO2

48 HSER + ACCOA + H2S <= HCYS + ACE + COA + 2 H

49 SMTHF + HCYS <= THF + MET

50 SER + ACCOA + H2S <= CYS + ACE + COA + H

51 SO4 + 2 ATP + H20 + RTR — SO3 + H + ADP + Pi + AMP + PPi + OTR

52 THS + 02 + H20 - 2S0O3 +2 H

53 SO3 + 3 NADPH + 5 H <= H2S + 3 NADP + 3 H20

54 SER — PYR + NH3

55 3PG + NAD + GLU + H20 <> SER + AKG + Pi + NADH + 3 H

56 THF + SER <= METHF + GLY + H20

57 2 PYR + NADPH + 2 H <= IVA + H20 + CO2 + NADP

58 IVA + GLU <= VAL + AKG + H

59 IVA + ACCOA + H20 + NAD + GLU — LEU + AKG + COA + NADH + 2 H + CO2

60 VAL + PYR < IVA + ALA

61 R5P + ATP <> PRPP + AMP + H

62 PRPP + ATP + 3 H20 + GLN + 3 NAD — HIS + 3 NADH + 2 PPi + AICAR + AKG + Pi

63 E4P + 2 PEP + NADPH + ATP — CHOR + 4 Pi + NADP + ADP

64 CHOR < PRE

65 PRE + GLU — PHE + AKG + CO2 + H20

66 PRE + NAD + GLU — TYR + AKG + H + CO2 + NADH

67 CHOR + GLN + H <= ANT + GLU + PYR

68 PRPP + ANT + SER + H — TRP + 2 H2O + PPi + CO2 + GAP

CARBOHYDRATES

69 G6P < GI1P

ENERGY METABOLISM

70 ATP + H20 — Pi+ ADP + H

71 PPi+ H20 - 2Pi+2 H

72 02 +4Pi+2NADH +4 ADP + 6 H — 4 ATP + 6 H20 + 2 NAD

73 FADH2 + NAD <= FAD + NADH + H

74 NADPH + NAD <> NADP + NADH

NUCLEOSIDES AND NUCLEOTIDES BIOSYNTHESIS

75 PRPP + 2 GLN + 2 H20 + GLY + 4 ATP + FTHF + CO2 + ASP — AICAR + FUM + 2 GLU +
PPi+4Pi+4ADP+ THF + 3 H

76 AICAR + FTHF <= IMP + H20 + THF

77 IMP + ASP + GTP <> FUM + AMP + GDP + Pi + 2 H

78 AMP + ATP <> 2 ADP

79 RTR + ATP <> dATP + OTR + H20

80 IMP + NAD + 2 H20 + 2 ATP + GLN <= GDP + ADP + H + NADH + GLU + AMP + PPi

81 GDP + ATP <= GTP + ADP

82 RTR + GDP + ATP — dGTP + ADP + OTR + H20

83 CARBP + ASP + O2 + PRPP + H <« UMP + CO2 + Pi + H20 + H202 + PPi

84 UMP + ATP < UDP + ADP

85 RTR + UDP + ATP <= dUTP + ADP + OTR + H20
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dCTP + H20 < dUTP + NH3

UDP + ATP <= UTP + ADP

UTP + GLN + ATP + H20 — CTP + GLU + Pi + ADP + H
CTP + ADP <= CDP + ATP

RTR + CDP + ATP <> dCTP + ADP + OTR + H20

dCTP + H20 + METHF + H <= dTTP + DHF + NH3

ATP + CMP < ADP + CDP

LIPID METABOLISM

93
94
95
96
97
98
99
100
101
102

103
104

105
106

ATP + ACCOA + ACP + CO2 + H20 — MALACP + COA + ADP +Pi+ 2 H

ACCOA + ACP <= COA + ACACP

ACACP + 5 MALACP + 5§ NADPH + 4 NADH + 14 H — C12:0-30HACP + 5 NADP + 4 H20
+4 NAD + 5 CO2 + 5 ACP

ACACP + 5§ MALACP + 5§ NADPH + 5 NADH + 15 H — C12:0ACP + 5§ NADP + 5§ H20 + 5
NAD + 5 CO2 + 5 ACP

ACACP + 6 MALACP + 6 NADPH + 5 NADH + 17 H — C14:0-30HACP + 6 NADP + 5 H20
+ 5 NAD + 6 CO2 + 6 ACP

ACACP + 6 MALACP + 6 NADPH + 6 NADH + 18 H — C14:0ACP + 6 NADP + 6 H20 + 6
NAD + 6 CO2 + 6 ACP

ACACP + 7 MALACP + 7 NADPH + 7 NADH + 21 H — C16:0ACP + 7 NADP + 7 H20 + 7
NAD + 7 CO2 + 7 ACP

ACACP + 8 MALACP + 8 NADPH + 8 NADH + 24 H — C18:0ACP + 8 NADP + 8 H20 + 8
NAD + 8 CO2 + 8 ACP

ACACP + 7 MALACP + 7 NADPH + 6 NADH + 20 H — C16:1ACP + 7 NADP + 7 H20 + 6
NAD + 7 CO2 + 7 ACP

ACACP + 8 MALACP + 8 NADPH + 7 NADH + 23 H — C18:1ACP + 8 NADP + 8§ H20 + 7
NAD + 8 CO2 + 8 ACP

GLP + NADH + H <= GL3P + NAD

GL3P + 0.01908 C12:0ACP + 0.07762 C14:0ACP + 0.64139 C16:1ACP + 0.97834 C16:0ACP
+0.254980 C18:1ACP + 0.02860 C18:0ACP — PA + 2 ACP

CTP + PA <= CDPDG + PPi

CDPDG + SER — PE + CMP + CO2

CELL ENVELOPE BIOSYNTHESIS

107
108
109

110

CDPDG + GL3P + H20 — PG + CMP + Pi

F6P + GLN + ACCOA + UTP — UDPNAG + PPi + COA + GLU

2.8 UDPNAG + 1.4 NH3 + 1.4 mDAP + 1.4 PEP + 3.8 ALA + 1.4 GLU + 1.4 H20 + 0.504
ACCOA + 12.6 ATP + 1.4 NADPH — PEPTIDO + 2.8 UTP + 0.504 COA + 12.6 ADP + 1.4
NADP + 11.2 Pi

3 UDPNAG + 2 RUSP + 2 PEP + 2 C12:0ACP + 2 C12:0-30HACP + 2 C14:0-30HACP + 2 S7P
+ACA + NH3 + G1P + UTP + 2 CTP + 4 ATP + 9 H20 + 7H — LPS + 2 ACE + 6 ACP + 4 ADP
+ 3 UDP + 5 PPi + 2 CMP + 4 Pi + UMP

VITAMINS AND COFACTORS

111
112
113
114
115
116
117
118
119
120

2 ATP + GLY + GLU + CYS+ H — 2 ADP + 2 Pi + GSH
2H20+GSH <= CYS+GLY + GLU+ 3 H

H202 + 2 GSH <> GSSG + 2 H20

OTR + H + NADPH <> RTR + NADP

THF + FORM + ATP — FTHF + Pi + ADP

FTHF + H <« MEYTHF + H20

MEYTHF + NADPH <> METHF + NADP

DHF + NADPH <= THF + NADP

METHF + H + NADH — SMTHF + NAD

THF + GLY + NADP <> METHF + NH3 + CO2 + NADPH
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OTHERS

121 ACA + H + NADH < ETH + NAD

122 ACE + NADH + 2 H <= ACA + H20 + NAD
123 2 H202 < O2 + 2 H20

MACROMOLECULES AND BIOMASS ASSEMBLY

124 0.24236 dTTP + 0.25764 dCTP + 0.25764 dGTP + 0.24236 dATP + 1.372 ATP + 2.372 H20 —
DNA + PPi + 1.372 ADP + 1.372 Pi + 1.372 H

125 0.24268 UTP + 0.25557 CTP + 0.25972 GTP + 0.64204 ATP + 1.4 H2O — RNA + PPi + 0.4
ADP +0.4Pi+04H

126 0.051 ASP + 0.076 GLU + 0.044 SER + 0.018 HIS + 0.093 GLY + 0.047 THR + 0.149 ALA +
0.051 ARG + 0.019 TYR + 0.072 VAL + 0.026 MET + 0.033 PHE + 0.048 ILE + 0.076 LEU +
0.054 LYS + 0.035 PRO + 0.04 ASN + 0.012 TRP + 0.009 CYS + 0.048 GLN + 4.306 ATP +
3.306 H20 — 1 PROT + 4.306 ADP + 4.306 Pi + 3.551 H

127 0.10913 PA + 0.71561 PE + 0.17525 PG — LIPID

128 0.93555 PROT + 0.022120 LIPID + 0.00256 PEPTIDO + 0.002624 LPS + 0.002141 DNA +
0.034943 RNA + 13.27 ATP + 13.27 H20 — BIOMASS + 13.27 ADP + 13.27 Pi + 13.27 H

MEMBRANE TRANSPORT (exchange reactions)
129 GLC_ext + H_ext = GLC + H
130 CO2 — CO2_ext

131 H <> H_ext

132 NH3 <> NH3_ext

133 02_ext — 02

134 Piext+ H ext< Pi+ H

135 THS_ext + ATP + H20 — THS + ADP + Pi + H
136 SO4_ext + ATP + H20 — SO4 + ADP + Pi + H
137 H2S <= HS-_ext + H_ext

138 GLU_ext + H_ext < GLU + H
139 GLN_ext + H_ext <= GLN + H
140 PRO_ext + H_ext <« PRO + H
141 ASP_ext + H_ext <= ASP + H
142 ASN_ext + H_ext <= ASN + H
143 ARG_ext + H_ext < ARG + H
144 THR_ext + H_ext <« THR + H
145 LYS ext + H ext <+ LYS + H
146 ILE ext + H_ext <= ILE + H
147 MET ext + H_ext <+ MET + H
148 SER_ext + H_ext <= SER + H
149 CYS_ext + H_ext <= CYS + H
150 GLY_ext + H_ext <= GLY + H
151 VAL _ext + H_ext <+ VAL + H
152 LEU ext + H_ext <= LEU + H
153 ALA_ext + H_ext <= ALA + H
154 HIS_ext + H_ext <= HIS + H
155 PHE_ext + H_ext <« PHE + H
156 TYR_ext + H ext < TYR + H
157 TRP_ext + H_ext <+ TRP + H
158 LAC ext + H_ext <+ LAC + H
159 ETH — ETH_ext

160 ACE + H <= ACE_ext + H_ext
161 PROT — PROT _ext

Underdetermined reactions isolated using singular value decomposition are diplayed in bold. Due to slight
differences in measured biomass composition, stoichiometric coefficients in assembly reactions are slightly
different between the two experiments. Fluxes were calculated using the reaction set of the corresponding
experiment. The reaction set of experiment 1 is given above.
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B. Abbreviations

3PG
SMTHF
6PG
ACA
ACA_ext
ACACP
ACCOA
ACE
ACE_ext
ACP
AC-P
ADP
AICAR

AKG

ALA
ALA_ext
AMP
ANT

ARG
ARG_ext
ASN
ASN_ext
ASP
ASP_ext
ASP4SA
ATP
BIOMASS
C12:0-30HACP
C12:0ACP
C14:0-30HACP
C14:0ACP
C16:0ACP
C16:1ACP
C18:0ACP
C18:1ACP
CARBP
CDP
CDPDG
CHOR
CIT

CMP

CcO2
CO2_ext
COA

CTP
CYS
CYS_ext
dATP
dCTP
dGTP

3-Phospho-D-glycerate
5-Methyltetrahydrofolate
6-Phospho-D-gluconate
Acetaldehyde

Acetaldehyde (extracellular)
Acetyl-ACP

Acetyl-CoA

Acetate

Acetate (extracellular)
Acyl-carrier protein

Acetyl phosphate
Adenosine diphosphate
1-(5'-Phosphoribosyl)-5-amino-
4-imidazolecarboxamide
2-Oxoglutarate (alpha-ketoglutarate)
Alanine

Alanine (extracellular)
Adenosine monophosphate
Anthranilate

Arginine

Arginine (extracellular)
Asparagine

Asparagine (extracellular)
Aspartate

Aspartate (extracellular)
Aspartate-4-semialdehyde
Adenosine triphosphate
Biomass
3-Hydroxydodecanoyl-ACP
Dodecanoyl-ACP
3-Hydroxytetradecanoyl-ACP
Tetradecanoyl-ACP
Hexadecanoyl-ACP
trans-Hexadec-2-enoyl-ACP
Octadecanoyl-ACP
cis-11-octadecenoate-ACP
Carbamoyl phosphate
Cytidine diphosphate
CDP-diacylglycerol
Chorismate

Citrate

Cytidine monophosphate
Carbondioxide
Carbondioxide (extracellular)
Coenzyme A

Cytidine triphosphate
Cysteine

Cysteine (extracellular)
Deoxy ATP

Deoxy CTP

Deoxy GTP

DHF
DNA
dTTP
dUTP
E4P
ETH
ETH_ext
F16P
FeP

FAD
FADH2
FTHF
FUM
G1pP
GeéP
GAP
GDP
GL3P
GLC
GLC_ext
GLN
GLN_ext
GLP

GLU
GLU_ext
GLY
GLY_ext
GSH
GSSG

GTP

H
H_ext
H20
H202
H2S
HCYS
HD6PG

HIS
HIS_ext
HS-_ext
HSER
ILE
ILE_ext
IMP

IVA
LAC
LAC_ext
LEU
LEU_ext

Dihydrofolate
deoxyribonucleic acid
Deoxy thymidine triphosphate
Deoxy UTP
Erythrose-4-phosphate
Ethanol

Ethanol (extracellular)
Fructose 1,6-bisphosphate
Fructose-6-phosphate

Flavin adenine dinucleotide oxidized
Flavin adenine dinucleotide reduced
10-Formyltetrahydrofolate
Fumarate
Glucose-1-phosphate
Glucose-6-phosphate
Glyceraldehyde 3-phosphate
Guanosine diphosphate
Glycerol 3-phosphate
Glucose

Glucose (extracellular)
Glutamine

Glutamine (extracellular)
Glycerone phosphate,
dihydroxyacetone-phosphate
Glutamate

Glutamate (extracellular)
Glycine

Glycine (extracellular)
Glutathione

Oxidized glutathione
(glutathionedisulfide)
Guanosine triphosphate
Proton H+

H+ (extracellular)

Water

Hydrogen peroxide
Hydrogen sulfide
L-Homocysteine
2-Dehydro-3-deoxy-6-phospho-
D-gluconate

Histidine

Histidine (extracellular)
Hydrosulfide anion (extracellular)
Homoserine

Isoleucine

Isoleucine (extracellular)
Inosine monophosphate
2-Oxoisovalerate

Lactate

Lactate (extracellular)
Leucine

Leucine (extracellular)
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LIPID
LPS

LYS
LYS_ext
MAL
MALACP
mDAP
MET
MET _ext
METHF
MEYTHF
NAD

NADH
NADP
NADPH

NH3
NH3_ext
02
O2_ext
OBUT
OTR
OXA

PA

PE

PEP
PEPTIDO
PG

PHE

PHE _ext
Pi

Pi_ext
PPi

PRE
PRO
PRO_ext
PROT
PROT _ext
PRPP
PYR
RSP
RNA
RTR
RUSP
S7P

SER

SER _ext
SO3

SO4

Lipid SO4_ext
Lipopolysaccharide SuC
Lysine SUCCOA
Lysine (extracellular) THF
Malate THR
Malonyl-ACP THR _ext
meso-2,6-diaminopimelate

Methionine

Methionine (extracellular)
NS,N10 Methylenetetrahydrofolate THS

5,10-Methenyltetrahydrofolate THS_ext
Nicotinamide adenine dinucleotide TRP
oxidized TRP_ext
Nicotinamide adenine dinucleotide TYR
reduced TYR_ext
Nicotinamide adenine dinucleotide uDP
phosphate oxidized UDPNAG
Nicotinamide adenine dinucleotide UMP
phosphate reduced UTP
Ammonia VAL
Ammonia (extracellular) VAL _ext
Oxygen XSSP

Oxygen (extracellular)
2-Oxobutanoate

Oxidized thioredoxin
Oxaloacetate

Phosphadidate
Phosphatidylethanolamine
Phosphoenolpyruvate
Crosslinked peptodoglycan (40%)
Phosphatidylglycerol
Phenylalanine

Phenylalanine (extracellular)
Orthophosphate
Orthophosphate (extracellular)
Pyrophosphate

Prephenate

Proline

Proline (extracellular)

Protein

Protein (extracellular)
$-Phospho-alpha-D-ribose 1-diphosphate
Pyruvate

Ribose 5-phosphate
ribonucleic acid

Reduced thioredoxin
Ribulose-5-phosphate
Sedoheptulose-7-phosphate
Serine

Serine (extracellular)

Sulfite

Sulfate

Sulfate (extracellular)
Succinate

Succinyl Coenzyme A
Tetrahydrofolate
Threonine

Threonine (extracellular)

Thiosulfate

Thiosulfate (extracellular)
Tryptophan

Tryptophan (extracellular)
Tyrosine

Tyrosine (extracellular)
Uridine diphosphate
UDP-N-acetyl-D-glucosamine
Uridine monophosphate
Uridine triphosphate
Valine

Valine (extracellular)
Xylulose-5-phosphate
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C. Measured production rates

The measured and balanced production rates are shown in the two tables below. #: The + sign indicates if
a balance was used to calculate the true measurement rate vector (r), r,: measured production rate (mol.g"L.h-1)
calculated using Monte Carlo simulation as described in the text, V: variance (mol.g1.h-1) calculated using
Monte Carlo simulation as described in the text. r;: true measurement rate (mol.g"L.h"1) used to calculated

the unknown fluxes and production rates. he: statistical test value [38]. P: allowed 95% chi-square value [38].

EXPERIMENT 1

C balance # + - +

N balance # - + +

he 1.456 0.117 1.598

P 3.842 3.842 5.992

Compounds 'm A% T I I A%
CO2_ext 2.02E-03 8.78E-08 2.28E-03 2.02E-03 2.28E-03 4.26E-08
NH3_ext -4.50E-04 7.86E-10 -4.50E-04 -4.59E-04 -4.60E-04 7.84E-11
0O2_ext -2.20E-03 1.59E-07 -2.20E-03 -2.20E-03 -2.20E-03 1.59E-07
BIOMASS 2.95E-04 3.50E-11 2.96E-04 2.94E-04 2.95E-04 3.18E-11
GLC_ext -7.59E-04 2.26E-09 -7.19E-04 -7.59E-04 -7.19E-04 1.18E-09
H_ext 5.16E-04 1.54E-09 5.16E-04 5.16E-04 5.16E-04 1.54E-09
GLU_ext 4.86E-07 1.03E-14 4.86E-07 4.86E-07 4.86E-07 1.03E-14
GLN_ext 1.01E-07 4.54E-16 1.01E-07 1.01E-07 1.01E-07 4.54E-16
PRO_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
ASP_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
ASN_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
ARG_ext 2.11E-07 1.98E-15 2.11E-07 2.11E-07 2.11E-07 1.98E-15
THR_ext 1.07E-06 5.00E-14 1.07E-06 1.07E-06 1.07E-06 5.00E-14
LYS_ext 2.59E-06 2.98E-13 2.60E-06 2.58E-06 2.59E-06 2.98E-13
ILE_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
MET _ext 1.18E-07 6.06E-16 1.18E-07 1.18E-07 1.18E-07 6.06E-16
SER_ext 7.71E-08 2.59E-16 7.71E-08 7.71E-08 7.71E-08 2.59E-16
CYS_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
GLY _ext 1.90E-07 1.58E-15 1.90E-07 1.90E-07 1.90E-07 1.58E-15
VAL _ext 8.92E-08 3.55E-16 8.92E-08 8.92E-08 8.92E-08 3.55E-16
LEU_ext 1.12E-07 5.64E-16 1.12E-07 1.12E-07 1.12E-07 5.64E-16
ALA_ext 1.90E-07 1.57E-15 1.90E-07 1.90E-07 1.90E-07 1.57E-15
HIS_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
PHE_ext 5.30E-06 1.23E-12 5.33E-06 5.29E-06 5.32E-06 1.23E-12
TYR_ext 9.37E-07 3.92E-14 9.38E-07 9.37E-07 9.38E-07 3.92E-14
TRP_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
LAC_ext 4.81E-06 1.01E-12 4.82E-06 4.81E-06 4.82E-06 1.01E-12
ETH_ext 3.84E-05 2.02E-11 3.85E-05 3.84E-05 3.85E-05 2.02E-11
ACE_ext 4.81E-06 1.01E-12 4.82E-06 4.81E-06 4.82E-06 1.01E-12
PROT _ext 1.18E-05 6.25E-12 1.19E-05 1.17E-05 1.18E-05 6.17E-12
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EXPERIMENT 2

C balance # + - +

N balance # - + +

he 1.038 0.324 1.391

P 3.842 3.842 5.992

Compounds 'm \% I re re \%
CO2_ext 2.13E-03 1.02E-07 2.37E-03 2.13E-03 2.37E-03 4.67E-08
NH3_ext -4.56E-04 1.46E-09 -4.56E-04 -4.77E-04 -4.78E-04 1.13E-10
0O2_ext -2.45E-03 1.79E-07 -2.45E-03 -2.45E-03 -2.45E-03 1.79E-07
BIOMASS 2.94E-04 3.59E-11 2.95E-04 2.93E-04 2.94E-04 3.39E-11
GLC_ext -7.79E-04 2.34E-09 -7.46E-04 -7.79E-04 -7.46E-04 1.29E-09
H_ext 5.35E-04 1.81E-09 5.35E-04 5.35E-04 5.35E-04 1.81E-09
GLU_ext 5.66E-07 5.58E-14 5.67E-07 5.65E-07 5.66E-07 5.58E-14
GLN_ext 2.34E-07 4.15E-14 2.34E-07 2.33E-07 2.33E-07 4.15E-14
PRO_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
ASP_ext 1.54E-06 1.04E-13 1.54E-06 1.54E-06 1.54E-06 1.04E-13
ASN_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
ARG_ext 3.96E-07 6.42E-14 3.97E-07 3.92E-07 3.93E-07 6.42E-14
THR_ext 1.11E-06 5.27E-14 1.11E-06 1.11E-06 1.11E-06 5.27E-14
LYS_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
ILE_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
MET _ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
SER_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CYS_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
GLY _ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
VAL _ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
LEU_ext 2.61E-07 5.16E-14 2.62E-07 2.60E-07 2.61E-07 5.16E-14
ALA_ext 3.94E-07 6.28E-14 3.94E-07 3.93E-07 3.94E-07 6.28E-14
HIS_ext 1.63E-06 1.34E-12 1.65E-06 1.57E-06 1.59E-06 1.33E-12
PHE_ext 5.42E-06 1.30E-12 5.45E-06 5.40E-06 5.43E-06 1.30E-12
TYR_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
TRP_ext 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
LAC_ext 5.12E-06 1.14E-12 5.13E-06 5.12E-06 5.13E-06 1.14E-12
ETH_ext 5.62E-05 4.40E-11 5.64E-05 5.62E-05 5.64E-05 4.40E-11
ACE_ext 5.12E-06 1.14E-12 5.13E-06 5.12E-06 5.13E-06 1.14E-12
PROT _ext 1.87E-05 1.59E-11 1.89E-05 1.84E-05 1.86E-05 1.56E-11
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D. Fluxdistributions

The calculated fluxes (r.) and calculated production rates (mol.g'l.h-1) using the mass balances over
intracellular compounds and balanced measured rates (r;) using both the carbon and nitrogen balance are
shown in the table below. The calculated values of the underdetermined reactions (see Appendix 2.2 B),
isolated using singular value decomposition provide the minimum norm solution. SD: Standard deviation
of calculated fluxes and rates (mol.g"1.h-1).

EXPERIMENT 1 EXPERIMENT 2
RNo. / Flux re SD re SD
1 6.25E-04 7.89E-05 6.77E-04 8.36E-05
2 6.25E-04 7.89E-05 6.77E-04 8.36E-05
3 5.62E-04 7.89E-05 6.14E-04 8.36E-05
4 5.43E-04 7.89E-05 5.95E-04 8.36E-05
N 5.62E-04 7.89E-05 6.14E-04 8.36E-05
6 1.92E-04 4.98E-05 2.19E-04 5.29E-05
7 1.87E-04 7.08E-05 2.18E-04 7.50E-05
8 7.19E-04 3.44E-05 7.46E-04 3.59E-05
9 -1.67E-04 1.33E-04 -1.40E-04 1.40E-04
10 -4.55E-06 4.46E-05 2.18E-05 4.73E-05
11 -1.22E-05 4.46E-05 1.34E-05 4.73E-05
12 6.75E-04 5.66E-05 6.73E-04 5.97E-05
13 3.87E-04 1.64E-04 3.29E-04 1.74E-04
14 3.45E-04 2.51E-05 3.69E-04 2.66E-05
15 1.53E-04 2.43E-05 1.52E-04 2.56E-05
16 1.63E-04 1.59E-04 2.46E-04 1.69E-04
17 8.85E-04 1.56E-04 8.85E-04 1.64E-04
18 3.12E-04 2.54E-04 2.33E-04 2.68E-04
19 1.25E-04 8.46E-05 1.01E-04 8.95E-05
20 1.85E-04 1.69E-04 1.31E-04 1.79E-04
21 1.06E-04 8.46E-05 7.90E-05 8.95E-05
22 -7.94E-05 8.46E-05 -5.21E-05 8.95E-05
23 1.04E-04 8.46E-05 7.80E-05 8.95E-05
24 5.73E-04 1.18E-04 6.51E-04 1.25E-04
25 5.73E-04 1.18E-04 6.51E-04 1.25E-04
26 8.29E-04 7.89E-05 9.00E-04 8.36E-05
27 -4.82E-06 1.00E-06 -5.13E-06 1.07E-06
28 4.20E-06 2.45E-05 4.07E-07 2.59E-05
29 2.56E-04 4.65E-05 2.95E-04 4.95E-05
30 2.56E-04 4.65E-05 2.95E-04 4.95E-05
31 2.23E-04 4.64E-05 2.43E-04 4.93E-05
32 7.00E-04 5.09E-04 9.36E-04 5.39E-04
33 1.75E-04 1.09E-04 2.36E-04 1.15E-04
34 2.03E-05 3.92E-07 2.33E-05 5.43E-07
35 1.01E-05 2.01E-07 1.08E-05 2.44E-07
36 1.87E-04 3.97E-04 3.62E-04 4.21E-04
37 3.99E-04 3.78E-05 4.29E-04 3.98E-05
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EXPERIMENT 1 EXPERIMENT 2
RNo. / Flux T SD T SD
38 4.71E-04 4.13E-04 6.69E-04 4.38E-04
39 1.15E-05 2.30E-07 1.14E-05 2.57E-07
40 1.49E-05 2.96E-07 1.73E-05 4.57E-07
41 5.52E-05 1.18E-06 5.53E-05 1.24E-06
42 3.60E-05 7.30E-07 3.55E-05 8.10E-07
43 2.84E-05 5.90E-07 2.88E-05 6.66E-07
44 1.92E-05 6.33E-07 1.97E-05 4.39E-07
45 1.81E-05 6.24E-07 1.87E-05 4.22E-07
46 1.38E-05 2.76E-07 1.37E-05 3.10E-07
47 1.38E-05 2.76E-07 1.37E-05 3.10E-07
48 7.60E-06 1.51E-07 6.71E-06 1.52E-07
49 7.60E-06 1.51E-07 6.71E-06 1.52E-07
50 2.59E-06 5.17E-08 2.63E-06 5.93E-08
51 -5.17E-04 3.93E-05 -5.35E-04 4.27E-05
52 4.68E-04 2.28E-04 4.05E-04 2.41E-04
53 4.18E-04 4.51E-04 2.75E-04 4.77E-04
54 2.36E-04 1.11E-04 2.90E-04 1.18E-04
55 2.88E-04 1.11E-04 3.44E-04 1.18E-04
56 2.82E-05 5.42E-07 2.94E-05 8.18E-07
57 4.28E-05 8.51E-07 4.23E-05 9.75E-07
58 6.67E-05 1.32E-06 6.60E-05 1.48E-06
59 2.20E-05 4.38E-07 2.19E-05 5.37E-07
60 4.59E-05 9.07E-07 4.56E-05 1.03E-06
61 1.96E-05 3.72E-07 2.24E-05 1.22E-06
62 5.18E-06 1.03E-07 6.84E-06 1.16E-06
63 2.47E-05 1.18E-06 2.59E-05 1.22E-06
64 2.12E-05 1.16E-06 2.24E-05 1.20E-06
65 1.48E-05 1.12E-06 1.48E-05 1.16E-06
66 6.40E-06 2.26E-07 7.59E-06 1.71E-07
67 3.45E-06 6.90E-08 3.50E-06 7.90E-08
68 3.45E-06 6.90E-08 3.50E-06 7.90E-08
69 7.74E-07 1.48E-08 5.15E-07 1.02E-08
70 4.22E-04 3.81E-04 6.21E-04 4.04E-04
71 -2.26E-04 5.17E-05 -2.18E-04 5.51E-05
72 1.12E-03 3.33E-04 1.29E-03 3.53E-04
73 3.75E-04 7.15E-05 4.16E-04 7.59E-05
74 6.93E-05 5.04E-04 2.51E-04 5.34E-04
75 5.49E-06 1.05E-07 6.04E-06 1.20E-07
76 1.07E-05 2.03E-07 1.29E-05 1.17E-06
77 7.83E-06 1.51E-07 9.76E-06 1.16E-06
78 -8.56E-05 2.04E-04 6.31E-06 2.17E-04
79 1.53E-07 2.93E-09 3.13E-07 6.20E-09
80 2.84E-06 5.43E-08 3.12E-06 6.19E-08
81 1.05E-05 2.00E-07 1.25E-05 1.17E-06
82 1.63E-07 3.11E-09 3.32E-07 6.59E-09
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EXPERIMENT 1 EXPERIMENT 2
RNo. / Flux T SD T SD
83 5.45E-06 1.04E-07 6.00E-06 1.19E-07
84 6.22E-06 1.19E-07 6.52E-06 1.29E-07
85 -1.11E-04 1.09E-04 -1.67E-04 1.15E-04
86 1.11E-04 1.09E-04 1.67E-04 1.15E-04
87 1.19E-04 1.09E-04 1.75E-04 1.15E-04
88 1.14E-04 1.09E-04 1.70E-04 1.15E-04
89 1.04E-04 1.09E-04 1.60E-04 1.15E-04
90 1.11E-04 1.09E-04 1.68E-04 1.15E-04
91 1.53E-07 2.93E-09 3.13E-07 6.20E-09
92 7.38E-06 1.41E-07 7.43E-06 1.47E-07
93 1.18E-04 2.25E-06 1.18E-04 2.34E-06
94 1.77E-05 3.39E-07 1.75E-05 3.46E-07
95 1.55E-06 2.96E-08 1.03E-06 2.04E-08
96 1.67E-06 3.20E-08 1.08E-06 2.14E-08
97 1.55E-06 2.96E-08 1.03E-06 2.04E-08
98 5.08E-07 9.72E-09 6.39E-07 1.27E-08
99 6.41E-06 1.22E-07 7.05E-06 1.40E-07
100 1.87E-07 3.58E-09 1.77E-07 3.51E-09
101 4.20E-06 8.03E-08 4.71E-06 9.33E-08
102 1.67E-06 3.19E-08 1.75E-06 3.46E-08
103 7.70E-06 1.47E-07 8.45E-06 1.67E-07
104 6.55E-06 1.25E-07 7.19E-06 1.42E-07
105 5.83E-06 1.12E-07 6.40E-06 1.27E-07
106 4.69E-06 8.96E-08 5.14E-06 1.02E-07
107 1.15E-06 2.19E-08 1.26E-06 2.50E-08
108 4.44E-06 8.48E-08 3.68E-06 7.29E-08
109 7.55E-07 1.44E-08 7.62E-07 1.51E-08
110 7.74E-07 1.48E-08 5.15E-07 1.02E-08
111 4.22E-04 3.81E-04 6.21E-04 4.04E-04
112 4.22E-04 3.81E-04 6.21E-04 4.04E-04
113 0.00E+00 0.00E+00 0.00E+00 0.00E+00
114 -5.17E-04 3.93E-05 -5.34E-04 4.27E-05
115 0.00E+00 0.00E+00 0.00E+00 0.00E+00
116 -1.62E-05 3.06E-07 -1.89E-05 1.19E-06
117 -1.62E-05 3.06E-07 -1.89E-05 1.19E-06
118 1.53E-07 2.93E-09 3.13E-07 6.20E-09
119 7.60E-06 1.51E-07 6.71E-06 1.52E-07
120 -4.27E-06 9.79E-08 -3.47E-06 5.92E-07
121 3.85E-05 4.49E-06 5.64E-05 6.63E-06
122 3.93E-05 4.49E-06 5.69E-05 6.63E-06
123 2.38E-04 2.07E-04 3.37E-04 2.19E-04
124 6.31E-07 1.21E-08 1.29E-06 2.56E-08
125 1.03E-05 1.97E-07 1.07E-05 2.13E-07
126 2.88E-04 5.75E-06 2.92E-04 6.59E-06
127 6.55E-06 1.25E-07 7.19E-06 1.42E-07
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EXPERIMENT 1 EXPERIMENT 2
RNo. / Flux T SD T SD
128 2.95E-04 5.64E-06 2.94E-04 5.82E-06
129 7.19E-04 3.44E-05 7.46E-04 3.59E-05
130 2.28E-03 2.06E-04 2.37E-03 2.16E-04
131 8.26E-04 4.35E-04 1.01E-03 4.61E-04
132 -4.60E-04 8.86E-06 -4.78E-04 1.06E-05
133 2.20E-03 3.99E-04 2.45E-03 4.23E-04
134 1.98E-05 3.79E-07 2.08E-05 4.12E-07
135 4.68E-04 2.28E-04 4.05E-04 2.41E-04
136 -5.17E-04 3.93E-05 -5.35E-04 4.27E-05
137 4.08E-04 4.51E-04 2.66E-04 4.77E-04
138 -4.86E-07 1.01E-07 -5.66E-07 2.36E-07
139 -1.01E-07 2.13E-08 -2.33E-07 2.04E-07
140 0.00E+00 0.00E+00 0.00E+00 0.00E+00
141 0.00E+00 0.00E-+00 -1.54E-06 3.22E-07
142 0.00E+00 0.00E+00 0.00E+00 0.00E+00
143 -2.11E-07 4.45E-08 -3.93E-07 2.53E-07
144 -1.07E-06 2.24E-07 -1.11E-06 2.30E-07
145 -2.59E-06 5.46E-07 0.00E+00 0.00E+00
146 0.00E+00 0.00E+00 0.00E+00 0.00E+00
147 -1.18E-07 2.46E-08 0.00E+00 0.00E+00
148 -7.71E-08 1.61E-08 0.00E+00 0.00E+00
149 0.00E+00 0.00E+00 0.00E+00 0.00E+00
150 -1.90E-07 3.97E-08 0.00E+00 0.00E+00
151 -8.92E-08 1.88E-08 0.00E+00 0.00E+00
152 -1.12E-07 2.37E-08 -2.61E-07 2.27E-07
153 -1.90E-07 3.96E-08 -3.94E-07 2.51E-07
154 0.00E+00 0.00E+00 -1.59E-06 1.15E-06
155 -5.32E-06 1.11E-06 -5.43E-06 1.14E-06
156 -9.38E-07 1.98E-07 0.00E+00 0.00E+00
157 0.00E+00 0.00E+00 0.00E+00 0.00E+00
158 -4.82E-06 1.00E-06 -5.13E-06 1.07E-06
159 3.85E-05 4.49E-06 5.64E-05 6.63E-06
160 4.82E-06 1.00E-06 5.13E-06 1.07E-06
161 1.18E-05 2.48E-06 1.86E-05 3.95E-06
H20 2.86E-03 2.28E-04 3.03E-03 2.42E-04
Pi_ext -1.98E-05 3.79E-07 -2.08E-05 4.12E-07
THS_ext  -4.68E-04 2.28E-04 -4.05E-04 2.41E-04
SO4_ext 5.17E-04 3.93E-05 5.35E-04 4.27E-05
HS-_ext 4.08E-04 4.51E-04 2.66E-04 4.77E-04
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ABSTRACT

Neisseria meningitidis is a human pathogen that can infect diverse sites within the
human host. The major diseases caused by N. meningitidis are responsible for death
and disability, especially in young infants. At the Netherlands Vaccine Institute (NVI)
a vaccine against serogroup B organisms is currently being developed. This study
describes the influence of the growth rate of N. meningitidis on its macro-molecular
composition and its metabolic activity and was determined in chemostat cultures. In
the applied range of growth rates, no significant changes in RNA content and protein
content with growth rate were observed in N. meningitidis. The DNA content in
N. meningitidis was somewhat higher at the highest applied growth rate. The phos-
pholipid and lipopolysaccharide content in N. meningitidis changed with growth rate
but no specific trends were observed. The cellular fatty acid composition and the
amino acid composition did not change significantly with growth rate. Additionally,
it was found that the PorA content in outer membrane vesicles was significantly lower
at the highest growth rate. The metabolic fluxes at various growth rates were calcu-
lated using Flux Balance Analysis. Errors in fluxes were calculated using Monte Carlo
Simulation and the reliability of the calculated flux distribution could be indicated,
which has not been reported for this type of analysis. The yield of biomass on substrate
(Y,/) and the maintenance coefficient (m,) were determined as 0.44 (= 0.04) g.g-! and
0.04 (= 0.02) g.g'1.h-1, respectively. The growth associated energy requirement (Y, p)
and the non-growth associated ATP requirement for maintenance (mypp) were estimated
as 0.13 (x 0.04) mol.mol-! and 0.43 (+ 0.14) mol.mol-L.h-1, respectively. It was found
that the split ratio between the Entner-Doudoroff and the pentose phosphate pathway,
the sole glucose utilizing pathways in N. meningitidis, had a minor effect on ATP
formation rate but a major effect on the fluxes going through for instance the citric-
acid cycle. For this reason, we presented flux ranges for underdetermined parts of
metabolic network rather than presenting single flux values, which is more

commonly done in literature.
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INTRODUCTION

The species Neisseria meningitidis is only found in humans and colonizes mucosal
surfaces of the nasopharynx (nose and throat) as a harmless commensal organism
and, as such, is carried by five to ten percent of the adult population [1, 2]. Some
strains are able to cross the mucosa into the bloodstream from where they can cause
the diseases meningitis or septicaemia. These diseases are responsible for death and
disability especially in young infants. Several genetic loci have been associated with
disease [3, 4], but for most strains the mechanism of virulence is not well defined.
There are different pathogenic N. meningitidis isolates of which five serogroups (A, B,
C, Y, and W1335) are responsible for most of the disease. Serogroup B and C organisms
cause the majority of infections in Europe and America, whereas strains of group A
and C dominate in Africa and Asia[5]. Effective polysaccharide and conjugate vaccines
have been developed against serogroups A, C, Y and W135 strains. However, effective
global prevention of meningococcal disease will not be achievable without the
development of a vaccine against serogroup B meningitis, which causes about 50% of
meningococcal disease cases worldwide [6]. Since the polysaccharide of the serogroup
B meningococcus is poorly immunogenic [7], alternative vaccine approaches are needed
for this bacterium. Current vaccine development against serogroup B organisms has
mainly focussed on subcapsular protein antigens that are contained in outer membrane
vesicles (OMVs) [6]. The outer membrane protein PorA has been identified as a major
inducer of, and target for serum bactericidal antibodies and is expressed by almost all
meningococci, which pinpoints PorA as a promising vaccine candidate [8]. However,
PorA appears heterogeneous, requiring the development of a multivalent vaccine in
which various PorA subtypes are present in order to induce sufficient protection. At
the Netherlands Vaccine Institute (NVI) a vaccine against serogroup B organisms,
including different PorA subtypes contained in OMVs is currently being developed.
The process development focuses on cultivation of the organism, extraction of OMVs

and subsequent purification of the porA containing OMVs [9].
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The specific growth rate of bacteria is an important parameter in biotechnological
processes, since it determines the macromolecular composition of the bacterial cell
and its metabolic activity [10-13]. Knowledge about metabolism is essential for the
development of an efficient cultivation process. Notably, product quality and quantity

are primarily determined in the cultivation process.

Metabolism can be studied using metabolic network models, which contain all relevant
metabolic reactions. The best approach would be to model the dynamic behaviour of
the individual metabolic reactions using rate equations [14, 15]. However, this requires
many kinetic parameters that are difficult to measure. As an alternative cell metabolism
can be studied in steady state using the reaction stoichiometry in combination with
mass balancing of the fluxes [11, 16-20]. An advantage of steady state stoichiometric
modeling is that it is based on well-known stoichiometric coefficients and that it does
not require determination of parameters like kinetic constants. However, stoichiometric
metabolic models are usually underdetermined. Therefore additional experimental
data or assumptions are required to calculate all metabolic fluxes in the network. The
metabolic capabilities of the constructed network may be calculated using constraint-
based computer simulation methods like metabolic flux analysis (MFA), flux balance

analysis (FBA), elementary flux modes [21] or extreme pathways [22].

Genome-scale metabolic network models of micro-organisms such as Haemophilus
influenzae (23], Escherichia coli [24-26], Helicobacter pylori [27], Saccharomyces
cerevisiae [28, 29], Lactococcus lactis [11], Lactobacillus plantarum [10, 30],
Staphylococcus aureus [31, 32], Streptomyces coelicolor [33], Methanosarcina
barkeri [34] and recently Mannheimia succiniciproducens [35], Mycobacterium tuber-
culosis [36] and Neisseria meningitidis [37], have proven to be very useful to study

metabolism in a systemic manner.

MFA has been used to analyze the metabolism of many organisms and is based on
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metabolite balancing. MFA combined with 13C-labelled metabolic flux analysis to
analyze the labeling distribution of intracellular metabolites provides additional
constraints and can yield a determined model system for which a unique solution can
be calculated. Solid estimates of the intracellular flux distribution have been obtained
using this method [38]. FBA is also based on metabolite balancing but lacks information
related to the label distribution of intracellular metabolites and instead uses linear
optimization (i.e. linear programming, LP) to find a single, unique, optimal value for
a particular objective function. As a result the original solution space of the under-
determined parts of the model system is reduced to a single solution. Notably, this single
solution is not necessarily unique and there can be more than one flux distribution
that reaches the optimal value of the objective function. Some examples of objective
functions described in literature are maximize biomass formation, maximize ATP
production, minimize glucose uptake and minimize the production of NADH,
NADPH [11, 25, 39]. Both MFA and FBA limit the range of individual flux values
based on available biochemical and thermodynamic literature of the enzymatic reactions
(e.g. directional constraints). Successful prediction of growth rate and metabolite
secretion rate has been done using the FBA approach combined with maximization of
biomass formation as an objective function [40-43]. Nevertheless, the calculated
intracellular flux distribution in these cases may not represent the true values.
13C-constrained metabolic flux analysis allows a more accurate determination of
intracellular fluxes, but is in general restricted to smaller metabolic networks. This
restriction to smaller metabolic networks is determined by the amount of measurable
(intracellular) metabolites and the requirement of a more complicated mathematical
formulation. Recently, a strategy for employing partial 13C-labeling information as
additional constraint in FBA was presented by Choi and co-workers [44] and allowed
a more accurate estimation of intracellular metabolic fluxes, as demonstrated in both
the small-scale and the genome-scale Escherichia coli metabolic network. In addition,
an extensive comparison of FBA-based in silico flux predictions, using different

objective/constraint combinations, with i vivo fluxes from 13C-experiments demon-
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strated that prediction of flux distributions is, within limits, possible. The essential
element in this case is to identify the most relevant objective for a specific condition,
since no single objective predicted the experimental data for wild-type E. coli under

all conditions [39].

The aim of this study was to further characterize the metabolism of N. meningitidis
by determining the influence of the specific growth rate on its macromolecular

composition and the distribution of metabolic fluxes.

In the present study, the metabolic fluxes at various growth rates were calculated
using FBA with maximization of ATP yield as objective function. Errors in fluxes were
calculated using Monte Carlo simulation (MCS). The advantage of this approach is
that the reliability of the calculated flux distribution can be indicated for the determined
parts of the metabolic network. To our knowledge this has not been done before. This
combined procedure led to the calculation of the energy parameters of N. meningitidis
grown aerobically on minimal medium. Furthermore, analysis of the ratio between the
Entner-Doudoroff pathway and the pentose phosphate pathway provided more

insight in the influence of this ratio on the estimation of the energy parameters.
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MATERIALS AND METHODS

Strain, media & chemostat cultures

All experiments were conducted using N. meningitidis strain HB-1, a non-encapsulated,
non-piliated variant of the group B isolate H44/76 [45]. Stock cultures of strain HB-1
were stored at =135 °C and when required a 500 mL shake flask, containing 150 mL
medium was inoculated with 10 mL stock culture that contained 0.5 g/L biomass.
After approximately 8 hours of incubation at 35 °C with shaking at 200 rpm in an
aerobic humid atmosphere, the culture was used to inoculate the bioreactor. Bacteria
were grown on minimal chemically defined medium consisting of glucose, NH,CI,
NaCl, MgSO,, K,HPO,, KH,PO,, FeCl;, Na,S,0; and trace elements [37] in a
3-L autoclavable ADI bioreactor (Applikon, Schiedam, The Netherlands), operated in
chemostat mode, with a working volume of 1.4 L. The maximum growth rate on the
minimal medium is 0.17 = 0.01 /h and was calculated using ODso, measurements
from the batch phases of the chemostat cultures and three additional batch cultivations.
Temperature, pH, dissolved oxygen (DO) concentration and stirrer speed were

controlled at 37 °C, 7.0, 30% and 500-600 rpm respectively.

The sensors were connected to ADI control systems (Applikon, Schiedam, the
Netherlands), which in turn were connected to a UNIX computer with BCSV
(Compec, Belgium). BCSV-software carried out all the control-loops (dissolved oxy-
gen, temperature, pH, stirrer rate and gas flow rate) and logged all data. The total gas
flow rate was kept constant at 1.0 L.min-!. The oxygen concentration was controlled
by changing the oxygen fraction in the gas flow using headspace aeration only. The
growth rate was controlled at 0.041, 0.082 or 0.161 h-! and all chemostat cultures
were done in duplicate. After at least four residence times physiological steady state
was assumed based on online measurements (constant DO signal, O, and CO,-
concentration in the off gas) and offline measurements (constant optical density, zero

glucose concentration). In steady state, a small sample was taken for extraction of
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OMVs, and a large 1.0 L sample was taken, which was divided into portions and

processed as described before [37].

Extraction of OMVs

The OMYV extractions were carried out in duplicate starting from a single culture sample
that was divided into portions. OMVs were extracted from the live bacteria with
0.5% sodium deoxycholate and 10 mM EDTA in 0.1 M Tris-HCI at pH 8.6 [46]
during 30 minutes at room temperature. Bacterial debris was removed by centrifugation
(1h, 20000g, 4 °C). OMVs were separated from the extraction buffer using ultra-
centrifugation (2 h, 125000 g, 4 °C). To remove as much extraction buffer as possible,
the UC-tubes were turned upside-down and placed on a tissue. Next, a buffer containing
3% sucrose, 0.002% NaNj; in 0.01 mM Tris (pH 7.4) was added and the solution was
homogenized by pipetting up and down. It is worth noting that NaN; was added to
the buffer to prevent contamination. Prior to further analysis, the OMV samples were
stored at 4 °C for one month. Under these storage conditions OMVs are stable for at

least one year [47]. All chemicals were from Merck (Merck, Darmstadt, Germany).

Analytical Procedures

Dry biomass concentration was determined in fourfold for each steady state sample
by centrifugation (8000 g) of 50-200 mL of culture broth in preweighed tubes followed
by drying (24 h, 80 °C). Before weighing, the tubes were cooled in a dessiccator for
at least 1 h and dry cell weight was corrected for salts present in the medium. The O,
and CO, concentrations in the exhaust gas from the chemostat cultures were measured
with a mass spectrometer (Prima White Box 600, Thermo Electron, Winsford, United
Kingdom). The volumetric oxygen transfer coefficient, k;a, in the bioreactors was
determined accurately at 37 °C using a steady state set-up similar to the set-up described
by Dorresteijn and co-workers [48]. Glucose, lactate, acetate, ethanol and other possible
metabolites present in the culture supernatant [49] were determined by TH-NMR and

ammonium was determined with an enzymatic kit (Boehringer, Mannheim, Germany)
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as described before [37]. The molecular and macromolecular composition of biomass
was determined in detail as described before [37]. Briefly, the amino acid composition
of biomass protein was determined after hydrolysis (6 M HCI, 24 h, 110 °C) and sub-
sequent amino acid analysis using an HPLC method as described before [50]. Free
amino acids in the culture supernatant were determined using the same method. The
amount of total fatty acids and the fatty acid composition was analyzed using a modified
gaschromatography method [51]. First, fatty acids were liberated from cellular lipid
using a saponification reagent (1.2 ml of 3.75 M NaOH in 50/50 v/v methanol/water)
and incubation at 100 °C for 30 min. Second, the liberated fatty acids were methylated
using a reagent (3.25 M HCI in methanol). After incubation (80 °C for 20 min.)
samples were cooled down to room temperature and the fatty acid methyl esters were
extracted by adding 1.5 ml hexane reagent (50/50 v/v hexane/methyl tertiary butyl
ether) during mixing (15 min.). The aqueous layer was removed and the organic phase
was washed by adding 3.0 ml of washing agent (0.3 M NaOH). Finally, the organic
phase was finally transferred to a GC-vial and analyzed using a 6890 Agilent gas-
chromatograph [52]. Fatty acid methylesters were identified by their retention times
in comparison to those of a commercial standard (Microbial, Newark, DE, USA).
Quantification of hydroxy-fatty acids has been done using C12:0-20H as an internal
standard whereas non-hydroxy-fatty acids have been quantified using C15:0 as an
internal standard. The LPS content in biomass was quantified on the basis of
3-hydroxydodecanoic acid (C12:0-30H) using the above described GC method. The
measured molar ratio of the lipid A fatty acids: dodecanoic acid (C12:0), 3-hydroxy-
dodecanoic acid (C12:0-30H) and 3-hydroxytetradecanoic acid (C14:0-30H) ranged
from 2:2:1 to 3:3:1. However, structural analysis by mass spectroscopy of lipid A
(results not shown) revealed that monophosphorylated hexa-acylated lipid A was
present in N. meningitidis grown at all dilution rates which means that the molar ratio
of the lipid A fatty acids C12:0, C12:0-30H and C14:0-30H was constant 1:1:1.
Therefore, the measured amount of C14:0-30H was neglected in all experiments

and instead the C14:0-30H quantity was based on the corresponding measured
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C12:0-30H quantity. Therefore, the LPS quantity possesses some uncertainty and
may need to be readjusted. We found no particular reason for the apparently too low
measured C14:0-30H quantity using the GC method. As mentioned above, the struc-
ture of the lipid A part of LPS was measured. This was done as follows: LPS was iso-
lated from biomass by hot phenol extraction [53] and the lipid A fraction was obtained
after acid hydrolysis in 2% acetic acid followed by chloroform/methanol extraction
[54]. Lipid A was analyzed by multiple-step nano-electrospray ionization mass spec-
trometry (nano-ESI) using an ion trap mass spectrometer (Finnigan Mat LCQ,
Bremen, Germany) set in negative ion mode. The used overall phospholipid composi-
tion was based on the information provided by Rahman and co-workers [55], including
11% phosphatidate, 71% phosphatidylethanol-amine and 18% phosphatidylglycerol.
The biomass RNA content was determined as described before [56] and the biomass
DNA content was determined colorimetrically as described before [57]. The DNA
composition was derived from the complete nucleotide composition in the genome
sequence. For RNA the Uridine content was based on the Thymine content in the
genome sequence [32]. Biomass biosynthesis was set as a linear combination of the
macromolecules: protein, DNA, RNA, lipid, peptidoglycan and LPS which were

considered to account for the overall biomass composition.

The protein content of the OMVs was measured according to Peterson [58]. Briefly,
samples were diluted to a total volume of 500 mL with MilliQ water and 50 mL of
0.15% sodiumdesoxycholate (DOC) was added. After mixing, the samples were allowed
to stand for 10 min at room temperature. Next, 50 ml of 72% TCA, was added and
after mixing, the samples were centrifuged (15 min, 3000 g). After centrifugation, the
supernatant was discarded by decanting immediately and turning the tube upside
down over absorbent paper in a rack. The protein pellets were resuspended in 500 ml
MilliQ and 500 ml reagent A was added. Reagent A was prepared by mixing equal
amounts of copper carbonate tartrate solution (0.1% copper sulphate, 0.2% sodium

potassium tartrate and 10% sodium carbonate in MilliQ water), NaOH solution
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(0.8 M), 10% sodiumdodecylsulfate (SDS) and MilliQ water. After mixing, the
samples were incubated (10 min, room temperature) and 250 mL Reagent B (16.6%
Folin Ciocaltue’s phenol reagent in MilliQ water) was added and the samples were
mixed. After incubation (30 min, room temperature) the absorbance was read at
750 nm and protein concentration was calculated. Bovin serum albumin was used as
a standard. The relative PorA content was measured by SDS gel electrophoresis (SDS-
PAGE) under denaturing conditions [59]. Prior to electrophoresis, the samples were
prepared in 0.0625 M Tris-HCI, pH 6.8, containing SDS (2%), glycerol (10%), brom-
ophenol blue (0.001%), 2-mercaptoethanol (5%) and OMV protein (0.5-1.0 mg/ml).
These samples were incubated for 5 min at 100 °C. After cooling to room temperature,
20 mL of sample were applied per slot on the gel (Biorad, Hercules, CA, USA).
Electrophoresis was carried out at room temperature using a constant current of
100 mA and 100 V. The electrophoresis was stopped when the tracking dye
(Bromophenol blue) reached the bottom of the gel. One slot per gel was used for
prestained low range SDS-PAGE markers (Biorad, USA). After running and staining
with Coomassie brilliant blue, the gels were scanned using an Agfa Fotolook 3.5 scanner
and analyzed with Phoretix 1D Quantifier software (version 5.10, Biozym, Landgraaf,
The Netherlands) for determination of the relative PorA content. The relative standard

deviation of this analytical method was validated to be 5%.

Modeling Aspects

Methods for solving a metabolic network or set of linear equations are discussed
extensively elsewhere [20, 25, 37, 60-62]. Briefly, first the genome-scale metabolic net-
work was simplified as described before [37]. To reduce the number of parallel
pathways, the reactions Phosphoenolpyruvate synthase, Acetate-CoA ligase and
L-aspartate oxidase were removed in addition to the previously described simplifica-
tions [37]. Furthermore, the formate-tetrahydrofolate ligase reaction was removed
(dead-end) and the hydrogen peroxide oxidoreductase (catalase) reaction was removed

based on micro array data (unpublished results). These reactions are listed as ## in the
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additional datafile. The simplified metabolic network used for FBA included 158 reactions
(123 intracellular reactions, 35 transport fluxes) and 131 intracellular metabolites
(Appendix 3 A). Biomass biosynthesis was set as a linear combination of the macro-
molecules: protein, DNA, RNA, lipid, peptidoglycan and LPS, which were
considered to account for the overall biomass composition. The energy requirements
for biomass formation and maintenance were estimated as explained in the results and
discussion section. The matrix containing the mass balances over the intracellular
compounds was checked for network sensitivity problems by performing singular
value decomposition. In this way the combinations of fluxes and unknown exchange
rates that can not be uniquely identified (i.e. calculated from the measurements) were
isolated. Next, the redundancy matrix, R, for the measured rates, r,, , was calculated
[63]. It was necessary to calculate the redundancy matrix for each dataset, because the
biomass composition was slightly different for each set. The specific measured rates
and the corresponding variances were calculated using mass balances and Monte
Carlo simulation (MCS) as described before [37]. Then it was checked using the
chi-square test variable whether the residuals obtained after multiplication of the
redundancy matrix and the measured rates could be explained on the basis of measure-
ment variances. After verification that this was the case and no gross errors were
present, the measured rates were balanced (i.e. adjusted until all residuals were zero).
The resulting balanced true rate vector, r,, was used for FBA. The most important
constraint in steady state metabolic modeling is that the mass balance for each meta-

bolite must be closed and no accumulation of metabolites is allowed. Mathematically:
A-x=b (3.1)
Where A is the stoichiometric matrix including exchange reactions, x is the flux vector
that contains the unknown fluxes and the unknown exchange rates, and b is the

vector that contains the known (measured) exchange rates. If the system given in

equation 3.1 is partly determined and redundant and partly underdetermined, which
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is the case in the present study, the solution given with the pseudo inverse yields a uni-
que least squares solution for the determined part while the minimum norm solution
[37, 64] is calculated for the underdetermined fluxes. The minimum norm solution is
only one of the infinite possible solutions. To determine which elements of x are
calculable and have a unique solution and, which elements of x are not calculable and
have an infinite amount of solutions the nullspace can be calculated. The nullspace is

defined as the set of linear independent vectors that fulfil the equation:

A-x,=0 (3.2)

In other words, the null space vectors contain combinations of reactions of which the

sum is always zero. Thus, the complete solution of equation 3.1 is:

x = A*- b + null space(A) - A (3.3)

Where A# is the pseudo inverse of A and 4 is a vector with as many elements as there
are columns in the nullspace of A. For all possible values of A the solution remains
valid. Parallel pathways in the metabolic model typically yield null space vectors. The
nullspace of the simplified metabolic model contains 7 columns (Additional datafile).
To reduce the solution space of the underdetermined parts to a single solution, a linear
objective function can be defined and the fluxes and unknown exchange reaction rates
can be calculated by linear programming (LP). The objective function maximization of
ATP yield, next to the objective function maximize biomass yield, were found to result

in biologically meaningful predictions in nutrient limited continuous cultures [39]:

Z = 1, rp—> maximize (3.4)

In combination with LP, lower (o) and upper boundaries (B) for fluxes, x, can be set

on the basis of available biochemical and thermodynamic literature for the enzymatic
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reactions (specification of reaction irreversibility):

asx=p (3.5)

In the present study, LP was combined with MCS using the measured rate vectors and
their corresponding variances as input for optimization with maximization of ATP
hydrolysis (reaction 67 of the model, equation 3.4) as an objective function. Since
ATP is an intermediate metabolite that cannot accumulate, maximization of the
hydrolysis reaction automatically means that in the rest of the network ATP production
is maximized. The Monte Carlo approach was used in order to estimate the errors in
the determined parts of the metabolic model. The common FBA approach yields a
single solution and lacks error estimates. The complete MCS-LP procedure is as
follows: First, for each measured rate a random value was randomly computed within
its allowed standard deviation interval. Second, the redundancy relations, in this case
a carbon and nitrogen balance, were checked and when closing the rates were balanced.
When the mass balance did not close, the rate vector was discarded and a new random
rate vector was computed (back to the first step). Third, the resulting calculated true
rates were used as input for the linear optimization. For every dataset this procedure
was repeated 10000 times and the resulting flux distributions were stored in a tempo-
rary matrix. After completion of the simulations, a total of about 3830 optimized flux
distributions were present in the temporary matrix for each data set, which were used
to calculate the average optimized flux values and their corresponding variances. This
procedure was done for all six separate data sets. In the simulations, the true production
rates of excreted metabolites that were smaller than 0.1% of the total glucose
consumption rate on C-molar basis (Cmol.g-1.h-1) were neglected in order to reduce
calculation time. The stoichiometric matrices were constructed from the set of reactions
using a self-made computer program running in Visual Basic (Microsoft, Seattle, WA,
USA). MCS, FBA and weighted least squares linear regressions were done in self-made

computer programs running in Matlab (version 6.5 r13; Mathworks, Natick, MA, USA).
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RESULTS AND DISCUSSION

Growth rate dependent biomass composition

The macromolecular biomass composition was determined on three duplicate aerobic
glucose-limited chemostat cultures grown at dilution rates of 0.041, 0.082 and
0.161 h-1 and is shown in Table 3.1. Although observations in other micro-organisms
showed that the RNA content increases with growth rate and the protein content
decreases with growth rate [13, 65, 66], no significant changes in RNA content and
protein content with growth rate were observed in N. meningitidis. The DNA content
in N. meningitidis was constant between growth rates of 0.041 and 0.082 h-! and
somewhat higher at a growth rate of 0.161 h-l. The DNA content decreases with
growth rate in Escherichia coli [13] and Paracoccus denitrificans [65], while in
Saccharomyces cerevisiae the DNA content remains constant with growth rate [66].
For the Phospholipid and LPS content in N. meningitidis no growth rate specific
(i.e. linear) trends were observed. However, both the phospholipid and the LPS
content decreased with growth rate. In contrast, in Neisseria gonorrhoeae an increasing
hexose content, which is proportional to the LPS content, with growth rate was obser-
ved [67]. The latter study also showed that LPS from Neisseria gonorrboeae grown at
dilution rates above 0.3 h-1 contained ca. eightfold less serotype antigen than the LPS
from cells grown at dilution rates below 0.3 h-l and the observed shift
coincided with acetate excretion above 0.3 h-l. The cellular amino acid composition
of N. meningitidis did not change significantly with growth rate (Table 3.2). Similar
results were found in carbon-limited E. coli cultures [12]. In the latter study, it was
also observed that the fatty acid composition of E. coli was strongly dependent on
growth rate while we observed no significant differences in fatty acid composition at

different growth rates in N. meningitidis (Table 3.3).

Error diagnosis, balancing and FBA

Next to the determination of the biomass composition, the culture supernatant was
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Table 3.1 Measured macromolecular composition (% w/w) of N. meningitidis at different
specific growth rates, u, including the standard deviation.

Macromolecule w (h1)
0.041 0.082 0.161

Protein 71.55 + 8.54 70.30 = 8.35 64.48 = 8.36
RNA 8.53=2.13 8.5+2.14 12.83 =3.21
DNA 0.75 +0.11 0.65+0.10 2.21=+0.33
Phospholipids! 11.30 = 0.20 771014  9.62+0.17
LPS? 5.84+0.29 3.85+042 494 +0.28
Peptidoglycan3 2.50 = 0.25 2.50+0.25  2.50+0.25
Total 100.47 = 8.82  93.55 = 8.64 96.57 + 8.97

1 The overall phospholipid composition used in the present study was assumed to be independent of growth rate and based
on the values provided by Rahman and co-workers [55], including 11 % phospatidate (PA), 71 % phosphatidylethanol-
amine (PE) and 18% phosphatidylglycerol (PG).

2 LPS was quantified based on the measured amount of C12:0-30H and posseses uncertainty as explained in the results
and discussion.

3 Peptidoglycan amount in N. meningitidis was estimated based on E. coli [68] and the composition was based on the
average of the peptidoglycan structures present in N. meningitidis [69]. For modeling purposes a relative mean standard
deviation of 10% was assumed.

analyzed for excreted metabolites and the gas phase was analyzed for carbon dioxide
production and oxygen consumption. These primary measurements were translated to
measured conversion rates using mass balances. Next, all measurement errors were
translated to errors (i.e. variances) in measured conversion rates using MCS as described
before [37]. The redundancy matrix expressing the redundancy relations between the
measured rates was calculated for each individual dataset and contained 2 independent
equations. Inspection of these equations indicated a carbon, and a nitrogen balance.
The residuals obtained after multiplication of the redundancy matrix with the measured
rates could be explained on the basis of random measurement variances with test values
that were lower than the 95% chi-square critical value of 5.992. In addition, the indi-
vidual carbon and nitrogen balance could be closed for all datasets. Next, the measured
rates were balanced and balanced true rate vector, r,, was calculated. As explained in

the materials and methods section, a solution for the underdetermined parts of the
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Table 3.2 Measured amino acid composition (% w/w) of N. meningitidis at different specific
growth rates, u, including the standard deviation (% w/w).

Amino acid w (h-1)
0.041 0.082 0.161

Aspartate 545024 5.67=0.16 5.81+£0.26
Glutamate 8.40 = 0.60  8.84 =£0.20 8.30 = 1.48
Serine 3.67+0.17  3.77 =0.08 4.03 = 0.19
Histidine 2.10=0.11  2.17 = 0.07 2.15+0.13
Glycine 5.50+0.26 5.57=0.12 5.59 £0.28
Threonine 449 £0.22  4.60 =0.12 4.53 =£0.20
Alanine 10.41 = 0.44  9.68 = 0.37 8.83 +0.43
Arginine 7.65+0.56  6.99 =0.20 7.95 = 0.32
Tyrosine 3.22+0.53  2.80=0.13 3.61+0.18
Valine 6.65+0.31 6.76 =0.19 6.75 = 0.28
Methionine 2.85=0.18 221 +0.12 2.08 = 0.31
Phenylalanine 420=0.15 4.36 =0.08 4.54 = 0.15
Isoleucine 493019 5.02+0.13 5.12£0.20
Leucine 7.84+0.31 8.14 =0.16 8.29 = 0.30
Lysine 6.95+1.14  7.07 =1.39 7.03 = 1.03
Proline 3.32+0.29 348 =0.16 3.71 £ 0.29
Asparagine 418022 434+0.13 4.45+0.23
Trypthophan 1.87047 1.90=0.21 1.99 = 0.49
Cysteine 0.96 £0.29  0.99 =0.12 0.97 = 0.30
Glutamine 5.36 £0.45  5.64=0.16 4.89 = 0.39
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Table 3.3 Measured cellular fatty acid composition (FA) of N. meningitidis at different specific
growth rates, u, including the standard deviation.

FA (% wiw) w (h1)

0.041 0.082 0.161
dodecanoic acid (C12:0) 619064  6.55+0.48  6.80«0.48
3-hydroxydodecanoic acid (C12:0-30H) 7.66 +0.57  7.39x0.88  7.54=0.59

3-hydroxytetradecanoic acid (C14:0-30H)"  8.65 = 1.98 8.35 +1.20 8.52 +1.25

tetradecanoic acid (C14:0) 2.82 = 0.36 2.99 = 0.20 3.13 +0.26
hexadecenoic acid (C16:1 trans-9) 2433 £2.02 2433 +1.83 22.30=+1.82
hexadecenoic acid (C16:1 w-7-cis) 0.52 = 0.07 0.55 = 0.04 0.56 = 0.05
hexadecanoic acid (C16:0) 37.96 +2.89  37.48 +2.93 38.45+2.77
octadecenoic acid (C18:1 w-7-cis) 10.71 = 0.73  11.32 +1.01 11.60 = 1.18
octadecanoic acid (C18:0) 1.17 = 0.15 1.04 = 0.07 1.11 = 0.10

* The C14:0-30H quantity was calculated from the corresponding measured C12:0-30H quantity as explained in the
results and discussion section.

metabolic network was calculated using MCS-LP with maximize ATP as objective
function. As mentioned in the introduction section, several objective functions can be
chosen (e.g. minimization of glucose uptake, maximize ATP production). Recently,
Schuetz and co-workers [39] showed that the objective function maximization of ATP
yield, next to the objective function maximize biomass yield, were found to result in
biologically meaningful predictions in nutrient limited continuous cultures. Since we
measured both the glucose uptake rate and the biomass production rate we chose
maximization of ATP yield as objective function. Since ATP plays a role in the under-
determined parts, this objective function constrains all underdetermancies which
results in a unique solution for each dataset. The resulting flux distributions are
provided in the additional datafile (worksheet flux distributions) and discussed in more

detail below.
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Growth yield and Energy requirements

According to the maintenance model of Pirt [70], the specific rates of substrate uptake
and product formation, g;, can be expressed as linear functions of the specific growth
rate, u , by ascribing the consumption of a substrate to a growth- and non-growth
associated process:

g="sm (3.6)

J
Yi j

Where Y;;is the yield coefficient not including any maintenance associated processes
and m; the maintenance coefficient. Notably, the above equation is an algebraic modi-
fication of the original Pirt equation by Tempest and Neijssel [71]. The yield of biomass
on substrate (Y,,) and the maintenance coefficient (mg) were determined according
to equation 6 as 0.44 (x 0.04) ghiomass-Bglucose and 0.04 (£ 0.02) gjucose-Bbiomass '-h s
respectively, using weighted least squares linear regression of the balanced specific
glucose consumption rates and their corresponding variances at the different growth
rates as input (Figure 3.1). The calculated Y, value is in range with values reported
for aerobic glucose-limited grown E. coli, which range from 0.44 - 0.56 ghiomass-8glucose s

while the calculated m, value is about twice as high compared to E. coli [17, 70].

For calculation of the percentage of glucose carbon flow towards biomass, carbon
dioxide and excreted metabolites the true rates were expressed on a molar basis of
carbon atoms (Figure 3.2). This analysis showed a decreasing flux of glucose carbon
towards carbon dioxide and an increasing flux towards biomass, suggesting a more
energy-efficient utilization of carbon substrate for biomass formation with increasing
growth rate. In other words, the maintenance term in equation 3.6 becomes less

important when the growth rate increases.

In order to estimate the growth- (Y urp) and non-growth (murp) associated energy

requirement for biomass formation, the ATP requirement in the biomass biosynthesis
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Figure 3.1 Estimation of Y, and m,. The yield and maintenance were determined from six
separate (0) aerobic glucose-limited chemostat cultures of N. meningitidis using weighted least
squares linear regression (solid line). Error bars represent the standard deviation between duplicate
balanced glucose consumption rates.

reaction (i.e. growth associated energy requirement, reaction 123 in the model) was
set to zero, while the energy requirement for DNA, RNA and protein assembly were
assumed to be 1.372, 0.4 and 4.306 mol ATP/mol macromolecule, respectively [72].
For the P/O ratio, describing the efficiency of the oxidative phosphorylation,
a constant value was assumed. This was done since the P/O ratio, Y arp and myrp
can neither be measured directly nor evaluated independently. Vanrollegehem and
co-workers [73] showed both theoretically and practically that the P/O ratio and
a growth-related maintenance factor k, which includes both Y ytp and m,pp, can be
calculated using chemostat cultivations with different mixtures of substrates. Since
cultivation on different substrates to determine unique values for the energetic para-

meters was beyond the scope of this study, a constant P/O ratio of 1.33 [74-76] was

127



Chapter 3

100
80 1
S 60+
2 | - S - B
- e
S 40+
5 ] )
O 7’
20 1/
o A r— A
1 i o
0 : — :
0.00 0.05 0.10 0.15 0.20
p(h7)

Figure 3.2 Carbon mass balance during glucose-limited aerobic chemostats of N. meningitidis. The
percentage of glucose carbon flow towards biomass (0), carbondioxide (0) and total excreted meta-
bolites (A) being the sum of acetate, ethanol, amino acids and extracellular protein. Lines represent
predictions based on the calculated yield and maintenance values from Figure 3.1.

assumed. With the settings mentioned above and the measured conversion rates and
their corresponding variances as an input, MCS in combination with linear optimization
(MCS-LP) was done as explained in the materials and methods section. The unknown
energy requirements expressed in ATP of the assimilatory reactions (Y, srp) and the
amount of ATP spent on maintaining the current state of the bacterium (myp) were
estimated using weighted least squares linear regression of the obtained qutpy, values
in analogy to the maintenance model of Pirt (equation 6) for which the MCS-LP
calculated quppy, values and their corresponding variances at the different growth rates
were used as input (Figure 3.3a). The total amount of ATP hydrolyzed (including ATP
for maintenance) per mole of biomass formed (yyrp) decreases with increasing growth

rate (Figure 3.3b) indicating more energy-efficient biomass formation at higher growth
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rates (i.e. less importance of maintenance). A similar trend was found in aerobic

glucose-limited chemostat E. coli cultures [17, 75].

The growth associated energy requirement (Y, zrp) and the non-growth associated
ATP requirement for maintenance (mup) were calculated as 0.13 (= 0.04)
Mol mase-MOlypp ! (0.81 Cmoly; - molyrp!) and 0.43 (x 0.14) molyrp.moly;masst-h?
(0.07 molypp-Cmoly; . -h 1), respectively (Figure 3.3). The calculated mypp value is
within range of reported E. coli values that were obtained from aerobic glucose-limited
chemostat cultures: 0.07 [17], 0.12 [77] and 0.15 molyp-Cmoly;y i -h™t [75]. The
Y, arp value is higher than reported values obtained from aerobic glucose-limited
chemostat E. coli cultures: 0.60 [75], 0.50 [17], 0.38 [77] Cmoly;y . mol yrpl. Since in
these E. coli studies the assumed ATP requirement for DNA, RNA and protein assembly

was the same as in our model, this indicates that N. meningitidis is more energy-
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; :
g z M
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Figure 3.3 Energy parameters estimation. (a)The growth- and non-growth associated energy require-
ments determined from six separate (0) aerobic glucose-limited chemostat cultures of
N. meningitidis using weighted least squares linear regression (solid line). (b) The total amount
of ATP hydrolyzed per mole of biomass formed (yarpy) decreases with increasing growth rate
indicating more energy-efficient biomass formation at higher growth rates. Error bars represent the
standard deviations obtained from MCS-LP as explained in the text.
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efficient in biomass formation. It is worth noting that the difference in assumed P/O
ratios in these E. coli studies influenced the obtained Y, rp values, i.e. a higher
P/O ratio results in a somewhat lower Y, ypp value. Varma and Palsson [76] calculated
that within the limits of P/O ratio from 2/3 to 2 the maximum calculated E. coli
biomass yield varied within a 19% range. This illustrates as stated before that when
accurate estimation of energy parameters is desired, multiple substrate chemostat

studies [73] are an absolute requirement.

The FBA flux distribution results obtained from MCS-LP using maximize ATP as
objective function showed that all the produced glucose-6-phosphate is processed
solely through the Entner-Douderoff pathway. This mathematical solution for the

given N. meningitidis metabolic network is discussed in more detail below.

Influence of the EDP:PPP split ratio on estimation of energy parameters

In N. meningitidis glucose can be completely catabolized through the Entner-
Douderoff pathway (EDP) or the pentose phosphate pathway (PPP). The Embden-
Meyerhof-Parnas glycolytic pathway (EMP) is not functional, because the gene coding
for phosphofructokinase (pfkA) is not present in the genome [78]. As mentioned earlier,
the flux distribution results obtained from MCS-LP using maximize ATP as objective
function showed that all the produced glucose-6-phosphate is processed solely
through the EDP. By comparing the total energy production of the PPP and the EDP
(both including TCA cycle), one can calculate that the EDP can vyield slightly more
energy per consumed glucose. The partial degradation through the PPP yields 2 ATP,
7 NADPH, 3 NADH and 2 FADH, per mole of glucose consumed, while complete
degradation of glucose to CO, in the PPP yields 12 NADPH at the cost of 1 ATP.
Degradation through the EDP yields 3 ATP, 3 NADPH, 4 NADH and 4 FADH, per
mole of glucose. Thus, at the assumed P/O ratio of 1.33 the EDP can generate 5.6%
more ATP per mole of glucose, which explains the flux distribution results.

When the P/O ratio increases the differences between the theoretical ATP yield of the
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EDP and the PPP become smaller. Although the objective function maximization of
ATP yield was found to achieve a high predictive accuracy for 13C-determined in vivo
fluxes in E. coli [39], the obtained results for N. meningitidis using this objective func-
tion can be questioned. For this reason we calculated the flux distributions using
MCS-LP and the same objective function, while incorporating different pre-set
EDP:PPP ratios. The MCS-LP procedure was done as described in the materials and
methods section with the addition that prior to the linear optimization the upper
boundary of the EDP (Bgpp) was automatically stepwise adjusted to a fraction (f) of
the balanced glucose consumption rate (r,,), while maintaining the experimentally

determined Y,/

ﬁEDP,i = fl" rglc with 0= f =<1 (3.8)

The fraction was stepwise increased from 0 to 1 in 20 steps (7). For each dataset a total
of 1000 simulations per fraction were done. After completion of the simulations, the
average optimized flux values and their corresponding variances at each fraction were
calculated. The results of the simulations show that the total amount of ATP that is
hydrolyzed (qurpp) increases with increasing ED fraction at all growth rates (Figure

3.4) as expected.
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Figure 3.4 qurpp, as function of the fraction of glucose channeled through the EDP (f). Error bars
represent the standard deviation between simulation results (0) and were obtained from MCS-LP.
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Below fractions of 0.2, 0.25 and 0.40 no feasible results were obtained for u=0.041
h-1, u=0.082 h-! and u=0.161 h-1, respectively. This means that a minimal flux through
the EDP is required. This can be explained from the loss of CO, in the oxidative part
of the PPP. Due to the fact that phosphofructokinase is not present fructose-6 phos-
phate (F6P) formed in the non-oxidative part of the PPP can only be converted back
into glucose-6 phosphate (G6P) and must next be converted again through the oxida-
tive part of the PPP, since the flux through the EDP is fixed. This means additional
loss of CO,. Below a certain ED flux too much carbon is turned into CO, and a fea-
sible solution cannot be found anymore since not enough carbon is left to form bio-
mass. Because at higher growth rates the carbon flow to biomass increases (Figure 3.2)
the minimum flux through the EDP also needs to increase, which explains the increa-
sing minimum flux through the EDP at increasing growth rates. On the basis of 14C
studies in N. meningitidis, Jyssum [79] roughly calculated that the ED cleavage always
synthesizes the major part of pyruvate (67-87%) while the PP pathway accounts for
the remaining part. Morse and co-workers [80] found similar results for Neisseria

gonnorhoeae.

At all growth rates the difference in calculated qupp, values from the lowest to the
highest feasible fraction is only 10.4%, while the fluxes in for instance the citric acid
cycle change significantly more. For example, the succinate dehydrogenase flux
changes at least three fold from the lowest to the highest feasible fraction (Figure 3.5).
However, even without exact knowledge of the split ratio between the energy generating
pathways the energy parameters myp and Y, arp can be determined quite accurately at
a set P/O ratio. As stated, if exact determination of the energy parameters P/O ratio,
Y, arp and mypp is desired, multiple substrate chemostat studies [73] could be combined
with determination of the split ratios between energy generating pathways using 13C
labeled substrates. The results of such studies could lead to new objective functions with
better predictive accuracy. In all cases, the definition of the metabolic model is crucial.

For instance, neglecting metabolic reactions to remove parallel pathways could lead to
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Figure 3.5 Overview of optimized metabolic flux distributions. Average flux values and ranges
(mmol g1 h-1), normalized to biomass formation rate, are given in the black boxes in which the
values from top to bottom correspond with u=0.041 h-!, u=0.082 h-l, and u=0.161 h-1,
respectively. The determined fluxes are given with standard deviations calculated from the
duplicate datasets. The underdetermined fluxes are presented as flux ranges which range from
the lowest feasible EDP:PPP ratio to a EDP:PPP ratio of 1:0. The ranges represent the minimum
calculated flux-1 SD (standard deviation) and the maximum calculated flux+1 SD.
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a calculated flux distribution that is completely different from the true values. In turn,
inclusion of a parallel pathway in a metabolic model automatically requires an objective
function when solutions for flux values are desired. However, the question of which
objective function is valid for the biological system under study and achieves the best

predictive accuracy remains.

The split ratio analysis above illustrates that the ATP formation rate is insensitive to
the split ratio between the EDP and the PPP. Thus the objective function maximization
of ATP yield [39] to determine the split ratio between energy generating pathways and
the fluxes in the remaining underdetermined parts of the metabolic model has limited
accuracy in N. meningitidis. In other words the calculated fluxes in the underdetermined
parts of the network might not represent the actual biological situation. For this reason,
we have chosen to present flux ranges for underdetermined parts of the metabolic net-

work rather than presenting single flux values (Figure 3.5 and Appendix 3 B).

Growth rate dependent PorA content in OMVs

As mentioned in the introduction section, the vaccine against serogroup B organisms
developed at the NVI, focuses on the subcapsular protein antigen PorA. Both the
Wilcoxon signed-rank test and the t-test indicated that the PorA content of OMVs
extracted from biomass grown at a growth rate of 0.161 h-1 is significantly lower than
the PorA content of OMVs extracted from biomass grown at lower growth rates
(p=0.0014 when comparing u=0.041 h-! with u=0.161 h-! and p=0.0019 when com-
paring u=0.082 h-1 with u=0.161 h-1). The results are shown in Figure 3.6. In the regular
vaccine production process bacteria are produced in batch culture. During batch
cultivation the growth rate decreases [9] which indicates that the culture harvest point
is a parameter that has an influence on the PorA content in extracted OMVs. Thus,
for high PorA content, OMVs are best extracted from bacteria in the late growth
phase. Similar indications were found in extracted OMVs from batch cultures of

N. meningitidis serogroup B strain HP16215-2 [9]. Interestingly, the maximum
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Figure 3.6 Average PorA content (% w/w, e) in outer membrane vesicles that were extracted from
N. meningitidis grown in steady state at different specific growth rates (u). Error bars represent the
standard deviations that were calculated from the four measurements at each growth rate.

amount of OMV protein obtained from batch cultivations using N. meningitidis sero-
group B strain N44/89 [81] grown on modified Catlin medium [82], containing
lactate instead of glucose, was achieved during stationary phase while Fu and
co-workers [83] found that production of outer membrane protein complexes from
N. meningitidis serogroup B strain B11 grown on modified Catlin medium can best
be done in the late exponential phase, which is in line with our observations. These
differences indicate that the composition, and thus extraction and isolation properties,

of OMVs are stongly dependent on culture conditions and physiology.

135



Chapter 3

CONCLUSIONS

The macromolecular composition of N. meningitidis changes little with growth rate.
In the applied range of growth rates, no significant changes in RNA content and protein
content with growth rate were observed while the DNA content in N. meningitidis was
somewhat higher at the highest applied growth rate. The phospholipid and lipopoly-
saccharide content in N. meningitidis changed with growth rate but no specific trends
were observed. In addition, the cellular fatty acid composition and the amino acid
composition did not change significantly with growth rate. These observations show
that N. meningitidis maintains its macromolecular composition even when its growth

rate is changed fourfold.

Flux balance analysis combined with Monte Carlo simulation at different growth
rates has been proven useful to calculate the errors in determined fluxes and to
indicate the reliability of the obtained flux distributions. Split ratio analysis between
the Entner-Doudoroff and the pentose phosphate pathway, indicated that given the
measured rates a minimal flux through the Entner-Doudoroff pathway is required in
N. meningitidis. Furthermore it was found that the split ratio had a minor effect on
ATP formation rate but a major effect on the fluxes going through, for instance, the
citric acid cycle. In other words, the mathematical result obtained from the objective
function maximization of ATP yield may not reflect the biological situation for the
underdetermined parts of the metabolic network. For this reason we presented the
fluxes of the underdetermined parts of the metabolic network as flux ranges which were

calculated from the EDP:PPP split ratio analysis.
At high growth rate the PorA content in outer membrane vesicles extracted from bio-

mass was significantly lower in comparison with low growth rates, which indicates

the importance of the culture harvest point in the regular vaccine production process.
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ADDITIONAL DATA

The following additional data are available on CD-rom. The file named Additional
data Chapter 3.xlsx is an excel file that includes 7 worksheets. The first worksheet
named ‘genome-scale model’ includes the complete reaction database along with involved
genes, enzyme numbers and metabolites. The second worksheet named ‘simplified
model’ contains the simplified metabolic model. The third worksheet named ‘abbre-
viations’ contains a list of abbreviations of the metabolites. The fourth worksheet
named ‘null space’ contains the null space vectors of the simplified model. The fifth
worksheet named ‘flux distributions’ contains a table in which the flux distributions
of the separate experiments are given. The sixth worksheet named ‘split ratio’
contains the calculated flux distributions at the different split ratios as explained in
the main text. The seventh worksheet named ‘final flux distributions’ contains the

complete flux distributions of which a part is shown in Figure 3.5.
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APPENDIX 3

A. Simplified model Neisseria meningitidis serogroup B

TCA CYCLE

1 OXA + ACCOA + H20 < CIT + COA

2 CIT + NADP — AKG + CO2 + NADPH + H

3 AKG + COA + NAD — SUCCOA + NADH + H + CO2

4 SUCCOA + Pi + ADP <> SUC + COA + ATP

5 SUC + FAD < FADH2 + FUM

6 FUM + H20 <= MAL

7 MAL + FAD <> FADH2 + OXA

EMP PATHWAY (glycolysis, gluconeogenesis

8 GLC + ATP <= G6P + ADP

9 G6P <= F6P

10 GAP <> DHAP

11 GAP + DHAP + H20 — F6P + Pi

12 GAP + Pi + NAD + ADP < 3PG + ATP + NADH + H

13 3PG <= PEP + H20

14 PEP + ADP <> PYR + ATP

15 PEP + CO2 + H20 — OXA + Pi

PENTOSE PHOSPHATE PATHWAY

16 G6P + NADP + H20 — 6PG + NADPH + H

17 6PG + NADP <> RUSP + CO2 + NADPH + H

18 RUSP < RSP

19 RUSP < X5P

20 X5P + RSP <= S7P + GAP

21 F6P + GAP <= E4P + X5P

22 S7P + GAP <> E4P + F6P

ENTNER DOUDOROFF

23 6PG <= HD6PG + H20

24 HD6PG <= GAP + PYR

PYRUVATE METABOLISM

25 PYR + COA + NAD — ACCOA + CO2 + NADH + H

26 LAC + NAD < PYR + NADH + H

27 MAL + NAD < PYR + CO2 + NADH + H

28 ACCOA +Pi <= AC-P + COA

29 AC-P + ADP <> ACE + ATP

AMINO ACIDS

30 AKG + NH3 + NADPH + H <> GLU + NADP + H20

31 GLU + NH3 + ATP < GLN + Pi + ADP

32 GLN + CO2 + 2 H20 + 2 ATP <> CARBP + GLU + Pi + 2 ADP
33 GLU + ATP + 2 NADPH + 2 H — PRO + ADP + Pi + 2 NADP + H20
34 OXA + GLU <= ASP + AKG

35 FUM + NH3 < ASP

36 ASP + NH3 <= ASN + H20

37 ASP + 2 ATP + CARBP + NADPH + H + 2 GLU <> ARG + FUM + AKG + AMP + PPi + 2 Pi + ADP + NADP
38 ASP + ATP + NADPH + H <> ASP4SA + Pi + NADP + ADP

39 ASP4SA + H + NADPH <> HSER + NADP

40 HSER + ATP + H20 <> THR + Pi + ADP

41 ASP4SA + PYR + NADH + H + SUCCOA + GLU — mDAP + SUC + AKG + COA + NAD
42 mDAP — LYS + CO2

43 THR — OBUT + NH3

44 OBUT + NADPH + H + GLU + PYR < ILE + AKG + NADP + H20 + CO2
45 HSER + ACCOA + H2S < HCYS + ACE + COA

46 SMTHF + HCYS <> THF + MET

47 SER + ACCOA + H2S <> CYS + ACE + COA

48 SO4 + 2 ATP + H20 + RTR — SO3 + ADP + Pi + AMP + PPi + OTR
49 THS + 02 + H20 -2 S03 + 2 H

50 SO3 + 3 NADPH + 5 H <= H2S + 3 NADP + 3 H20

51 SER — PYR + NH3

52 3PG + NAD + GLU + H20 <> SER + AKG + Pi + NADH + H
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53 THF + SER <= METHF + GLY + H20
54 2 PYR + NADPH + H <> IVA + H20 + CO2 + NADP
55 IVA + GLU <= VAL + AKG
56 IVA + ACCOA + H20 + NAD + GLU — LEU + AKG + COA + NADH + H + CO2
57 VAL + PYR < IVA + ALA
58 RSP + ATP <> PRPP + AMP
59 PRPP + ATP + 3 H20 + GLN + 2 NAD — HIS + 2 NADH + 2 H + 2 PPi + AICAR + AKG + Pi
60 E4P + 2 PEP + NADPH + H + ATP — CHOR + 4 Pi + NADP + ADP
61 CHOR < PRE
62 PRE + GLU — PHE + AKG + CO2 + H20
63 PRE + NAD + GLU — TYR + AKG + CO2 + NADH + H
64 CHOR + GLN <= ANT + GLU + PYR
65 PRPP + ANT + SER — TRP + 2 H2O + PPi + CO2 + GAP
CARBOHYDRATES
66 G6P < G1P
ENERGY METABOLISM
67 ATP + H20 — Pi + ADP
68 PPi + H20O — 2 Pi
69 02 + 2 NADH + 2 H + 2.67 ADP + 2.67 Pi — 2.67 ATP + 4.67 H20 + 2 NAD
70 FADH2 + NAD <> FAD + NADH + H
71 NADPH + NAD <> NADP + NADH
NUCLEOSIDES AND NUCLEOTIDES BIOSYNTHESIS
72 PRPP + 2 GLN + 2 H20 + GLY + 4 ATP + FTHF + CO2 + ASP — AICAR + FUM + 2 GLU + PPi + 4 Pi + 4 ADP + THF
73 AICAR + FTHF <= IMP + H20 + THF
74 IMP + ASP + GTP <= FUM + AMP + GDP + Pi
75 AMP + ATP <= 2 ADP
76 RTR + ATP < dATP + OTR + H20
77 IMP + NAD + 2 H20 + 2 ATP + GLN <> GDP + ADP + H + NADH + GLU + AMP + PPi
78 GDP + ATP <= GTP + ADP
79 RTR + GDP + ATP — dGTP + ADP + OTR + H20
80 CARBP + ASP + O2 + PRPP — UMP + CO2 + Pi + H20 + H202 + PPi
81 UMP + ATP <= UDP + ADP
82 UDP + ATP <> UTP + ADP
83 RTR + UDP + ATP <= dUTP + ADP + OTR + H20
84 dUTP + NH3 < dCTP + H20
85 dCTP + ADP + OTR + H20 < RTR + CDP + ATP
86 CDP + ATP <= CTP + ADP
87 dUTP + H20 + METHF + 2 ATP <> dTTP + DHF + PPi + 2 ADP
88 ADP + CDP <> ATP + CMP
LIPID METABOLISM
89 ATP + ACCOA + ACP + CO2 + H20 — MALACP + COA + ADP + Pi
90 ACCOA + ACP <= COA + ACACP
91 ACACP + 5§ MALACP + 5 NADPH + 4 NADH + 9 H — C12:0-30HACP + 5 NADP + 4 H20 + 4 NAD + 5 CO2 + 5 ACP
92 ACACP + 5§ MALACP + 5 NADPH + 5 NADH + 10 H — C12:0ACP + 5 NADP + 5 H20 + 5§ NAD + 5 CO2 + 5 ACP
93 ACACP + 6 MALACP + 6 NADPH + 5 NADH + 11 H — C14:0-30HACP + 6 NADP + 5 H20 + 5 NAD + 6 CO2 + 6 ACP
94 ACACP + 6 MALACP + 6 NADPH + 6 NADH + 12 H — C14:0ACP + 6 NADP + 6 H20 + 6 NAD + 6 CO2 + 6 ACP
95 ACACP + 7 MALACP + 7 NADPH + 7 NADH + 14 H — C16:0ACP + 7 NADP + 7 H20 + 7 NAD + 7 CO2 + 7 ACP
96 ACACP + 8 MALACP + 8 NADPH + 8 NADH + 16 H — C18:0ACP + 8 NADP + 8 H20 + 8 NAD + 8 CO2 + 8 ACP
97 ACACP + 7 MALACP + 7 NADPH + 6 NADH + 13 H — C16:1ACP + 7 NADP + 7 H20 + 6 NAD + 7 CO2 + 7 ACP
98 ACACP + 8 MALACP + 8 NADPH + 7 NADH + 15 H — C18:1ACP + 8 NADP + 8 H20 + 7 NAD + 8 CO2 + 8 ACP
99 DHAP + NADH + H <= GL3P + NAD
100 GL3P + a C12:0ACP + b C14:0ACP + ¢ C16:1ACP + d C16:0ACP + ¢ C18:1ACP + f C18:0ACP — PA + 2 ACP
With stoichiometric coefficients (SC):
SC w=10.041h"' w=0.082h"' w=0.161h"
Exp. 1A Exp. 1B Exp. 2A Exp. 2B Exp. 3A Exp. 3B
a 0.01908 0.00712 0 0.01622 0.0028 0.00321
b 0.07762 0.08894 0.08344 0.08271 0.08972 0.09383
c 0.64139 0.65521 0.63863 0.65568 0.59641 0.60579
d 0.97834 0.98099 0.98271 0.95530 0.99614 1.01082
e 0.25498 0.24308 0.27196 0.26676 0.28846 0.26078
f 0.02860 0.02467 0.02324 0.02334 0.02647 0.02556
101 CTP + PA <= CDPDG + PPi
102 CDPDG + SER — PE + CMP + CO2
103 CDPDG + GL3P + H20 — PG + CMP + Pi
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CELL ENVELOPE BIOSYNTHESIS

104 F6P + GLN + ACCOA + UTP — UDPNAG + PPi + COA + GLU
105 2.8 UDPNAG + 1.4 NH3 + 1.4 mDAP + 1.4 PEP + 3.8 ALA + 1.4 GLU + 1.4 H20 + 0.504 ACCOA

+12.6 ATP + 1.4 NADPH + 1.4 H — PEPTIDO + 2.8 UTP + 0.504 COA + 12.6 ADP + 1.4 NADP + 11.2 Pi
106 3 UDPNAG + 2 RUSP + 2 PEP + 2 C12:0ACP + 2 C12:0-30HACP + 2 C14:0-30HACP + 2 S7P

+ACA + NH3 + GIP + UTP + 2 CTP + 4 ATP + 9 H20 — LPS + 2 ACE + 6 ACP + 4 ADP + 3 UDP
+ S5 PPi+ 2 CMP + 4 Pi + UMP

VITAMINS AND COFACTORS

107 2 ATP + GLY + GLU + CYS — 2 ADP + 2 Pi + GSH

108 2 H20 + GSH < CYS + GLY + GLU

109 H202 + 2 GSH — GSSG + 2 H20

110 GSSG + NADPH + H — 2 GSH + NADP

111 OTR + NADPH + H <= RTR + NADP

112 FTHF <= MEYTHF + H20

113 MEYTHF + NADPH + H <= METHF + NADP

114 DHF + NADPH + H <> THF + NADP

115 METHF + H + NADH < SMTHF + NAD

116 THF + GLY + NAD — METHF + NH3 + CO2 + NADH + H

OTHERS

117 ACA + H + NADH < ETH + NAD

118 ACE + NADH + H <= ACA + H20 + NAD

MACROMOLECULES AND BIOMASS ASSEMBLY

119 0.24236 dTTP + 0.25764 dCTP + 0.25764 dGTP + 0.24236 dATP + 1.372 ATP + 2.372 H20 —
DNA + PPi + 1.372 ADP + 1.372 Pi + 1.372 H

120 0.24268 UTP + 0.25557 CTP + 0.25972 GTP + 0.64204 ATP + 1.4 H20 — RNA + PPi + 0.4 ADP + 0.4 Pi + 0.4 H

121 a ASP + b GLU + ¢ SER + d HIS + e GLY + f THR + g ALA + h ARG +i TYR +j VAL + k MET

+1PHE + m ILE + n LEU + 0 LYS + p PRO + q ASN + r TRP + s CYS + t GLN + 4.306 ATP
+3.306 H20 — 1 PROT + 4.306 ADP + 4.306 Pi + 3.551 H

With stoichiometric coefficients (SC):

sC w=10.041h' w=0.082h' w=0.161h'
Exp. 1A Exp. 1B Exp. 2A Exp. 2B Exp. 3A Exp. 3B
a 0.051 0.051 0.053 0.054 0.056 0.054
b 0.076 0.068 0.076 0.075 0.067 0.066
c 0.044 0.044 0.045 0.045 0.048 0.048
d 0.018 0.018 0.018 0.018 0.018 0.018
e 0.093 0.092 0.092 0.094 0.095 0.095
f 0.047 0.048 0.048 0.049 0.048 0.048
g 0.149 0.145 0.134 0.139 0.128 0.122
h 0.051 0.058 0.050 0.051 0.057 0.058
1 0.019 0.026 0.019 0.020 0.025 0.025
j 0.072 0.070 0.072 0.073 0.073 0.072
k 0.026 0.023 0.018 0.019 0.015 0.020
1 0.033 0.032 0.033 0.033 0.034 0.035
m 0.048 0.047 0.048 0.049 0.049 0.051
n 0.076 0.074 0.078 0.078 0.080 0.081
o 0.054 0.064 0.068 0.054 0.061 0.061
p 0.035 0.037 0.038 0.038 0.040 0.042
q 0.040 0.039 0.041 0.041 0.043 0.042
r 0.012 0.012 0.012 0.013 0.011 0.011
s 0.009 0.009 0.010 0.010 0.010 0.010
t 0.048 0.044 0.049 0.048 0.043 0.042
122 0.10913 PA + 0.71561 PE + 0.17525 PG — LIPID
123 a PROT + b LIPID + ¢ PEPTIDO + d LPS + e DNA + f RNA + g ATP + g H20 — BIOMASS + g ADP + g Pi + gH

With stoichiometric coefficients (SC):

e w=0.041 ht w=0.082 h' w=0.161h'

Exp. 1A Exp. 1B Exp. 2A Exp. 2B Exp. 3A Exp. 3B
a 0.93577 0.93043 0.94035 0.93817 0.91388 0.89632
b 0.02219 0.02447 0.01706 0.01652 0.02087 0.0215
¢ 0.00256 0.00259 0.00263 0.00265 0.00274 0.00285
d 0.00262 0.00175 0.00178 0.00202 0.00238 0.00254
e 0.00213 0.00437 0.00276 0.00302 0.00959 0.01116
f 0.03473 0.03639 0.03542 0.03762 0.05054 0.06564
g 13.27 13.27 12.46 12.46 12.56 12.56
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MEMBRANE TRANSPORT

124 GLC_ext + H_ext - GLC + H
125 CO2 — CO2_ext

126 H <> H_ext

127 NH3_ext — NH3

128 02_ext = 02

129 Pi_ext + H ext < Pi+ H

130 THS_ext + ATP + H20 — THS + ADP + Pi
131 SO4_ext + ATP + H20 — SO4 + ADP + Pi
132 H2S <= HS-_ext + H_ext

133 GLU + H <= GLU_ext + H_ext
134 GLN + H <= GLN_ext + H_ext
135 PRO + H <= PRO_ext + H_ext
136 ASP + H <> ASP_ext + H_ext
137 ASN + H <= ASN_ext + H_ext
138 ARG + H <= ARG_ext + H_ext
139 THR + H <= THR_ext + H_ext
140 LYS + H <= LYS_ext + H_ext
141 ILE + H <= ILE _ext + H_ext
142 MET + H <= MET _ext + H_ext
143 SER + H <= SER_ext + H_ext
144 CYS + H <= CYS_ext + H_ext
145 GLY + H <= GLY_ext + H_ext
146 VAL + H <= VAL_ext + H_ext
147 LEU + H < LEU_ext + H_ext
148 ALA + H <= ALA_ext + H_ext
149 HIS + H <> HIS_ext + H_ext
150 PHE + H <= PHE_ext + H_ext
151 TYR + H <= TYR_ext + H_ext
152 TRP + H <= TRP_ext + H_ext
153 LAC + H <> LAC_ext + H_ext
154 ETH — ETH_ext

155 ACE + H <= ACE_ext + H_ext
156 PROT — PROT _ext
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B. Fluxdistributions

The calculated fluxes and calculated production rates (x), normalised to biomass production rate, including
their normalised standard deviation (SD) of the determined reactions are shown as: Value = SD (mmol.g-1.h-1).
The calculated fluxes and calculated production rates, normalised to biomass production rate, of the under-
determined reactions are shown as flux ranges: Value-1-SD - flux+1-SD (mmol.g-1.h-1). These range values
are based on the split ratio analysis as described in the main text.

RNo. / flux x (w=0.041 h") x (u=0.082h") x (uw=0.161h")

1 517 - 27.83 4.57 - 24.52 4.65 - 19.16
2 517 - 27.80 4.56 - 24.55 4.66 - 19.14
3 3.04 - 25.68 2.38 - 22.39 2.64 - 17.13
4 2.38 - 25.01 1.78 - 21.70 2.04 - 16.52
S 3.03 - 25.69 239 - 22.36 2.64 - 17.14
6 4.08 - 26.76 338 - 2333 3.89 - 18.39
7 9.18 - 31.88 8.53 - 28.51 8.93 - 23.40
8 25.07 = 1.17 22.46 = 1.19 2045 = 1.00
9 -38.74 1.01 -32.55 0.93 -22.30 1.17
10 0.26 - 0.29 0.19 - 0.20 0.24 - 0.25
11 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00
12 21.89 - 24.26 19.52 - 21.98 17.45 - 19.38
13 2011 - 22.46 17.76 - 20.24 15.50 - 17.45
14 18.35 - 20.65 16.28 - 18.78 14.09 - 16.01
15 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00
16 58.98 - 25.24 50.22 - 22.75 39.48 - 20.29
17 5422 - 0.00 4493 - 0.00 31.69 - 0.00
18 18.82 - 0.81 15.68 - 0.72 11.43 - 0.91
19 35.35 - -0.77 29.20 - -0.71 20.20 - -0.87
20 18.13 - 0.07 14.97 - 0.00 10.46 - -0.07
21 -19.01 - 0.89 -16.00 - 0.76 -10.89 - 0.84
22 18.07 - 0.02 14.94 - -0.03 10.41 - -0.12
23 4.77 - 25.23 530 - 22.75 7.81 - 20.30
24 4.77 - 25.24 5.30 - 22.75 7.81 - 20.31
25 12.38 - 35.12 10.83 - 30.78 11.61 - 26.03
26 -0.17 = 0.04 -0.12 = 0.08 -0.08 = 0.02
27 -5.21 -5.00 -5.28 -5.03 -5.14 -4.92
28 1.43 = 0.38 1.60 = 0.23 1.37 = 0.34
29 1.43 = 0.38 1.60 = 0.23 1.37 = 0.34
30 13.18 - 1393 1293 - 13.52 13.05 - 13.60
31 215 = 0.09 212 = 0.05 2.59 = 0.11
32 0.74 = 0.05 0.70 = 0.02 0.89 = 0.03
33 0.35 = 0.01 0.38 = 0.01 0.39 = 0.01
34 3.88 - 4.18 3.88 - 4.06 417 - 4.35
35 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00
36 0.39 = 0.01 041 = 0.01 040 = 0.02
37 0.55 = 0.04 0.51 = 0.01 0.55 = 0.01
38 1.88 = 0.04 1.84 = 0.07 1.75 = 0.04
39 122 = 0.03 1.19 = 0.03 1.14 = 0.02
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RNo. / flux x (w=0.041 h") x (u=0.082h") x (u=0.161h")

40 0.97 = 0.02 1.00 = 0.02 0.97 = 0.03
41 0.66 = 0.02 0.65 = 0.07 0.61 = 0.02
42 0.63 = 0.02 0.61 = 0.07 0.57 = 0.02
43 0.47 = 0.01 0.48 = 0.01 0.47 = 0.01
44 0.47 = 0.01 0.48 = 0.01 0.47 = 0.01
45 024 = 0.02 0.19 = 0.01 0.16 = 0.02
46 024 = 0.02 0.19 = 0.01 0.16 = 0.02
47 0.09 = 0.00 0.10 = 0.00 0.09 = 0.00
48 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00
49 0.16 - 0.17 0.14 - 0.15 0.12 - 0.14
50 0.32 - 0.35 0.28 - 0.29 0.24 - 0.28
51 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00
52 1.74 - 1.83 1.70 - 1.78 1.89 - 2.00
53 0.98 = 0.03 0.95 = 0.03 115 = 0.06
54 1.45 = 0.03 1.50 = 0.03 1.44 = 0.04
55 226 = 0.04 219 = 0.06 198 = 0.09
56 0.75 = 0.01 0.78 = 0.02 0.76 = 0.02
57 1.56 = 0.03 1.47 = 0.04 1.30 = 0.06
58 0.71 = 0.06 0.70 = 0.02 0.97 = 0.07
59 021 = 0.04 0.18 = 0.00 0.18 = 0.01
60 0.86 = 0.05 0.70 = 0.02 0.67 = 0.02
61 0.74 = 0.05 0.57 = 0.02 0.57 = 0.01
62 0.50 = 0.04 0.37 = 0.01 0.33 = 0.01
63 024 = 0.02 020 = 0.01 023 = 0.01
64 0.12 = 0.00 0.12 = 0.01 0.10 = 0.00
65 0.12 = 0.00 0.12 = 0.01 0.10 = 0.00
66 0.022 = 0.004 0.019 = 0.001 0.025 = 0.001
67 136.08 - 197.17 104.70 - 167.11 67.81 - 115.56
68 228 - 2.56 219 - 2.33 2.89 - 3.21
69 66.41 - 7995 55.07 - 69.90 42.67 - 54.38
70 1221 - 57.54 1091 - 50.84 11.58 - 40.55
71 9326 - 27.61 76.07 - 23.60 5153 - 1512
72 0.19 = 0.01 020 = 0.01 0.34 = 0.04
73 0.40 = 0.05 0.38 = 0.01 0.52 = 0.03
74 0.30 = 0.04 027 = 0.01 0.35 = 0.02
75 1.51 - 1.81 1.53 - 1.62 1.94 - 2.14
76 0.01 = 0.00 0.01 = 0.00 0.03 = 0.00
77 0.10 = 0.01 0.10 = 0.00 0.18 = 0.02
78 0.39 = 0.05 0.37 = 0.01 0.50 = 0.03
79 0.01 = 0.00 0.01 = 0.00 0.03 = 0.00
80 0.19 = 0.01 020 = 0.01 0.34 = 0.04
81 022 = 0.01 022 = 0.01 0.37 = 0.04
82 017 = 0.02 0.16 = 0.01 024 =+ 0.02
83 0.11 = 0.01 0.11 = 0.00 020 = 0.02
84 0.10 = 0.01 0.10 = 0.00 017 = 0.02
85 0.09 = 0.00 0.09 = 0.00 0.15 = 0.02
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RNo. / flux x (w=0.041 h") x (u=0.082h") x (u=0.161h")

86 0.34 = 0.01 028 = 0.01 0.39 = 0.02
87 0.01 = 0.00 0.01 = 0.00 0.03 = 0.00
88 -0.25 = 0.00 -0.19 = 0.00 -0.24 = 0.00
89 4.00 = 0.07 299 = 0.06 3.80 = 0.07
90 0.60 = 0.01 045 = 0.01 0.57 = 0.01
91 0.04 = 0.01 0.04 = 0.00 0.05 = 0.00
92 0.05 = 0.01 0.04 = 0.00 0.05 = 0.00
93 0.04 = 0.01 0.04 = 0.00 0.05 = 0.00
94 0.02 = 0.00 0.01 = 0.00 0.02 = 0.00
95 023 = 0.01 0.16 = 0.01 021 = 0.00
96 0.01 = 0.00 0.00 = 0.00 0.01 = 0.00
97 0.15 = 0.01 0.11 = 0.00 0.13 = 0.00
98 0.06 = 0.00 0.05 = 0.00 0.06 = 0.00
99 027 = 0.01 020 = 0.00 025 = 0.00
100 023 = 0.01 017 = 0.00 021 = 0.00
101 021 = 0.01 0.15 = 0.00 0.19 = 0.00
102 017 = 0.01 0.12 = 0.00 0.15 = 0.00
103 0.04 = 0.00 0.03 = 0.00 0.04 = 0.00
104 0.138 = 0.013 0.131 = 0.005 0.152 = 0.003
105 0.026 = 0.000 0.026 = 0.001 0.028 = 0.001
106 0.022 = 0.004 0.019 = 0.001 0.025 = 0.001
107 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00
108 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00
109 0.19 = 0.01 020 = 0.01 0.34 = 0.04
110 0.19 = 0.01 020 = 0.01 0.34 = 0.04
111 0.02 - 0.04 0.03 - 0.03 0.10 - 0.11
113 -0.60 = 0.06 -0.57 = 0.02 -0.87 = 0.07
114 -0.60 = 0.06 -0.57 = 0.02 -0.87 = 0.07
115 0.01 = 0.00 0.01 = 0.00 0.03 = 0.00
116 024 = 0.02 0.19 = 0.01 0.16 = 0.02
117 -0.13 = 0.02 -0.18 = 0.00 -0.09 = 0.04
118 1.61 = 0.36 1.77 = 0.22 1.57 = 0.35
119 1.63 = 0.36 1.79 = 0.22 1.59 = 0.35
121 0.032 = 0.011 0.029 = 0.001 0.104 = 0.006
122 0.36 = 0.01 0.37 = 0.01 0.58 = 0.07
123 9.85 = 0.21 9.94 = 0.22 940 = 0.28
124 023 = 0.01 017 = 0.00 021 = 0.00
125 10.00 = 0.18 10.00 = 0.20 10.00 = 0.26
126 25.07 = 1.17 2246 = 1.19 2045 = 0.99
127 80.21 = 6.77 68.53 = 7.35 5437 = 6.00
128 24.69 = 1.18 22.39 = 1.22 20.88 = 1.00
129 1593 = 0.44 15.61 = 0.34 16.18 = 0.32
130 73.61 = 6.68 63.00 = 7.21 48.86 = 6.01
131 0.69 = 0.02 0.62 = 0.02 0.97 = 0.07
132 0.16 - 0.17 0.14 - 0.15 012 - 0.14
133 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00
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RNo. / flux x (w=0.041 h") x (u=0.082h") x (u=0.161h")

134 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00
135 0.02 = 0.01 0.01 = 0.00 0.01 = 0.00
136 0.01 = 0.01 0.00 = 0.00 0.00 = 0.00
137 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
138 0.03 = 0.00 0.02 = 0.00 0.01 = 0.00
139 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
140 0.01 = 0.01 0.00 = 0.00 0.01 = 0.00
141 0.04 = 0.01 0.04 = 0.01 0.05 = 0.01
142 0.04 = 0.00 0.00 = 0.00 0.00 = 0.00
143 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
144 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
145 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
146 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
147 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
148 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
149 0.01 = 0.01 0.00 = 0.00 0.00 = 0.00
150 0.01 = 0.01 0.01 = 0.00 0.01 = 0.01
151 0.03 = 0.00 0.00 = 0.00 0.01 = 0.00
152 0.18 = 0.04 0.05 = 0.01 0.01 = 0.00
153 0.02 = 0.00 0.00 = 0.00 0.00 = 0.00
154 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
155 017 = 0.04 0.12 = 0.08 0.08 = 0.02
156 1.61 = 0.36 1.77 = 0.22 1.57 = 0.35
157 0.17 = 0.04 0.13 = 0.08 0.08 = 0.02
158 0.51 = 0.16 0.55 = 0.12 0.35 = 0.08
H2O (calculated) 108.50 - 122.43 95.17 - 109.84 84.74 - 96.44
H_ext (calculated) -0.347 - -0.316 -0.295 - -0.278 -0.277 - -0.239
Pi_ext (calculated) -0.69 = 0.02 -0.62 = 0.02 -0.97 = 0.07
THS_ext (calculated) -0.173 - -0.158 -0.147 - -0.143 -0.138 - -0.120
SO4_ext (calculated) 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00
HS-_ext (calculated) 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00
CO2_ext (measured) 80.21 = 6.76 68.53 = 7.31 5437 = 6.03
NH3_ext (measured) -15.93 =+ 0.44 -15.61 = 0.34 -16.18 = 0.32
0O2_ext (measured) -73.61 = 6.70 -63.00 = 7.28 -48.86 = 6.05
BIOMASS (measured) 10.00 = 0.18 10.00 = 0.20 10.00 = 0.26
GLC_ext (measured) -25.07 = 1.19 -22.46 = 1.19 -20.45 = 1.00
GLU_ext (measured) 0.02 = 0.01 0.01 = 0.00 0.01 = 0.00
GLN_ext (measured) 0.01 = 0.01 0.00 = 0.00 0.00 = 0.00
PRO_ext (measured) 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
ASP_ext (measured) 0.03 = 0.00 0.02 = 0.00 0.01 = 0.00
ASN_ext (measured) 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
ARG_ext (measured) 0.01 = 0.01 0.00 = 0.00 0.01 = 0.00
THR_ext (measured) 0.04 = 0.01 0.04 = 0.01 0.05 = 0.01
LYS_ext (measured) 0.04 = 0.00 0.00 = 0.00 0.00 = 0.00
ILE_ext (measured) 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
MET_ext (measured) 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
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SER_ext (measured) 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
CYS_ext (measured) 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
GLY_ext (measured) 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
VAL_ext (measured) 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
LEU_ext (measured) 0.01 = 0.01 0.00 = 0.00 0.00 = 0.00
ALA_ext (measured) 0.01 = 0.01 0.01 = 0.00 0.01 = 0.01
HIS_ext (measured) 0.03 = 0.00 0.00 = 0.00 0.01 = 0.00
PHE_ext (measured) 0.18 = 0.04 0.05 = 0.01 0.01 = 0.00
TYR_ext (measured) 0.02 = 0.00 0.00 = 0.00 0.00 = 0.00
TRP_ext (measured) 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
LAC_ext (measured) 0.17 = 0.04 0.12 = 0.08 0.08 = 0.02
ETH_ext (measured) 1.61 = 0.36 1.77 = 0.22 1.57 = 0.35
ACE_ext (measured) 0.17 = 0.04 0.13 = 0.08 0.08 = 0.02
PROT_ext (measured) 0.51 = 0.16 0.55 = 0.12 0.35 = 0.08
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ABSTRACT

At the Netherlands Vaccine Institute (NVI) a vaccine against serogroup B meningococci,
a human pathogen that can infect diverse sites within the human host, is currently
being developed. An important aspect in this development trajectory is the development
of a consistent cultivation step. The consistency of the cultivation step, relies on the
applied environmental conditions, which should be in accordance with the N. meningitidis
(primary) metabolism. According to the genomic information for N. meningitidis and
experimental observations glucose can be completely catabolized through the Entner-
Douderoff pathway (ED) and the pentose phosphate pathway (PP). The Embden-
Meyerhof-Parnas glycolytic pathway (EMP) is not functional, because the gene for
phosphofructokinase (pfkA) is not present. The phylogenetic distribution of phospho-
fructokinase (PFK) indicates that in most obligate aerobic organisms PFK is lacking.
We conclude that this is because of the limited contribution of PFK to the energy supply
in aerobically grown organisms in comparison with the energy generated through
oxidative phosphorylation. Under anaerobic or microaerobic conditions the available
energy is limiting and PFK provides an advantage, which explains the presence of PFK
in many (facultative) anaerobic organisms. In silico flux balance analysis predicted an
increase of biomass yield as a result of PFK expression. However, analysis of a genetically
engineered N. meningitidis strain that expresses a heterologous PFK showed that the
yield of biomass on substrate decreased in comparison with a pfkA deficient control
strain which was compensated mainly by an increase in CO, production, whereas
production of by-products was comparable between the two strains. This might
explain why the pfkA gene is not obtained by horizontal gene transfer, since it is initially
unfavourable for biomass yield. No large effects related to expression of pfkA were
observed in the transcriptome. Although our results suggest that introduction of PFK does
not contribute to a more efficient strain in terms of biomass yield, achievement of a robust,
optimal metabolic network that enables a higher growth rate or a higher biomass yield,

might be possible after adaptive evolution of the strain, which remains to be investigated.
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INTRODUCTION

The species Neisseria meningitidis (meningococcus) is only found in humans and colo-
nizes mucosal surfaces of the nasopharynx as a harmless commensal organism and, as
such, is carried by at least five to ten percent of the adult population [1, 2]. Some
strains are able to cross the mucosa into the bloodstream from where they can cause
the diseases meningitis or septicaemia. There are different pathogenic N. meningitidis
isolates of which five serogroups (A, B, C, Y, and W1335) are responsible for most of
the disease. Conjugate-polysaccharide vaccines that offer protection against infection
with meningococcal serogroups A, C, Y and W-135 are effective and have been widely
used [3, 4]. However, a broadly protective vaccine against infection by serogroup B
N. meningitidis is not yet available, while this serogroup contributes significantly to
the burden of meningococcal disease in many industrialized countries where both

epidemic and endemic serogroup B infections occur [5].

Since the polysaccharide of the serogroup B meningococcus is poorly immunogenic
[6], alternative vaccine approaches are needed for this bacterium. Current vaccine
development against serogroup B strains has mainly focussed on subcapsular protein
antigens that are contained in outer membrane vesicles [3]. The outer membrane protein
porin A (PorA) has been identified as a major inducer of, and target for serum
bactericidal antibodies and is expressed by almost all meningococci, pinpointing porA
as a promising vaccine candidate [7]. Vaccines effective against specific strains respon-
sible for serogroup B epidemic disease have been developed [5], but due to the
heterogeneity of porA the development of a safe serogroup B vaccine that is cross
protective against multiple strains and is effective in infants and young children is an
absolute requirement. At the Netherlands Vaccine Institute (NVI) a cross-protective
multivalent vaccine against serogroup B organisms, including different PorA subtypes
contained in outer membrane vesicles (OMVs) is currently being developed. The vaccine

process development focuses on cultivation of the organism, extraction of OMVs and
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subsequent purification of the PorA containing OMVs [8]. Knowledge about the
primary metabolism is essential for the development of a consistent cultivation step in
the vaccine production process. For this reason a N. meningitidis serogroup B genome-
scale metabolic model has been build and used to study primary metabolism [9, 10].
Earlier studies on glucose utilization in N. meningitidis confirm the presence of enzymes
related to the glycolytic Embden-Meyerhof-Parnas (EMP) pathway, the Entner-
Doudoroff (ED) pathway and the pentose phosphate (PP) pathway [11-16] (Figure
4.1). However, it was found that the EMP pathway does not contribute to pyruvate
synthesis, indicating that, the EMP pathway is not functional. These observations
were in accordance with the N. meningitidis serogroup B genome [17] in which a gene
encoding phosphofructokinase (PFK) is not present. In order to possibly improve the
efficiency of the cultivation step in the vaccine production process we extended
the N. meningitidis metabolism with PFK. Furthermore, we used a comparative
genomics approach to establish which factors determine the presence or absence of

PFK in bacteria.

PFK (EC 2.7.1.11) is a key enzyme in glycolysis and is known to be regulated by
allosteric effectors. The regulation of enzymes by allosteric effectors is a major mechanism
of metabolic control, since it couples the activity of an enzyme to changes in the
concentrations of metabolites produced by reactions that are distant in the metabolic
network. PFK catalyzes the irreversible phosphorylation of fructose-6-phosphate
(F6P) to fructose-1,6-bisphosphate (FBP) using ATP and is allosterically inhibited by
phosphoenolpyruvate (PEP) and activated by ADP (or GDP) when the energy demand
of the cell increases [18]. The ATP-PFK described above (PFK-1) is broadly distributed
in Eukaryota and Bacteria, as indicated by homologous protein sequences and bio-
chemical evidence [19], and is encoded by the pfkA gene. A second type of ATP-PFK
enzyme (PFK-2), found strictly in Escherichia coli and encoded by the pfkB gene, has
a minor activity (ca. 10% of the total) [20] and is inhibited by ATP at low concentra-

tions of F6P [21]. The inorganic pyrophosphate (PPi) dependent phosphofructo-
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Figure 4.1 Overview of the N. meningitidis metabolism. The gene encoding phosphofructokinase
(PFK) is not present in N. meningitidis. Abbreviations are listed in Appendix 2.2
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kinase (PPi-PFK) catalyses the same reaction using PPi in a reversible way and can
thus function in both glycolysis and gluconeogenesis. PPi-PFK (EC 2.7.1.90) has a
more limited distribution, but is also found in Eukaryota and Bacteria [19]. ATP-PFK
and PPi-PFK share a common ancestry, but phylogenies show a very complex
evolutionary pattern [22, 23]. Some Archaea contain a unique ADP dependent PFK
(ADP-PFK) that appears to be phylogenetically distinct and instead belongs to the
glucokinase family of kinases [24, 25]. Bapteste and co-workers [19] adressed the
taxonomic distribution of ATP- and PPi-dependent phosphofructokinases and
concluded that numerous horizontal gene transfer events and substitution of amino
acids in its catalytic sites appear to occur at high rate. In fact, a single point mutation
can induce a change of the phospho-donor [26]. The presence of PFK in several
bacterial species of which the genomes have been sequenced and the absence in closely
related species strongly suggest that this enzyme can be lost during evolution [19].

None of the mentioned types of PFK are present in N. meningitidis.

If it is assumed that N. meningitidis once had a functional PFK and during the evolution
of the species this activity was lost [19], the question why N. meningitidis lost PFK
activity remains. In particular, since glucose is present within nasopharyngeal tissue
[27] the presence of PFK can yield one additional ATP per unit consumed substrate,
which is the case for all substrates that enter the level above fructose-6-phosphate

in metabolism.

In each genus, transformation is discriminant in favor of its own and against foreign
DNA through sequence specificity of DNA receptors. In pathogenic Neisseria species
transformation mainly occurs to induce genetic variability. Pathogenic Neisseria
species are naturally competent for DNA uptake from their environment [28] and
transformation is the predominant source of new genetic information that is integrated
into the genome [29]. Transformation of Neisseria is correlated with the presence of

a 5’-GCCGTCTGAA-3’ DNA uptake sequence (DUS) in the exogenous DNA, type IV
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pilus expression and homologous recombination mediated by recombinase A (RecA)
[30]. It has been shown that Neisseria species preferably take up DUS-containing
DNA found within its own genus [30, 31] and this process of DNA exchange by
horizontal gene transfer (HZT), also known as lateral gene transfer (LGT), has been
implicated in the evolution of argF [32], alteration of penA resulting in penicillin
resistance [33], pilin antigenic variation [34] and other genetic alterations. Since none
of the Neisseria species, of which the complete genome sequences are publically available,
contain PFK homologues [17, 35-38], HZT events within and between Neisseria species
can never result in PFK functionality. However, DNA exchange between phylogenetically
divergent species is possible [39] as shown by the acquisition of sodC in N. meningitidis
from Haemophilus influenza by HZT [28]. Since H. influenza contains a gene encoding
prkA the possibility for N. meningitidis to obtain this gene exists. Hence, the question
why N. meningitidis did not aquire the pfkA gene from for instance H. influenza in

order to possibly enhance growth like in E. coli remains puzzling.

In order to establish what determines the presence or absence of PFK in an organism
we used phylogenetic profiling and literature as a starting point. In addition, we
engineered a recombinant N. meningitidis strain to determine the influence of hetero-
logous expression of PFK on biomass yield and composition and analyzed the strain

on the metabolic and transcriptomic level.
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MATERIALS AND METHODS

Bacterial strains and growth conditions

Competent E. coli cells (Invitrogen, Carlsbad, CA, USA) were used for cloning purposes.
Transformants of E. coli were grown overnight at 37 °C in an aerobic humid atmos-
phere containing 5% CO,, on solid or liquid Luria—Bertani medium (BD, Franklin
Lakes, NJ, USA) containing either 100 ug.mL-! kanamycin or 100 ug.mL-! ampicillin,
and, when necessary, 1 mM IPTG and X-gal. N. meningitidis strain HB-1, a non-
encapsulated, non-piliated variant of the group B isolate H44/76 [40] was used for
genetic modification. Untransformed N. meningitidis HB-1 cells were grown over-
night on GC medium base plates (BD, Franklin Lakes, NJ, USA) supplemented with
IsoVitaleX (BD, Franklin Lakes, NJ, USA) or in liquid meningococcal medium [41],
while HB-1 derivatives were grown on the GC medium base plates containing kana-
mycin (100 ug.ml-1). All incubations were done in a CO, incubator at 37 °C in a humid
atmosphere containing 5% CO,. The final N. meningitidis HB-1 mutants (HB-
1+kanR and HB-1+kanR+pfkA) were used to generate bacterial stock-cultures using
chemically defined medium [9] to ensure starting material of constant quality for the
chemostat cultures. After the addition of glycerol (20%, final concentration) the stock
cultures were stored at =135 °C and when required a 500 mL shake flask, containing
150 ml medium was inoculated with 10 ml stock culture that contained 0.5 g.L-! bio-
mass. After approximately 8 hours of incubation at 35 °C with shaking at 200 rpm in
an aerobic humid atmosphere, the culture was used to inoculate the bioreactor.
Bacteria were grown on minimal chemically defined medium [9] in 3-L autoclavable
ADI bioreactors (Applikon, Schiedam, The Netherlands), operated in chemostat
mode, with a working volume of 1.4 L. Temperature, pH, dissolved oxygen (DO)
concentration and stirrer speed were controlled at 37 °C, 7.0, 30% and 600 rpm,
respectively. The total gas flow rate was kept constant at 1.0 L.min-!. The oxygen
concentration was controlled by changing the oxygen fraction in the gasflow using

headspace aeration only. The growth rate was controlled at 0.13 h-1. After at least
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four residence times physiological steady state was assumed based on online measure-
ments (constant DO signal, O, and CO,-concentration in the offgas) and offline
measurements (constant optical density, glucose concentration). In steady state, four
small samples were taken using a rapid sampling procedure as described below, and a
large 1.0 L sample was taken, divided into portions and processed as described before [9].

All chemostats were run in duplicate.

Analytical procedures

Dry biomass concentration was determined in fourfold for each steady state sample
by centrifugation (8000 g) of 50-200 mL of culture broth in preweighed tubes follo-
wed by drying (24 h, 80 °C). Before weighing, the tubes were cooled in a dessicator
for at least 1 h and dry cell weight was corrected for salts present in the medium. The O,
and CO, concentrations in the exhaust gas from the chemostat cultures were measu-
red with a mass spectrometer (Prima White Box 600, Thermo Electron, United
Kingdom). The volumetric oxygen transfer coefficient, k;a, in the bioreactors was
determined accurately at 37 °C using a steady state set-up similar to Dorresteijn [42].
Glucose, lactate and ammonium in the culture supernatant were determined as described
before [9]. Acetate, ethanol and other possible metabolites present in the culture
supernatant were determined by 'H-NMR as described before [9]. The molecular and
macro-molecular composition of biomass was determined experimentally as described
before [9, 10], which is very important in mathematical modeling of cellular meta-
bolism [43, 44]. PFK activity was measured enzymatically in cell-free extracts using a
coupling enzyme assay [45]. Briefly, the cell-free extract was obtained by applying five
freeze/thaw cycles to a concentrated cell suspension in MilliQ water, followed by
centrifugation (8000 g, 30 min), to remove insoluble cellular fragments, and steriliza-
tion of the lysate by filtration (0.22 pm). To determine PFK-activity, 50 ml of cell-free
extract was added to 900 ml of a 55.56 mM Tris-HCI buffer (pH 7.5) containing 5.56
mM MgClI2, 55.56 mM KCI, 1.39 mM ATP, 0.17 mM NADH, 1.8 U.ml-! aldolase,
8.89 U.ml! triose phosphate isomerase and 2.27 U.ml-! glycerol phosphate dehydro-

162



Heterologous expression of phosphofructokinase in Neisseria meningitidis

genase. The reaction was started by adding 50 ml of fructose-6-phosphate solution
(100 mM). PFK-activity was determined by measuring the decrease in absorption at
340 nm (as a consequence of NADH-oxidation) during 10 min. E. coli cell-free
extract was used as a positive control for PFK-activity, whereas cell-free extract of

N. meningitidis HB-1+kanR was used as a negative control.

Recombinant DNA techniques

Since E. coli plasmids are not able to persist in N. meningitidis and because no high
copy number plasmids exist for N. meningitidis, heterologous expression of a gene can
only be achieved by homologous recombination. To use this strategy, the gene of inte-
rest has to be inserted into a vector between DNA-sequences homologous to the site
at which the gene has to be inserted into the genome. Besides being used for homologous
recombination, these homologous sequences must also contain a DUS as explained in
the introduction section. A kanamycin resistance gene must be present between the
homologous regions to select for transformants after transformation. The final
plasmid constructed in this study that was used for transformation of N. meningitidis
strain HB-1 contains a sequence homologous to a DNA sequence situated just down-
stream of the rmpM gene, which encodes a class 4 outer membrane protein. This is
the location of choice, because of constitutive expression of genes from this site [46].
Incorporation of heterologous pfkA at this site leads to its expression by the rmpM-
promoter. Although standard methods were used for DNA preparation, restriction
enzyme analysis, cloning, and sequencing [47], the description of the cloning proce-
dure (Figure 4.2) to obtain the pfkA+ phenotype (HB-1+kanR+pfkA) and the HB-
1+kanR control phenotype is described briefly below.

PCR and sequencing
After identification of the location of the pfkA gene in E. coli K12 using the NCBI
database [48], PCR was used to amplify an E. coli DNA-fragment containing pfkA

with Taq polymerase. Sci Ed Clone Manager 6 (Scientific & Educational Software,
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Cary, NC, USA) was used to design the forward oligonucleotide primer (5’-CAAG-
AAGACTTCCGGCAACA-3’) and the reverse oligonucleotide primer (5’-TGA-
TAAGCGAAGCGCATCAG-3’). Primers were synthesized by Sigma-Genosys (Dorset,
United Kindom). The forward primer anneals 55 bp upstream of the ATG start codon
while the reverse primer anneals 79 bp downstream of the TAA stopcodon which

results in a pfkA containing DNA-fragment of 1096 bp.

Xhol _Hindlll

pBlue-pfkA > pBlue-PK Pstl

4128 bps 5351 bps

Hindlll
Cla BamHI

pTOPO-pfkA >
5004 bps

pCF-linker

3914 bps 5046 bps

[
3
S

x

A'an/?
BamHI'pgt| Kpnl

Figure 4.2 Plasmids and their relationships including relevant restriction enzyme sites.

The primers were diluted to a concentration of 1 mmol.mL-! and were added to
puReTag ready-to-go PCR beads (Amersham Biosciences, Little Chalfont, United
Kingdom) prior to the addition of E. coli cells. Using six combinations of mixtures
containing various amounts of primers and E. coli cells, PCR was carried out
(GeneAmp PCR system 9600, PerkinElmer, Waltham, MA, USA) using the following
cycling conditions: Initial denaturation of the template DNA at 94 °C for 5 min
followed by 30 cycles of 94 °C for 15 min, 55 °C for 30 seconds and 72 °C for 1 min
and completed with 7 min at 72 °C and « 4°C. From each reaction mixture, 10 mL
was added to 4 mL of loading buffer (1 mM EDTA, 0.25 % bromophenol blue, 40%

sucrose) and analysed on a 1% agarose gel using 1x TBE buffer (Biorad, Herculas,
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CA, USA) at 100 V for 30 minutes, to check for sufficient amplification of the DNA-
fragment. It was found that 10 mL primers in combination with 1-2 mL E. coli cells
gave the best results (results not shown). The generated 1096 bp fragment was cloned
into the pCR 2.1 TOPO plasmid, using the TOPO TA cloning kit (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s protocol. The plasmids were
purified from the culture using a miniprep kit (Promega, Madison, WI, USA) to obtain
plasmid DNA of high purity. After digestion of the plasmid DNA (37 °C, 2 h) using
HindIIl and EcoRV samples were analysed for the presence of the pfkA gene by agarose
gel electrophoresis and fragments were purified from the gel using the Promega Gel
and PCR clean-up system (Promega, Madison, WI, USA) according to the manufacturer’s
protocol. Fragments were checked by sequencing using the ABI prism DNA sequencing
kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol.
In order to obtain reliable sequencing results a primer annealing at position 359 of the
DNA-fragment was designed (5’-GGCGGTGACGGTTCCTACAT-3’) and sequencing
was performed on an ABI prism 310 genetic analyser (Applied Biosystems, Foster City,
CA, USA). Sequencing of eight pCR-TOPO-pfkA constructs resulted in one usable
construct (pTOPO-pfkA).

Constructs

A pCF-Linker plasmid, containing the sites necessary for DNA uptake and homologous
recombination was available from previous studies [49]. Since a usable construct has
to contain a kanamycin resistance gene (kanR) next to the pfkA gene and both genes
have to be cloned in the BamHI site of the pCF-linker plasmid (Figure 4.2), a construct
was prepared containing both the kanamycin resistance gene and pfkA. Shortly, the
procedure was as follows: First the pTOPO-pfkA plasmid and a pBluescript vector
which contains an ampicillin resistance gene (Stratagene, La Jolla, CA, USA) were
digested by HindIIl and EcoRV. Digestion of the pTOPO-pfkA by these enzymes resulted
in an 1173 bp fragment containing pfkA which was purified as described above.

Second, the purified fragment was ligated into the pBluescript vector (pBlue-pfkA)
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and transformation was done in medium containing ampicillin. Third, a kanamycin
resistance gene was obtained from an available pUC4K vector [49] by digestion with
Pstl and subsequent purification. The kanamycin resistance gene was ligated into the
pBlue-pfkA vector (pBlue-PK) and transformant selection was done in medium con-
taining kanamycin. After purification of the resulting plasmid DNA, the orientation
of the kanamycin resistance gene was checked by Xhol digestion. Plasmids containing
the correct orientation were selected yielding the required pfkA-kanR fragment. After
ligation of the pfkA-kanR fragment into the BamHI site of pCF-Linker, transformation
of competent E. coli cells was carried out and transformant selection was done in
medium containing kanamycin, yielding the final pCF-linker-pfkA-kanR plasmid
(pCF-PK). For correct expression by the rmpM-promoter the orientation of the fragment
was checked by Ndel and Xbal digestion. Plasmids containing the fragment in the correct
orientation were selected and used for transformation of N. meningitidis HB-1. After
transformation, a PCR was done with the primers for pfkA which confirmed the
presence of the inserted DNA-fragment. The control strain was created by cutting
both pCF-linker and pUC4K with BamHI. After purification of the fragments, kanR
was ligated into pCF-linker yielding the pCF-K plasmid. The orientation of kanR in
this construct was checked by digestion with Xbal and Clal. This construct was used

for transformation of N. meningitidis HB-1.

Transformation

The plasmid-constructs (pCF-PK and pCF-K) were cut using Kpnl and the linear DNA
was used for transformation. Overnight grown N. meningitidis strain HB-1 were scraped
from the GC agar plate using a swab and resuspended in 10 ml meningococcal medium
containing 10 mM MgClI2. The suspension was diluted 5 times in the same medium. 2.5 pl
linear construct-DNA was added to 2.5 ml of the diluted suspension. After trans-
formation (37 °C, 3 h), 250 pl of the suspension was plated on gonococcal (GC-) agar
plates containing kanamycin. Plates were stored overnight in the CO,-incubator.

Colonies obtained this way were picked and plated again on kanamycin containing
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GC-plates to get rid of untransformed cells, which stay alive, but cannot grow in the
presence of kanamycin. This procedure was repeated once to get a total of three plating
steps on kanamycin containing medium. The final N. meningitidis HB-1 mutants

(HB-1+kanR and HB-1+kanR+pfkA) were used to generate stock-cultures.

Rapid sampling

When the chemostat cultures were run, a full genome N. meningitidis microarray was
not yet available at the NVI. For this reason we decided to quench the culture broth
using a rapid sampling procedure followed by low temperature storage to freeze bac-
terial metabolism and preserve RNA. The practical rapid sampling setup of Lange and
co-workers [50] was adjusted by addition of air filters (0.2 mm) at the relevant points
to construct a closed system that was suitable for working with pathogens. In steady
state, four samples of 5 mL were taken in 35 mL, -40 °C quenching solution (60%
w/w methanol buffered with 10 mM HEPES, pH 7.5) [50] and stored at -80 °C until
further analysis. The quenched samples were stored for two years prior to

RNA isolation.

Microarrays

Samples were analyzed using a full genome N. meningitidis microarray. Based on the
genome sequence of N. meningitidis serogroup B strain MC58 [17], a set of 2078
70-mer oligonucleotides was developed at Operon (Cologne, Germany), covering
93% of all predicted open reading frames (ORFs). In addition, a single 70-mer pfkA
oligonucleotide sequence from E. coli K-12 was added to the set. Oligonucleotide pellets
were dissolved in 50% DMSO (v/v in water) to a concentration of 20 pM and spotted
in triplicate on UltraGAPS II coated slides (Corning, New York, NJ, USA), using the
Omnigrid 100 microarray spotter (GeneMachines, San Carlos, CA, USA).

In steady state a sample for RNA extraction was taken from each of the four chemo-
stats (two duplicate experiments). For each microarray sample, the quenched bacterial

culture samples were used directly for RNA isolation. Notably, RNase retarding
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solution [51, 52] was not added to any sample. The amount of quenched bacterial
culture used for RNA isolation was equal to 1.2 ml.ODjq! to ensure that an equal
amount of bacteria were used as starting material. The samples were concentrated by
centrifugation (3000 g, 15 min) and treated with Tris-EDTA buffer, containing
0.5 mg.ml-! lysozyme (Sigma-Aldrich, Zwijndrecht, The Netherlands) for 3 minutes.
Total RNA was extracted with the SV Total RNA isolation system according to the
manufacturer’s protocol (Promega Benelux, Leiden, The Netherlands). Nucleic-acid
concentration was adjusted by precipitation and spectral analysis was used to deter-
mine final nucleic-acid concentration and purity. RNA integrity was confirmed with
the Bioanalyzer RNA6000 Nano assay (Agilent Technologies, Amstelveen, The
Netherlands), according to the manufacturers’ protocol. RNA integrity was predicted

by calculation of the RNA integrity number (RIN) [53].

Total RNA from the three experimental samples (per strain) was reverse transcribed
to cDNA and labeled with Cy3 dye using the Chipshot Indirect Labelling and Clean-
up kit (Promega Benelux, Leiden, The Netherlands) according to manufacturer’s pro-
tocol, with one deviation: 2 pl random primer and no oligo-dT primer was used per
reaction to reverse transcribe the RNA. Common reference samples, containing equal
amounts of total RNA from all three experimental samples, were labelled with Cy35.
The labeled and purified cDNA samples were pooled in Cy3/Cy5 pairs and volumes
were adjusted to 25 ul. An equal volume of hybridization buffer was added, to a final
concentration of 25% formamide, 5x SSC and 0.1% SDS. Samples were applied to the
microarray slides and placed in a hybridization chamber (GeneMachines, San Carlos,
CA, USA) for 16-20 hours at 42 °C in the dark. Differential gene expression levels
were calculated through comparison with a common reference sample, containing equal

amounts of RNA from all experimental samples.

The microarrays were scanned with a ScanArray Express microarray scanner (Perkin

Elmer, Groningen, The Netherlands) and median fluorescence intensities were quantified
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for each spot using ArrayVision software (Imaging Research, Roosendaal, The
Netherlands). The expression data were natural-log transformed, quantile normalized,
and values of replicate spots were averaged. These data processing steps were done
with the free statistical software R (WU, Wien, Austria), using an in-house developed
script. The sample from duplicate 1 was tested twice to assess method reproducibility

in relation to duplicate reproducibility.

Phylogenetic profiling

To determine the presence or absence of the pfkA gene and other genes related to
glucose metabolism and glucose transport, in different species, the STRING database
[54, 55] was used as a starting point. Notably, the orthology assignment between
genes in different species that are present in the STRING database is mainly derived
from the COG database [48] in which clusters of orthologous groups of proteins
(COGs) are delineated by comparing protein sequences encoded in complete genomes.
The protein sequences of the relevant genes of E. coli were used as an input. In the
cases where no or very low homology was found in N. meningitidis, while functionality
has been indicated elsewhere [56, 57], the protein sequences of the relevant genes of
N. meningitidis were also used as input. In order to interpret the results obtained from
the alignments more easily, the STRING scores were converted to a color scale that is
based on four colors using a self-made computer program running in Visual Basic
(Microsoft, Seattle, WA, USA). In this program the homology scores (bitscores) of the
relevant protein sequence of a species, serve as an input. In the cases where no sequence
homology was found, the color red was assigned. In the cases where some homology
was found but the bitscore was below the general threshold value of 60 [54, 58], the
color orange was assigned. The genes that are present are indicated by the color green
and high homology (high scores) are indicated by a slightly darker green. The reliability
of the color re-scaling was checked by cross-referencing using BlastP [59] and 2

randomly chosen protein sequences which confirmed the obtained results.
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Metabolic modeling

Methods for solving a metabolic network or set of linear equations are discussed
extensively elsewhere [60-64]. Briefly, first the genome-scale metabolic model [9] was
simplified as described before [10]. Next, an acetaldehyde exchange reaction was
added based on the measurement of acetaldehyde in the culture supernatant. In addition,
for the HB-1+kanR+pfkA strain the irreversible PFK reaction was added to the model
(see additional data, worksheet model). For both cases the primary measurements
were translated to measured conversion rates using mass balances and all measure-
ment errors were translated to errors (i.e. variances) in measured conversion rates

using Monte Carlo simulation (MCS) as described before [9].

The redundancy matrix expressing the redundancy relations between the measured
exchange rates was calculated for each individual dataset and contained 2 independent
equations. Inspection of these equations indicated a carbon, and a nitrogen balance.
Both metabolic models (HB-1+kanR and the HB-1+kanR+pfkA) are partly under-
determined. Linear optimization (i.e. linear programming, LP) was combined with
MCS and used to find a single, unique, optimal value for the objective function maxi-
mization of ATP hydrolysis as described before [10]. Since ATP is an intermediate
metabolite that cannot accumulate, maximization of the hydrolysis reaction auto-
matically means that in the rest of the network ATP production is maximized.
Notably, this single solution is not necessarily unique and there can be more than one

flux distribution that reaches the optimal value of the objective function.

Prior to balancing and LP (FBA) in silico FBA simulations were done in order to deter-
mine the possible increase in yield as a result of pfkA introduction. The protein, fatty
acid and biomass biosynthesis reactions in the i silico FBA simulations were based
on the measured average composition which was determined before [10]. The following
external metabolites were allowed to freely enter and leave the system: ammonia,

water, phosphate, thiosulfate, sulfate, carbon dioxide, oxygen, and protons. In addition,
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amino acids, acetate, hydrogen sulfide, ethanol and extracellular protein were only
allowed to leave the system. Glucose was the sole carbon source that was allowed to
enter the system. The objective function used in in silico FBA was the maximization
of biomass. This objective function was found to result in biologically meaningfull
predictions in nutrient limited continuous E. coli cultures [65]. In silico FBA was com-
bined with Monte Carlo simulation (MCS) using previously determined substrate
(Y mg) and energy parameters (Y, arp, Marp) and their corresponding variances [10]
as input for optimization at different chosen growth rates. The complete procedure
was as follows: First a growth rate was chosen and at this growth rate a thousand
values for the corresponding consumption rate of glucose, the growth associated ATP
requirement for biomass and the flux through the non-growth-associated ATP-main-
tenance reaction (mypp) were calculated using MCS and stored as temporary data set.
Second, each set of these simulated values was used as input for iz silico FBA and the
fluxdistribution results were stored in a temporary matrix. After completion of the
simulations at the chosen growth rate, the average value and the corresponding variance
of each flux and exchange rate were calculated. Then, the next growth rate was selected
and the above described procedure was done again. After completion of the in silico
FBA calculations for strain HB-1+kanR, the stoichiometrix matrix corresponding to
strain HB-1+kanR+pfkA was seleceted and the complete procedure was repeated
using the same growth rates as inputs. The Monte Carlo approach was used in order
to estimate the errors in the calculated in silico biomass on substrate yield values
(Y in silico) at the different growth rates in the two strains. The stoichiometric matrices
used in this study were constructed from the set of reactions using a self-made
computer program running in Visual Basic (Microsoft, Seattle, WA, USA). Both
Monte Carlo simulations (MCS) and flux balance analysis (FBA) were executed in
self-made computer programs running in Matlab (version 6.5 r13; Mathworks,

Natick, MA, USA).
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RESULTS & DISCUSSION

In silico FBA

A functional glycolysis in N. meningitidis by inclusion of PFK theoretically leads to an
increase in the biomass yield as shown in Figure 4.3. The possible increase in biomass
yield is higher when the growth rate is lower, as expected. Since a functional glycolysis
only produces one additional ATP on a total of about 20 ATP in central metabolism,
the impact of PFK when cells grow at a low growth becomes relatively more impor-
tant, since the availability of ATP for biomass growth decreases with decreasing
growth rates due to the maintenance requirements. In other words, the more limiting
energy becomes for growth the more important it is to increase the yield of ATP on

substrate and thus the more advantegous PFK becomes.
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Figure 4.3 Percentage improvement of i silico biomass yield (Y $/ic0) in the pfkA+ strain
at various growth rates (m) in comparision with the HB-1+kanR strain. The grey lines repre-
sent the standard deviation on the predictions (o). Since the substrate and energy parameters
(see materials and methods section) were estimated in the 0.04-0.16 range of growth rates, the
average line (black) is dashed ouside this range.
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Phylogenetic profiling

Phylogenetic profiling (see additional data, worksheet phylogenetic profiling) reveals
that many genomes of both y- and &-proteobacteria, Acidobacteria, Firmicutes,
Bacteroidetes, Actinobacteria, and some Cyanobacteria and all Eukaryota contain a
pfRA gene (or a pfkA homolog), while it is absent in most a-, B-proteobacteria and
Chlamydiae genomes and Archaea (Appendix 4). Notably, all listed Firmicutes, 8-proteo-
bacteria and acidobacteria contain a pfkA homolog. The presence of pfkA in all listed
families, except Archaea indicates that its origin is ancient. However, its phylogenetic
distribution is patchy and complex. For instance, the genomes of two species within
the listed B-proteobacteria (i.e. Rhodoferax ferrireducens and Chromobacterium vio-
laceum) contain a pfkA homolog, while all other species do not. Observations within
all the classified families of bacterial species show similar results. In other words, there
always seem to be one or more species within a classified family that contain a pfkA
gene, so phylogenetic based discrimination to reconstruct the evolutionary history of
pfRA does not seem possible. However, the patchy phylogenetic distribution suggests,
as indicated earlier [19], that pfkA can be lost during evolution of a species.
Phylogenetic profiling indicates that the genomes of most anaerobic organisms
(e.g. Clostridium species) contain a pfkA gene, which is in agreement with the obtained
in silico FBA results, since at low growth rate, increased yield is predicted. Since little
energy is generated from substrate in anaerobically grown species, the relative gain in
ATP yield increases significantly when the glycolytic pathway is present. Absence of a
pfRA gene in anaerobic organisms goes together with absence of genes related to the
EMP pathway and/or absence of glucose transport capabilities (e.g. Psychrobacter
species). In facultative anaerobic species, the presence or absence of a pfkA gene is
more variable. For instance, the genomes of Escherichia species, Shigella species,
Salmonella species, Haemophilus species, Mannbeimia succiniciproducens,
Staphylococcus species, Corynebacterium species, Listeria species, Yersinia and Vibrio
species contain a pfkA homolog, while the genomes of Legionella species,

Chlamydophila species and Chlamydia species do not. In the genomes of the latter
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three species, additional genes related to the EMP pathway are also not present.
Similar to facultative anaerobic species, the distribution of the pfkA gene in obligate
aerobic species is variable. However, obligate aerobic species seem to lack pfkA
(e.g. Burkholderia, Neisseria, Heliobacter and Bordetella species). From an energy
point of view, lack of pfkA in an obligate aerobe seems obvious, since the contribution
of PFK to the energy supply in an aerobically grown organism is limited in comparison
with the energy generated through oxidative phosphorylation, which might explain
the absence of pfkA in the N. meningitidis genome. In other words, under aerobic
conditions the substrate is more important for anabolism (i.e. supply of intermediates
for growth), than for generating energy. Under anaerobic or microaerobic conditions
this is just the other way around and the substrate is more important for energy gene-
ration than for anabolism and PFK provides an advantage. Therefore, in the case of
limiting energy supply, the objective of an organism seems to be optimize the yield of
energy on substrate (maximize Y yps). In contrast, in the case of sufficient available
energy, it seems that the strategy of organisms is to consume this energy as fast as possible
(maximize rrp) in order to outcompete other micro-organisms living in the same
habitat. There always seems to be a trade-off between high biomass yield and high
energy dissipation rates necessary for fast growth, as examined extensively by

Von Stockar and co-workers [66, 67].

Scheutz and coworkers [65] found that under carbon (and energy) limitation in
chemostat, Escherichia coli aims at maximization of biomass. In the case of excess
availability of carbon (and energy), the E. coli metabolism operates in such a way that
a minimal amount of biochemical reactions are being used to generate the required
ATP. This typical over-flow metabolism (e.g. production of acetate) results in less efficient
energy utilization of the carbon source. Nevertheless, the resulting suboptimal yields
go hand in hand with dissipation of more energy and thereby enable higher catabolic
rates [65], which might be a way to outcompete other organisms living in the same

habitat. Furthermore, the excreted products like acetate and ethanol may inhibit
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growth of other organisms. This shows that E. coli has developed a mechanism that
compromises between growth efficiency (i.e. biomass yield) and metabolic rate
(i.e. growth rate) and the environmental conditions (i.e. habitat) determine which
mechanism is preferred. There is more experimental evidence showing that at carbon

substrate limitation, high yield pathways are indeed adopted [68-70].

In the N. meningitidis genome, genes encoding a glucose/galactose transporter
(NMBO0535), a putative sugar transporter (NMB0388) and a glucokinase (glk,
NMB1390) have been annotated. Since N. meningitidis does not have PFK, it seems
that the maximal flux through the ED pathway in N. meningitidis can reach higher
values than the maximum flux going through the EMP pathway if it would have been
present. In Staphylococcus and Streptococcus genomes, known inhabitants of the nose
and throat, pfkA is present while glucokinase is absent and glucose uptake proceeds
via the PEP:carbohydrate phosphotransferase system (PTS system). PTS-mediated
substrate uptake involves the transfer of the phosphoryl group of the high-energy
metabolite phosphoenolpyruvate to the carbohydrate through a cascade of phospho-
transfer proteins including EI, Hpr, and EITABC [71, 72]. In E. coli the PTS proteins EI
(encoded by ptsI), Hpr (encoded by ptsH), the glucose-specific component EITAGIe
(encoded by crr), the glucose transporter EIICBGIe (encoded by ptsG) are members of
the carbon catabolite modulon that regulates the activity of most catabolic operons
and carbohydrate transport in E. coli. In the N. meningitidis genome the genes encoding
an EI protein (NMB2044, ptsl), a HPr protein (NMB204S5, ptsH) and an EIIA
mannose/sorbose specific subunit (NMB2046) have been annotated. The first two
genes are part of a ptsHI operon while NMB2046 is located 69 bp upstream of ptsH
[56, 73]. This suggests that transport of mannose/sorbose in N. meningitis might proceed
via a PTS system. Genes encoding a glucose specific EIIA component and a glucose
specific PTS-transporter (EIIBGI¢) have not been found in the N. meningitidis genome,

which suggests that glucose transport does not proceed via a PTS system.
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In contrast with N. meningitidis, E. coli has a functional EMP pathway. E. coli
mutants that lack the pfkA gene are impaired in growth on all carbon sources entering
glycolysis at or above the level of F6P and the growth rate drastically decreases when
grown on sugars, such as glucose, which are normally transported and phosphorylated
by the PTS [74]. A strong decrease in growth rate was also observed in PFK mutants
of lactococcus lactis, in which the PFK activity was reduced by replacement of the
natural promoter with weaker synthetic promoters [75]. Thus, it seems that the presence
of PFK in an organism enables its ability to grow fast when grown on carbon sources
(e.g. glucose, mannose, galactose, fructose etc.) that enter glycolysis above the level of
F6P. However, in organisms that additionally lack a PTS system, this is not the case.
It has been shown in E. coli that strains lacking PTS have pleiotropic phenotypes and
are impaired in their capacity to grow on glucose and other PTS sugars [76, 77]. The
significantly decreasing relative transcription level of pfkA in a PTS deficient E. coli
mutant (AptsHIcrr), in comparison to the wild-type [78], suggests that there might be
a correlation between PFK and PTS. Since a functional EMP pathway can generate
twice as much PEP from glucose in comparison with the ED pathway, presence of PFK
and the PTS system seem to go hand in hand. To illustrate the possible correlation
between PFK and the PTS system, Figure 4.4 shows Venn diagrams for pfkA, glk (gluco-
kinase, GK) and ptsG (glucose specific PTS-transporter EIIBGk) in y- and B-proteo-
bacteria, Firmicutes and Actinobacteria. No ptsG homologs have been found in a-, &-
and d-proteobacteria, Acidobacteria, Chlamydiae, Bacteroidetes, Cyanobacteria and
Spirochaetes species, whereas pfkA homologs, in some of these species are present (see
Appendix 4). This suggests that the glucose specific PTS-transporter (EIIBGk) originated
after pfRA in evolution. The only exception is found within the B-proteobacteria, in
particular the Burkholderia species, in which a pfkA homolog has not been found,
while the PTS system is functional. Notably, only the B-proteobacterium
Chromobacterium violaceum, contains both a pfkA homolog and all homologs related

to the PTS system.
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Figure 4.4 Venn diagrams indicating the relationship (numbers in the circles) between PFK
(encoded by pfkA), the glucose specific PTS-transporter EIIBGIC (encoded by ptsG) and gluco-
kinase, GK, (encoded by glk) in y-proteobacteria, B-proteobacteria, Firmicutes and
Actinobacteria. For example, in 76 of the listed y-proteobacteria, pfkA, ptsG and glk homologs
are present in 44, 39 and 51 organisms, respectively. In 34 organisms pfkA and ptsG homologs
are both present, whereas in 27 organisms pfkA and ptsG homologs are both absent (number
outside the circles). Hence, in 61 (27+34) of the 76 cases (80%) PFK and EIIBGl¢ are correla-
ted. In 25 organisms pfkA and glk homologs are both present, whereas in 6 organisms pfkA
and glk homologs are both absent. Therefore, in 31 cases (41%) PFK and GK are correlated.
Notably, in 4 of the 76 y-proteobacteria (76/4) pfkA, ptsG and glk homologs are absent.
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From the Venn diagrams (Fig. 4.4) it can be calculated that in 157 of the 210 cases
PFK and EIIBGI are correlated (75 %), meaning they are either found together or both
are not present at all, or stated differently in the 156 cases where either PFK or EIIBGle
is present they are present together in 103 cases, which indicates that they are correlated.
As a control the correlation with GK is included. PFK and GK are correlated in 30%
of the cases. Notably, when the 312 bacterial species, listed in the phylogenetic profile
(see additional data), are taken into consideration PFK and EIIBGIc are correlated in
70% of the cases and PFK and GK in 30% of the cases (Appendix 4). This shows that
the correlation between PFK and the PTS system is stronger than between PFK and
GK, possibly, because of the mentioned fact that the EMP pathway, including PFK,
generates more PEP, which is a substrate for the PTS system. Phylogenetic profiling
indicates that the EI PTS protein (encoded by ptsI), is present in 92%, 20% and 96%
of the Bacteria, Eukaryota and Archea, respectively, which clearly indicates more

(ancient) functional roles for the PTS system.

Since the PTS system is typical for anaerobic and facultative aerobic organisms [72],
the lack of a PTS system in N. meningitidis seems obvious. Although, during infection,
pathogenic N. meningitidis encounters host anatomical sites with low oxygen levels,
which indicates that anaerobic metabolism is required [79, 80], one can argue that this
requirement is not a main determinant of N. meningitidis evolution. In particular,
since natural evolution of N. meningitidis takes place in the aerobic nasopharyngeal
mucosa. A PTS deficient E. coli mutant (AptsHlcrr) that underwent an adaptive
evolution process [76], showed a higher relative pfkA expression level in comparison
with the parental mutant strain and also grew faster on glucose (u of 0.42 vs 0.1 h-1),
which indicates that pfkA also plays an important role when PTS is lacking.
Nevertheless, the mutant (PB12) grew significantly slower than the wild-type strain
(wof 0.71 h-1) [78] indicating the importance of the PTS for achieving a high growth rate.
The possibility that other possible main nutrients for growth, (for example lactate),

which are not processed via F6P and are present the natural habitat of N. meningitidis,
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cannot be ignored and might also be determinants of pfkA deficiency in N. meningitidis.
In vitro enzyme studies using E. coli enzymes [81] show that PFK, glucokinase and
phosphoglucoisomerase are inhibited by ATP and PEP, which might be determinants
of pfkA loss in PTS deficient organisms. In conlusion, for growth on hexose sugars the
fact whether a micro-organism is strictly anaerobic or strictly aerobic seems to be the
most important factor determining the presence, respectively absence of PFK and thus
can also explain the absence of PFK in Neisseria meningitidis, which is an aerobic
bacterium. A second factor, which can also be important is growth on substrates entering

metabolism below the PFK level, like lacate.

RNA integrity and comparison of expression profiles

In total three samples were taken for RNA extraction (per strain). Two RNA extraction
samples were taken from one chemostat and one sample was taken from the duplicate
chemostat of that strain. The integrity of mRNA molecules is of great importance for
experiments that try to reflect the snapshot of gene expression at the moment of RNA
extraction [82]. A robust and reliable method for prediction of the RNA integrity is
based on calculation of the RNA integrity number (RIN) of the extracted RNA sample,
which provides a more reliable quality assessment than the common ribosomal RNA
ratio method [53]. The RIN scores of the RNA samples from the two chemostats were
9.4 and 9.8 indicating that the RNA was of good quality and suitable for use in DNA
microarray analysis. This shows that the rapid sampling protocol used in this study
followed by storage of the quenched biomass at -80 °C prevents RNA degradation for
a long period of time (at least two years). Kashara and co-workers [83] found that
RNA in rat liver tissue can be preserved up to at least one year when samples are stored
at -80 °C, but to our knowledge RNA preservation periods over one year have not
been reported before. Comparison of the overall gene expression levels of two samples
taken from the same chemostat culture may be a relevant indication for the repro-
ducibility of the microararray analysis method. Two samples taken from one chemostat

showed a good correlation between overall gene expression levels for both strains
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(HB-1+kanR, R2 = 0.95; HB-1+kanR+pfkA, R2 = 0.94). Comparison of the overall
gene expression levels of the two different chemostat cultures of the same strain may
be a relevant indication for the biological reproducibility. The correlation between
gene expression levels of the two separate chemostat cultures, calculated by weighted
least squares linear regression, was also sufficient (HB-1+kanR, R2 = 0.94;
HB-1+kanR+pfkA, R2 = 0.99). The results of these comparisons are provided in the
additional data file (worksheet reproducibility). The correlation between the averaged
gene expression levels of strain HB-1+kanR and HB-1+kanR+pfkA is shown in
Figure 4.5. The gene expression values outside the 99% confidence interval of prediction

indicate the genes that are up- or downregulated as a result of pfkA expression.

The averaged gene expression differences indicate that the heterologous pfkA gene is
expressed in strain HB-1+kanR+pfkA. Introduction of the pfkA gene in N. meningitidis
induced a change in the gene expression level of the pfkA gene (foldratio, FR = 2.9)
and high gene expression changes (FR > 3.0) in the expression of only seven genes.
These genes were upregulated in strain HB-1+kanR+pfkA and include the pilE gene
(NMBO0018) and six pilS genes (NMB0020, NMB0021, NMB0022, NMB0023,
NMB0025 and NMB0026).

These virulence genes are phase-variable, which is reversible on/off switching of
expression state [30]. Thefore it is possible that the ‘on’ expression state of these genes
was selected during strain construction and upregulation of these genes might not be
a result of heterologous pfkA expression. Due to the limited number of samples in the
present study, the expression changes of the genes mentioned above were considered
to be significant and reliable. Usually, gene expression changes above 2-, 3-, and
4-fold variation are considered significant [84]. However, a 1.6-fold difference to be
detected at a level of confidence of above 99% has been indicated in the literature for
N. meningitidis (85, 86]. If we apply this cut-off value, seven additional genes are

indicated. Although the reliability of this set of additional indicated genes is lower, we
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Figure 4.5 Linear regression of average expression values, AEV (0) of N. meningitidis strain
HB-1+kanR and N. meningitidis strain HB-1+kanR+pfkA (black line). The dashed lines indicate
the 99% confidence interval of prediction. Introduction of the pfkA gene induced a change in
the gene expression level of the pfkA gene (FR = 2.9). High gene expression changes (FR > 3.0)
include the pilE gene (NMBO0018) and six pilS genes (NMB0020, NMB0021, NMB0022,
NMB0023, NMB0025 and NMB0026). Small gene expression changes (FR>1.6) were observed
for NMB0578, NMB1936, NMB0073, NMB0029, NMB0916, NMB1048, and NMB0525.
However the latter set posesses uncertainty as explained in text.

found that two genes in this set are correlated with heterologous PFK expression. The
copper ABC transporter periplasmic copper-binding protein gene (NMB0578) was
found to be downregulated (FR=1.8), which can be explained by the fact that PFK is
inhibited by copper [87]. The ATP synthase F1, alpha subunit gene (NMB1936) was
found to be upregulated (FR=1.68), which can be explained by a higher oxygen
consumption rate of strain HB-1+kanR+pfkA (see metabolic observations section).
The relation of the other five downregulated genes in the additional indicated set
(NMB0073 encoding the capsule polysaccharide export inner-membrane protein,
FR=2.0; NMB0029 encoding glycerate dehydrogenase, FR=1.78; NMB0916 and
NMB1048, both encoding hypothetical proteins, FR=1.75 and FR=1.71, respectively;
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NMBO0525 encoding a putative aluminum resistance protein, FR=1.66) with hetero-

logous PFK expression, remains unclear.

Physiological and metabolic observations

Successful expression of PFK in N. meningitidis HB-1+kanR+pfkA was indicated by
measuring the PFK activity using a coupling enzyme assay. A clear decrease in absorp-
tion is visible in cell lysate of the HB-1+kanR+pfkA strain, indicating the presence of
active PFK (Fig. 4.6). Notably, the observed PFK activity was significantly lower
(~100 fold) in comparison with identically prepared E. coli extracts (results not
shown). This may be due to the use of the rmpM promoter site, due the the presence
of allosteric inhibitors as explained in the introduction section or due to active
fructose-1,6-bisphosphatase in the N. meningitidis cell-extract which might interfere
with the determination [88]. Interference is unlikely in the E. coli cell-extract since

fructose-1,6-bisphosphatase is not required when grown on hexoses and pentoses [89].

The macromolecular biomass composition was determined on the two duplicate aerobic
glucose-limited chemostat cultures and is shown in Table 4.1. In strain
HB-1+kanR+pfkA, the RNA content is significantly higher and the lipopolysaccharide
(LPS) content is lower, whereas no significant changes were observed for the other
components. The cellular amino acid composition of both strains did not differ
significantly (Table 4.2). We observed small differences in fatty acid composition
(Table 4.3). In particular, the unsaturated hexadecenoic acid (C16:1) content and the
3-hydroxydodecanoic acid (C12:0-30H) content in strain HB-1+kanR+pfkA were

somewhat higher. Overall the changes in the biomass composition were minimal.

The redundancy matrix expressing the redundancy relations between the measured
exchange rates was calculated for each individual dataset and contained a carbon and
a nitrogen balance. The residuals obtained after multiplication of the redundancy

matrix with the measured exchange rates could be explained on the basis of random
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Figure 4.6 PFK activity measurements. Absorbance at 340 nm was measured in cell-free
extracts of N. meningitidis strain HB-1+kanR+pfkA (black line) and the negative control strain
HB-1+kanR (grey line) during 10 min. The decreasing black line indicates succesfull expression
of PFK in N. meningitidis.

measurement variances with test values that were lower than the 95% chi-square
critical value of 5.992 [93]. In addition, the individual carbon and nitrogen balance
could be closed for all datasets. Hence, the carbon and nitrogen containing exchange
rates were balanced. As explained in the materials and methods section, a single solution
for the underdetermined parts of both metabolic networks was calculated using
maximization of ATP yield (maxATP) as an objective function. It was found that in
the HB-1+kanR+pfkA strain 24% of the total ATP was formed in the EMP pathway,
the citric acid cycle and the acetate production reaction, whereas in the HB-1+kanR
strain 16% of the total ATP was formed in the ED pathway, the citric acid cycle and
the acetate production reaction. In both strains the remaing part of ATP was formed

in oxidative phosphorylation (see Additional data file, worksheet fluxdistributions).
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Table 4.1 Measured macromolecular composition (% w/w) of N. meningitidis strains
HB-1+kanR (pfkA”) and HB-1+kanR+pfkA (pfkA*), different including the standard
deviation.

Component prkA” prkA*

Protein 67.14 £ 7.85 69.41 +9.18
RNA 5.87 147 9.97 = 2.49
DNA 1.79 £ 0.27 1.78 £ 0.27
Phospholipids! 11.22 +0.16  10.69 = 0.14
LPS? 5.83 £0.16 4.88 +0.12
Peptidoglycan3 2.50 £ 0.25 2.50 £ 0.25
Total 94.3 = 8.0 99.2 £9.5

1 The overall phospholipid composition used in the present study was based on the values provided by Rahman and co-workers
[90], including 11 % phospatidate (PA), 71 % phosphatidylethanolamine (PE) and 18% phosphatidylglycerol (PG).

2 LPS was quantified based on the measured amount of C12:0-30H and posseses uncertainty previously [10].

3 Peptidoglycan amount in N. meningitidis was estimated based on E. coli [91] and the composition was based on the average
of the peptidoglycan structures present in N. meningitidis [92]. For modeling purposes a relative mean standard deviation of

10% was assumed.

As expected, the HB-1+kanR strain processes glucose-6-phosphate solely through the
ED pathway using this objective function, since the ED pathway can yield slightly
more energy per consumed glucose in comparison with the PP patwhay [10]. It was
found that the ATP hydrolysis flux (i.e. the flux that was maximized) was twice as
high in the HB-1+kanR+pfkA strain (see additional data file, worksheet flux distribu-
tions). Even if it is assumed that the EMP pathway is not active in the PFK mutant due
to a too low activity of the PFK and glucose is metabolised through the ED pathway,
the ATP hydrolysis flux is still 1.6 times higher in the PFK mutant. The biomass com-
position of both strains is comparable, which indicates that it is unlikely that more
ATP is required for HB-1+kanR+pfkA biomass formation. Possibly, heterologous
expression of PFK induces stress and increases the ATP requirement for maintenance.
In addition, introduction of pfkA in N. meningitidis may result in a futile cycle in
combination with fructose-1,6 bisphosphatase resulting in the loss of ATP. To compensate

for this more ATP must be generated from glucose resulting in more CO, generation
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Table 4.2 Measured cellular amino acid composition (% w/w) of N. meningitidis strains
HB-1+kanR (pfkA’) and HB-1+kanR+pfkA (pfkA-), including the standard deviation.

Amino acid prkA” prkAt

Aspartate 5.68 +0.26 5.62 +0.27
Glutamate 7.78 £ 0.43 7.84 £ 0.45
Serine 3.79 £ 0.19 4.01 = 0.21
Histidine 2.13 £ 0.14 2.05 £ 0.16
Glycine 5.45 £0.27 5.51£0.28
Threonine 4.64 = 0.21 4.46 = 0.20
Alanine 8.75 £ 0.40 9.14 £ 0.42
Arginine 7.85 £ 0.33 8.05 £ 0.35
Tyrosine 3.72£0.14 3.91 £0.15
Valine 6.60 = 0.32 6.59 = 0.30
Methionine 2.67 =0.15 2.57 £0.21
Phenylalanine 4.54 = 0.16 4.45 +0.17
Isoleucine 5.11 £ 0.22 5.08 £ 0.22
Leucine 8.32£0.32 8.16 = 0.33
Lysine 6.96 = 1.11 6.88 £ 1.16
Proline 3.72 £ 0.31 3.64 = 0.30
Asparagine 4.35 £0.23 431 +0.24
Trypthophan 1.98 = 0.54 1.91 = 0.54
Cysteine 0.96 = 0.33 0.83 £0.32
Glutamine 4.97 = 0.39 5.00 = 0.41

and a decrease in biomass yield. The measured (balanced) C-mol yield of biomass on
substrate, Y, in strain HB-1+kanR+pfkA was found to be 0.45 = 0.03 C-mol.C-mol-1,
while Y in strain HB-1+kanR was found to be 0.52 = 0.03 C-mol.C-mol-1. Notably,

predictions obtained from iz silico FBA, at the same growth rate of 0.13 h-1, showed

opposite results (i.e. 0.47 = 0.04 and 0.49 = 0.04 for strain HB-1+kanR and strain
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Table 4.3 Measured cellular fatty acid composition (% w/w) of N. meningitidis strains
HB-1+kanR (pfkA”) and HB-1+kanR+pfkA (pfkA*), different including the standard
deviation.

Fatty acid prkA” prkA*
dodecanoic acid (C12:0) 7.99 + 0.33 6.93 + 0.33
3-hydroxydodecanoic acid (C12:0-30H) 7.54 + 0.26 6.83 = 0.24

3-hydroxytetradecanoic acid (C14:0-30H)*  3.31 = 0.27 3.50 = 0.12

tetradecanoic acid (C14:0) 8.53 +0.26 7.72 £ 0.25
hexadecenoic acid (C16:1 trans-9) 20.92 = 0.83  23.29 = 0.75
hexadecenoic acid (C16:1 w-7-cis) 0.40 = 0.02 0.46 + 0.02
hexadecanoic acid (C16:0) 39.53+14 38.98x143
octadecenoic acid (C18:1 w-7-cis) 10.52 £ 0.44 11.40 = 0.72
octadecanoic acid (C18:0) 1.26 = 0.06 0.89 + 0.06

* The C14:0-30H quantity was calculated from the corresponding measured C12:0-30H quantity as explained previously [10].

HB-1+kanR+pfkA, respectively). This might explain why the pfkA gene is not obtained
by HZT, since it is initially unfavourable for biomass yield. The lower Y, in strain
HB-1+kanR+pfkA means less carbon is assimilated in biomass, which was compensated
mainly by an increase in CO, production (i.e. 0.52 = 0.06 C-mol.C-mol-! for strain
HB-1+kanR+pfkA and 0.44 = 0.04 C-mol.C-mol-! for strain HB-1+kanR), while the
production of byproducts (i.e. ethanol, acetate, acetahldehyde, lactate, amino acids
and protein) was low and comparable between the two strains (i.e. 0.03 = 0.01
C-mol.C-mol-! for strain HB-1+kanR+pfkA and 0.05 = 0.01 C-mol.C-mol-! for strain
HB-1+kanR). No significant differences between the maximum growth rates of both
strains were observed during the batch phase preceding the chemostat phase (results
not shown). Theoretically, a higher yield would be expected and due to the earlier
mentioned trade off between high biomass yield and high energy dissipation rates a
lower maximum growth rate would be expected. As mentioned it seems plausible that
introduction of pfkA in N. meningitidis resulted in a futile cycle. This results in loss

of ATP (and dissipation of energy), more CO, production and a lower yield of bio-
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mass on substrate. The extra dissipation of energy can explain why no lower growth
rate has been found, which is thus in line with the theory. Adaptive evolution to achieve
a robust, optimal metabolic network that enables a higher growth rate [94] or a higher

yield, might be possible.

Schoen and co-workers [95] suggested that a fast replication rate upon colonization
of a new host by N. meningitidis might constitute a selective advantage. However,
from an economical point of view, efficiency should be more important than rate.
Colonization of the nasopharynx by N. meningitidis is a complex series of events that
requires both efficient scavenging of nutrients and evasion of innate immune killing.
The levels of lactate and glucose in homogenates of nasopharyngeal tissue are
constant and range from 0.6 to 2.4 mmol.l-! and 3.9 to 5.8 mmol.l-, respectively [27]
and these levels were not affected by infection either with wild-type meningococci or
lctP-deficient meningococci, which illustrates chemostat-like (constant) environmen-
tal conditions within the nasopharynx in terms of carbon source. This suggests that
selection for efficiency might be more important than selection for growth rate.
However, the concentrations of both carbon sources in the nasopharynx are still
significantly higher in comparison with concentrations in a C-limited chemostat.
Furthermore, the concentrations measured in the nasopharynx are far beyond the K,
which ranges for glucose from 4.10-4 — 0.1 mmol.l-! [96] and indicates that selection

for growth rate is possible.

The variable environmental conditions of an organisms’ habitat seems to be the most
important determinant of its survival (optimization) strategy and its corresponding
physiological evolution. In E. coli this is reflected by the vast amount of genes that are
related to physiological adaption (~ 20% of the genes in the E. coli genome). In contrast,
only ~ 2% of the genes in the N. meningitidis genome, is related to physiological
adaption [30], whereas ~ 100 genes in the meningococcal genome are related to phase

and antigenic variation (in E. coli < 10 genes) [30]. Therefore, it seems that the gene-
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rating of genetic variability [30, 37, 95], to cope with the host immune defense systems
[30, 97, 98], is the main survival strategy of N. meningitidis, which is reflected by the
vast amount of different tools that are specifically designed for this purpose. For
instance, N. meningitidis is equipped with secretory proteins that are involved in the
adherence to host cells or required to suppress the host’s defence mechanisms [99], of
which the site-specific proteases to cleave human immunoglobulin A1 (IgA1) [100],
the first line of defense at mucosal membranes, and the generation of surface antigen
variants [37] are two examples. Both examples are strong indications that growth rate
is indeed the main strategy of N. meningitidis in order to outcompete other micro-
organisms living in the same habitat, since the faster its replication rate, the faster new
genotypes are generated (genetic variability) and the faster specific proteases are
available (suppress immune defence). However, the nature of N. meningitidis remains
complex as illustrated by the presence of a polysaccharide capsule, one of the essential
meningococcal attributes for virulence and pathogenesis. This capsule negatively
affects bacterial adhesion and, consequently, entry but is fundamental for intracellular
survival [101]. The capsule also prevents phagocytic killing of bacteria present in the
circulation during infection [101, 102]. Since genetic variability is dominated by random
events [30], the influence of environmental factors on the natural evolution of the

primary metabolism of meningococci might be limited.
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CONCLUSIONS

The phylogenetic distribution of PFK indicates that in most obligate aerobic organisms
PFK is lacking. In many (facultative) anaerobic organisms PFK is present and seems
to go hand in hand with the presence of a PTS system. A competitive advantage under
anaerobic conditions seems the most important factor for the presence of PFK. In the
case of limiting energy availability due to the absence of oxidative phosphorylation,
the objective of an organism seems to be to optimize the yield of energy on substrate
(maximize Y ypjs) favoring PFK. In the case sufficient energy can be liberated from the
substrate due to oxidative phosphorylation, the objective of an organism seems to be
to optimize the rate of energy generation (maximize rpp) in order to outcompete
other micro-organisms living in the same habitat. Since the natural evolution of
N. meningitidis takes place in the aerobic nasopharyngeal mucosa, the absence of
pfkA in the N. meningitidis genome can be explained. In silico FBA predicts an
increase in biomass yield upon inclusion of PFK. However, experimentally a lower
biomass yield is found in the presence of PFK as compared to the control without
PFK. Possibly this is caused by the fact that phosphatases are active, creating futile
cycles and dissipation of energy. This makes clear that no intial advantage is gained
when PFK is expressed in N. meningitidis, which illustrates that possible HZT events

to obtain the pfkA gene are unlikely.
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ADDITIONAL DATA

The following additional data are available on CD-rom. The file named Additional
data Chapter 4.xlsx is an excel file that includes 7 worksheets. The first worksheet
named ‘model’ contains the simplified metabolic model. The second worksheet named
‘abbreviations’ contains a list of abbreviations of the metabolites. The third worksheet
named ‘flux distributions’ contains the calculated flux distributions of all experimental
data sets. The fourth worksheet named ‘phylogenetic profiling’ contains the phylo-
genetic profile of 373 species. The fifth worksheet named ‘phylo reactions’ contains
the relevant reactions list and the used amino acid sequences for the phylogenetic
profiling. The sixth worksheet named ‘transcriptome’ contains the gene expression
data. The seventh worksheet named ‘reproducibility’ contains the linear regressions of

the gene expression data.
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APPENDIX 4

Phylogenetic correlations

The relationships between PFK (encoded by pfkA), the glucose specific PTS-transporter

EIIBGIe (encoded by p#sG) and glucokinase, GK, (encoded by glk) in bacterial species

are shown in the table below. Table 4.1.1 shows the number of cases where homologs

of the relevant genes (or a combinations of these genes) are present within a subclass

(including the percentage of the total within that subclass). Table 4.1.2 shows the

number of cases where homologs of the relevant genes (or combinations) are absent.

Table 4.1.3 shows the possible correlations between PFK, EIIBGlc and GK. #species,

number of species within the subclass.

Table 4.1.1 Homologs present

Species # species prkA ptsG glk  pfkA+ptsG  pfkA+glk  glk+ptsG pfkA+ptsG+glk
y-proteobacteria 76 44 (58%) 39 (51%) 51 (67%) 4 (45%) 25(33%) 27 (36%) 24 (32%)
B-proteobacteria 24 2 (8%) 7(29%) 17 (71%) 1 (4%) 1(4%) 7(29%) 1 (4%)
o-proteobacteria 43 5 (12%) 0 (0%) 3 (53%) 0 (0%) 4(9%) 0(0%) 0 (0%)
e-proteobacteria 8 3 (38%) 0(0%) 2 (25%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
d-proteobacteria 9 9 (100%) 0 (0%) 2 (22%) 0(0%) 2(22%) 0(0%) 0 (0%)
Acidobacteria 2 2 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Firmicutes 78 8 (100%) 64 (82%) 1(1%)  64(82%) 1(1%) 0 (0%) 0 (0%)
Chlamydiae 12 1(8%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Bacteroidetes 8 (88%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Actinobacteria 32 (66%) 4(13%) 12 (38%) 4(13%) 4 (13%) 0 (0%) 0 (0%)
Cyanobacteria 5 3 (60%) 0(0%)  5(100%) ( %) 3(60%) 0 (0%) 0 (0%)
Spirochaetes 6 4 (67%) 0 (0%) 0 (0%) 0%) 0 (0%) 0 (0%) 0 (0%)
Other bacteria 9 7 (78%) 1(11%) 0 (0%) (11%) 0 (0%) 0 (0%) 0 (0%)
Bacteria 312 186 (60%) 115 (37%) 113 (36%) 104 (33%) 40 (13%) 34 (11%) 25 (8%)

196



Heterologous expression of phosphofructokinase in Neisseria meningitidis

Table 4.1.2 Homologs absent

Species # species prkA ptsG glk  pfkA+ptsG  pfkA+glk  glk+ptsG pfkA+ptsG+glk
y-proteobacteria 76 32 (42%) 37 (49%) 25 (33%) 27 (36%) (8%) 13 (17%) (5%)
B-proteobacteria 24 22 (92%) 17 (71%) 7 (29%) 16 (67%) 25%) 7 (29%) (25%)
a-proteobacteria 43 38 (88%) 43 (100%) 20 (47%) 38 (88%) 19 (44%) 20 (47%) 19 (44%)
e-proteobacteria 8 5(63%) 8(100%)  6(75%)  5(63%) 3 (38%) 6(75%) 3 (38%)
5-proteobacteria 0(0%) 9(100%) 7 (78%) 0(0%)  0(0%) 7 (78%) 0 (0%)
Acidobacteria 0 (0%) (100%) 2 (100%) 0(0%)  0(0%) 2(100%) 0 (0%)
Firmicutes 78 0(0%) 4 (18%) 77 (99%) 0(0%) 0(0%) 13 (17%) 0 (0%)
Chlamydiae 12 11(92%) (100%) 2(100%) 11 (92%) (92%) 12 (100%) 1(92%)
Bacteroidetes 8 1(13%) (100%) 8 (100%) 1(13%) (13%) <100%) 1(13%)
Actinobacteria 32 11(34%) 28(88%) 20 (63%)  11(34%) 3 (9%) 16 (50%) 3 (9%)
Cyanobacteria 5 2 (40%) (100%) 0(0%)  2(40%)  0(0%)  0(0%) 0 (0%)
Spirochaetes 6 2(33%)  6(100%)  6(100%) 2 (33%) 33%) 6 (100%) 2 (33%)
Other 9 2 (22%) 8 (89%) 9 (100%) 2 (22%) (22%) 8 (89%) 2 (22%)
Bacteria 312 126 (40%) 197 (63%) 199 (64%) 115 (37%) 53 (17%) 118 (38%) 1(16%)
Table 4.1.3 Correlations

Species # species pfkA+ptsG  pfkA+glk  glk+ptsG pfkA+ptsG+glk
y-proteobacteria 76 61(80%) 31 (41%) 40 (53%) 28 (37%)
B-proteobacteria 24 17 (71%) 7 (29%) 14 (58%) 7 (29%)
a-proteobacteria 43 38 (88%) 23 (53%) 20 (47%) 19 (44%)
e-proteobacteria 8 5 (63%) 3(38%) 6 (75%) 3 (38%)
&-proteobacteria 0(0%) 2(22%) 7 (78%) 0(0%)
Acidobacteria 0(0%)  0(0%) (100%) 0 (0%)
Firmicutes 78 64 (82%)  1(1%) 13 (17%) 0 (0%)
Chlamydiae 12 11(92%) 11 (92%) 1 (100%) 1(92%)
Bacteroidetes 8 1(13%) 1(13%) 8 (100%) (13%)
Actinobacteria 32 15 (47%) 7 (22%) 16 (50%) 3(9%)
Cyanobacteria 5 2 (40%) 3 (60%)  0(0%) 0 (0%)
Spirochactes 6 2(33%)  2(33%) 6 (100%) 2 (33%)
Other 9 3(33%)  2(22%) 8 (89%) 2 (22%)
Bacteria 312 219 (70%) 93 (30%) 152 (49%) 76 (24%)
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ABSTRACT

At the Netherlands Vaccine Institute (NVI) a vaccine against Neisseria meningitidis
serogroup B organisms based on different porA subtypes contained in outer membrane
vesicles (OMVs) is in advanced stage of development and will be evaluated in clinical
trial studies in the near future. In order to meet the expected demand for product, the
current biopharmaceutical production process is being scaled-up. This study describes
the scale-up approach for the upstream process and the resulting bioreactor design
and operation strategy leading towards a feasible solution for bulk production of a
vaccine against meningococcal disease. The technically realized 1.2 m3 bioreactor,
equipped with a turbine impeller for gas dispersion, was complemented with an
upward pumping impeller and a rotary plate foam breaker to contain foam inside the
bioreactor. Aeration and ventilation in the culture broth were controlled by increasing
the stirrer speed and gas flow rate simultaneously at increasing oxygen demand. The
scale-up was successful and comparable growth curves and nutrient consumption

profiles were reached on 0.06 and 1.2 m3.

201



Chapter §

NOMENCLATURE
CER [mol.m-3.s-1]
(OX] [mol.m-3]
Col [mol.m-3]
D [m]
g [m.s2]
H [m]
He [Pa.(mol.m-3)-1]
kea [s1]
N [s1]
N, [-]
OTR [mol.m-3.s-1]
OUR [mol.m-3.s-1]
[Pa]
. W]
u (W]
Q, [vvm]
% [m3.51]
T [m]
Cne [s]
foc [s]
tm [s]
\Y% [m3]
X1 [m]
YO, [-]
v [m2.s1]
P [kg.m-3]
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carbon evolution rate

dissolved oxygen concentration
interface oxygen concentration
impeller diameter

gravitational accelaration

liquid height in bioreactor
Henry’s law constant

volumetric gas-liquid mass transfer coefficient
impeller speed

impeller power number

oxygen transfer rate

oxygen uptake rate

total pressure

gassed power input

ungassed power input

volumetric gas flow rate

gas flow rate

bioreactor diameter

characteristic time for mass transfer
critical time for oxygen depletion
mixing time

volume

disc thickness Rushton turbine
oxygen mole fraction in outlet gas
kinematic viscosity

density
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INTRODUCTION

Vaccine development against Neisseria meningitidis

The current status of research and development of vaccines against meningococcal
disease due to Neisseria meningitidis, which is a major cause of severe meningitis and
septicemia with epidemic potential, especially striking infants, has been reviewed
recently [2]. There are different pathogenic N. meningitidis isolates of which five
serogroups (A, B, C, Y, and W1335) are responsible for most of the disease cases.
Serogroup B and C organisms cause the majority of infections in Europe and
America, whereas strains of group A and C dominate in Africa and Asia [3]. Effective
polysaccharide vaccines have been developed against serogroups A, C, Y and W135
strains [2]. However, effective global prevention of meningococcal disease will not be
achievable without the development of a vaccine against serogroup B meningitis
(MenB), which causes about 50% of meningococcal disease cases worldwide.
Development of a safe and effective vaccine based on the serogroup B polysaccharide
is complicated by its poor immunogenicity [4]. This is most probably caused by its
homology to epitopes present on the polysialic acidcarrying neural cell adhesion
molecules in humans [5]. In addition, this similarity has been suggested to induce
autoimmunity [6], although, no definite signs of autoimmunity in adult vaccination
trials have been reported in literature [4]. Consequently, vaccine research against
serogroup B organisms has mostly focused on subcapsular proteins contained in
outer membrane vesicles (OMVs). The outer membrane protein PorA has been iden-
tified as a major inducer of, and target for serum bactericidal antibodies and is
expressed by almost all meningococci, which pinpoints PorA as a promising vaccine
candidate [7]. However, PorA appears heterogeneous, requiring the development of
a multivalent vaccine in which various PorA subtypes are present in order to induce
sufficient protection. Although various approaches can be used in the development
of a multivalent vaccine, use of genetic-engineered strains expressing more than one

PorA subtype to overcome the problem of heterogeneity seems promising [8].
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Figure 5.1 The MenB vaccine production process visualized by electron microscopy[34]. At
the end of the culture step bacteria (A) are concentrated and OMVs are extracted from the
bacteria using an extraction buffer (B). Once the OMV extraction process is completed,
the bacterial debris is separated from the OMVs and the OMVs (C) are further purified yielding
an OMV bulk product (D). The purified OMV bulk products of three different recombinant
strains, each expressing three porA subtypes, are mixed and formulated [8] to obtain the final
vaccine product. Hence, the vaccine contains nine different PorA subtypes [35] and will offer
wide-spread protection against meningococcal disease caused by serogroup B organisms [36].

At the Netherlands Vaccine Institute (NVI) a vaccine based on different porA sub-
types contained in OMVs is in advanced stage of development and will be evaluated
in phase I clinical trial studies in the near future. The vaccine production process consists
of different steps as shown in Figure 5.1. In order to meet the expected demand for
product the current biopharmaceutical production process is being scaled-up. This
paper descibes the scale-up of the culture step of the production process and is focus-

sed on bioreactor design and operation.

Scale-up

Scale-up can be defined as a procedure for the design and construction of a large-
scale system on the basis of the results of experiments with small-scale equipment. It
is an important step in process development that must overcome several difficulties.
To prevent or minimize non-scale related problems during scale-up an established
small-scale process with defined culture conditions needs to be available. For this it
is essential that the starting material (seedlot or cell bank) for the process is of the
required quality. The quality of the inoculum can have a substantial impact on

process consistency and performance in terms of productivity, product quality and
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process control [9]. To prevent possible introduction of transmissible spongiform
encephalopathies (TSEs) [10] the use of raw materials of animal origin in any part of
the process must be avoided. Even more because the quality of animal originating
materials is hard to control and could easily have impact on process performance.
Therefore, defined synthetic media are preferred in biopharmaceutical production
processes to ensure reproducible growth and prevent regulatory difficulties. Kinetic
information related to the metabolism of the micro-organism obtained at small-scale
is independent of scale (for a given pH, dissolved oxygen concentration (DO),
temperature, medium composition and quality of the starting materials present in this
medium) and does not need to be taken into account for determination of the scale-
up strategy. In fact, transport phenomena are the only phenomena that are dependent
on scale [11] and therefore become the basis of every scale-up procedure. Method-
based procedures for scale-up and optimization of processes in large-scale stirred-
tank reactors include: fundamental methods, semifundamental methods (computional
fluid dynamics), dimensional analysis and scale-down, regime analysis and scale-
down, rules of thumb and finally trial and error [12]. The rules-of-thumb for bio-
reactor scale-up is basically an extension of the rules of thumb for scale-up of chemical
reactors and is based on parameters that can be kept constant between scales. The
scale-up parameters most frequently used are: constant specific power input (P/V),
constant volumetric oxygen transfer coefficient (kja), constant tip speed of the
agitator, and constant dissolved oxygen concentration [13]. Application of the different
scale-up parameters normally result in entirely different process conditions at scale-
up to production scale and it is impossible to maintain all the parameters in the same
ratio to one another. Nevertheless, the rules of thumb are commonly used in industry
[13, 14]. In practice often combinations of methods are used for adequate scale-up
of a bioreactor. No scale-up strategy as such is generally established, so for each
product, process and facility a suitable scale-up strategy needs to be determined [15].
Many factors like overall production vyields, costs, efficiency, time, knowledge,

experience, equipment availability and good-manufacturing-practice compliance play
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an important role in scale-up. Additionally, the downstream process (DSP) must be
taken into account and preferably scaled-up interactively with the up-stream process,
since enlarged volumes and/or higher product concentrations may affect the DSP
strategy and vice-versa limitations in scale-up of DSP may affect choices in the

up-stream process.

For the scale-up of aerobic cultivations of organisms that are not sensitive to shear
like N. meningitidis, gas-liquid mass transport is the most significant factor [16].
Therefore, the value of the oxygen uptake rate, OUR (mol.m-3.h-1), which is scale
independent, becomes the most important parameter. To keep the oxygen concentra-
tion constant in a growing system the oxygen transfer rate, OTR (mol.m-3.h-1),
should always equal the OUR. The OTR is mainly determined by the k;a (h-1), the
dissolved oxygen concentration, C,; (mol.m-3) and the top pressure, P (Pa) in the ves-

sel as given by:

OUR = OTR = k;a(Cy" - Cy)) (5.1)

Where C,;" is the oxygen concentration in equilibrium with the gas-phase (mol.m-3),

which is given by:

Cy’ = yflf (5.2)
Where yo, is the oxygen fraction in the gas (mole.mole!) and He is the Henry coef-
ficient (Pa.m3.mole-1). Both the C_; and P can be kept constant. By requiring that the
Col is constant between scales, scale-up can be done on the basis of the maximum
oxygen uptake rate (OUR) attained in the small-scale process and oxygen limitation
can be prevented. The peak OUR of the culture on small-scale is then defined as the
oxygen transfer rate that needs to be at least achievable in the large-scale system. In

practice, scale-up of an aerobic process is often done on the basis of keeping the value
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of kja constant between scales. The kja value in large bioreactors (liquid height,
H > 1 m) can be determined during cultivation using the method that is based on the
mass-transfer equation (Eq.1) [17], where the C_; is the known setpoint, C_;" is the
oxygen concentration in the medium in equilibrium with the outgoing oxygen con-
centration in the gas-phase and OTR is calculated from the difference in ingoing and

outgoing amount of oxygen per unit time divided by the liquid volume.

Although gas-liquid mass transport is the most significant factor in scale-up of an
aerobic cultivation process, the mixing time cannot be neglected. At increasing scale,
mixing times also increase, which can lead to, for instance, low dissolved oxygen
concentrations or high pH control agent concentrations in certain regions of the bio-
reactor [17]. Therefore, mixing time analysis should also be included in the scale-up
analysis. The carbon evolution rate (CER), linked to the OUR by the respiration co-
efficient, is also important in scale-up. High carbon dioxide concentrations in the
cultivation broth can cause growth inhibition [18, 19]. This inhibitory effect can be

circumvented by using a sufficient high gas flow for venting out excess carbon dioxide.

Next to the effects of gas-liquid mass transfer, foam formation can become an impor-
tant factor during scale-up of aerobic cultivations. Vortex mixing in combination
with head-space aeration ensures foam entrapment into the liquid phase and can be
applied for shear insensitive organisms on small scale. However, at increasing scale,
head-space aeration becomes limiting and air, whether or not enriched with pure
oxygen needs to be sparged directly into the liquid to achieve the required gas-liquid
mass transfer rates. Sparging results in increased foaming of the broth, which in
principle can easily be controlled using antifoaming agents. However, current requi-
rements for production of human biologicals (http://www.emea.eu.int) mandate strict
control of all aspects of the process including the validated proof of removal of
undesired compounds like antifoaming agents from the final product. Hydrophobic

interactions between the lipid fraction of the biological and the antifoaming agents
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can not be avoided and may result in the incorporation of the antifoaming agent into
the membrane. Although selective removal of the antifoaming agent may be possible,
the antifoam itself as well as the removal step may affect the integrity of the mem-
brane structure and in this way have a negative effect on the product(s) contained in
the membrane. Therefore, for whole-cell products or products contained in outer
membrane vesicles or outer membrane fragments, use of antifoaming agents is not
recommended and another solution must be found for foam control. Therefore
mechanical foam control using stirring [20], hydromechanical force [21] or rotary
plate foam breakers [22] is preferable when processing products that are contained
in the outer membrane or outer membrane structures. In this way, regulatory

difficulties are prevented.
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MATERIALS AND METHODS

Strain

N. meningitidis strain HP16215-2, a recombinant non-encapsulated, non-piliated
variant of the group B isolate H44/76 containing three different PorA subtypes, was
used throughout this study. Before experimental scale-up work was started a bacterial
seedbank for continued manufacturing of the product was produced using the two-
tiered concept in which the master seedbank was used to generate the working seed-
bank. The media used in the process of seedbank development as well as the cultivation
medium were completely chemically defined and contained no compounds of animal
origin. Each manufacturing run started with inoculation from the working seedbank
followed by the usual extension to increasing pre-culture volumes using inoculation

percentages between 1 and 3%.

Batch cultures

Bacteria were grown in three different bioreactors: a small-scale 5 L unbaffled auto-
clavable glass bioreactor with 3 L working volume (control), a 0.06 m3 in-situ
sterilisable stainless steel bioreactor with 0.04 m3 working volume and a 1.2 m3
in-situ sterilisable stainless steel bioreactor with 0.8 m3 working volume. All bioreactors
(Applikon, Schiedam, the Netherlands) were operated in batch mode and equipped
with one Rushton 6-blade impeller for mixing and gas dispersion. The DO, temperature
and pH were controlled at 30£3%, 35+0.1 °C and 7.0+0.4 (using 12 N phosphoric
acid), respectively. In the 5 L control experiments pH control was omitted, while DO
was controlled (using headspace aeration only) by first increasing the stirrer speed
from 300-600 rpm followed by changing the oxygen fraction in the gas flow. This gas
flow was kept constant at 1 L.min-1. Since the 5 L bioreactors were not equipped with
baffles, a liquid vortex occurred as a result of mixing. This vortex prevented build-up
of foam originating from the broth since both the liquid flow and the flow of foam

are directed towards the impeller and mixed back into the liquid. In the large-
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scale experiments DO was controlled by changing the stirrer speed and gas flow
simultaneously as described in the results section to maximum levels of 250 rpm and
200 L.min! in the 1.2 m3 bioreactor and 500 rpm and 10 L.min-! in the 0.06 m3
bioreactor. Foam was controlled mechanically using a rotary plate foam breaker
(Type AA, Bioengineering AG, Wald, Switserland) on both the 0.06 m3 and 1.2 m3
scale. Additionally the 1.2 m3 bioreactor was equipped with a Scaba 3SHP1 upward

pumping impeller (Scanpump AB, Moélndal, Sweden) for primary foam containment.

Analytical procedures

The optical density (OD) of the cultures was determined at 590 nm in a Vitalab 01
spectrophotometer (Vital Scientific, Dieren, The Netherlands) in 1 em light path plastic
cuvettes (Greiner Labortechnik, Frickenhausen, Germany). Samples were diluted
below 0.3 OD units to fit the linear range of the spectrophotometer. Biomass dry
weight was calculated on the basis of optical density measurements using a factor of
0.48 24ry weighe L (8aw-L1) per OD unit. This linear relationship between optical
density measurements and dry biomass weight was determined in small-scale experiments
(results not shown). The oxygen and carbondioxide concentration in the gas flow
(in- and out) were measured with a mass spectrometer (Prima White Box 600, Thermo
Electron, Winsford, United Kingdom) on small- and 0.06 m3 scale and with a para-
magnetic oxygen and carbondioxide gas analyser (Type 4100, Servomex BV,

Zoetermeer, The Netherlands) on 1.2 m3 scale.

Glucose was determined with a YSI 2700 glucose/lactate analyser (Yellow Springs
Instruments, Yellow Springs, USA). Glutamate was determined with a YSI 2700
glutamate/glutamine analyser (Yellow Springs Instruments). DNA in the culture
supernatant was quantified with fluorescence spectroscopy using ethidium bromide

(MP biochemicals, Illkirch, France) as described before [23].
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Software

The sensors were connected to ADI control systems (Applikon, Schiedam, the
Netherlands), which were connected to a UNIX computer with BCSV software
(Compex, Belgium). BCSV software carried out all the control-loops (DO, temperature,
pH, stirrer rate and gas flow rate) and logged all data [24]. Tablecurve 2D (Jandel
Scientific, San Rafael, USA) was used for curve fitting the cell density data points, of
the 0.06 m3 experiments, with a sigmoidal function describing the bacterial growth

curve according to Gompertz as described before [25].
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RESULTS

Regime analysis

Regime analysis can be used to identify the rate-limiting subprocesses from a set of
relevant subprocesses using characteristic times as described in detail elsewhere [12].
As mentioned before, for the scale-up of aerobic cultivations gas-liquid mass transport
is the most significant factor [16]. A limited oxygen supply can lead to an undesired
fermentative process. In general, the two causes for oxygen limitation in an aerated
stirred vessel are insufficient mixing or insufficient oxygen mass transfer. In order to
identify the possible limiting factor at scale-up (i.e. mixing or gas-liquid mass transfer)
regime analysis was used. Empirical formulas were used to calculate the characteristic
time for mixing, t,, (s), and for oxygen transfer, (k;a)! (s), as a function of design
parameters, like reactor dimensions, impeller speed, gas-flow rate and type of impeller.
These, system related characteristic times were next compared to the characteristic
time for oxygen mass transfer, t.,, (s) of the process (biomass growth), as defined in
Table 5.1. Many empirical formulas exist for calculating mixing time and k; a, which
were all obtained from specific bioreactor configurations at specific modes of opera-
tion. This means that their accuracy, when generally applied, is somewhat limited.
Nevertheless, for a given system, most of the empirical formulas yield comparable
results by order of magnitude. Ideally, the choice of empirical relations to be used
should be based on actual measurements in the system under study, in this case the
0.06 and 1.2 m3 bioreactors. However, often this is not possible, because the reactor
still has to be built or is not available in the correct configuration yet. If for practical
reasons measurements are not possible, one should use those formulas that are obtained
for systems that closest resemble the system under study. Here the last approach had
to be taken and the empirical formulas expected to be most adequate for our systems
are given in Table 5.1. In all calculations a standard bioreactor configuration was
assumed (1 Rushton six-blade turbine placed 1 turbine diameter from the bottom,

T/D = 3:1, H/T = 1:1 and 4 baffles). For the 0.06 m3 system the actual k;a value was

212



Scale-up for bulk production of vaccine against meningococcal disease

Table 5.1 Empirical formulas

no. parameter formula reference
1 0.62 17023
1 kia v)3 . ng'l q (V)3 Schliiter and Deckwer [25]
(vbhumetric oxygen ka|z| =7.9410" |—2—| | ZE|=
transfer coefficient) g Vg

2 g
(gassed power
dissipation)
3ty
(mixing time, single
Rushton turbine)
4 tm. L
(mixing time, dual
Rushton turbine)
5 tc‘irc o
(circulation time)
6 P
(power number
impeller)
7 u
(ungassed power
dissipation)
8
(characteristic time
for mass transfer)
9

oc
(critical time oxygen
depletion)

1000p[\/g‘ﬂ%

0.25 0.25
P N N
1- -8 = 9,9[qg > ]when s = 0.055
D D

P N 0.25 0.25
1- -8 -0.52 + 0,62[(1g when 32 >0.055
P D2 D2

u

53T
tl’ﬂ = —1
NDN,3
3.3 H)243
St
s D
NNP3
tl’l’l
Leire = 4

P, = pN,N'D’
_ Col»' Col

™~ OUR

6= Col

<~ OUR

Cui et al. [26]

Nienow [28]

Cooke et al. [29]

van ‘t Riet and Tramper [16]

Bujalski et al. [27]

van ‘t Riet and Tramper [16]

Sweere et al. [11]

van ‘t Riet and Tramper [16]

calculated from measurements at the maximum point of operation (P,.V-1 = 2.3 W.kg1,

Qg = 0.25 vvm), using the mass-transfer equation (Eq. 5.1) [17]. As can be seen in

Figure 5.2, the measured values correspond well with the estimated value using the formula

of Schliiter and Deckwer [26], where the ‘gassed power input (P,)

>

was calculated

using the formula of Cui and co-workers [27] and the ungassed power input from the

equation of van ’t Riet and Tramper.
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To identify the possible rate limiting factor (i.e. mixing or gas-liquid mass transfer) at
scale-up to an available 1.2 m3 vessel, both t,, and (k;a)-! were calculated using the
formulas mentioned in Table 5.1 (formula 3 and 1 respectively) and compared to the
characteristic time for mass transfer of the process (t,,). Standardly this done for the
oxygen limitation case (C,=0), however in this case the dissolved oxygen concentration
was kept constant at 30%. As can be seen in Table 5.1, kja is a function of P,V-! and
qg-V-!. The volumetric gas flow rate was kept constant between scales, at a value of
0.25 vvm. Therefore the kja only becomes a function of P,V-! and is thus the same
for both the 0.06 m3 and the 1.2 m3 bioreactors. The results of the regime analysis are
shown in Figure 5.2. Figure 5.2 shows that between scales the changes in characteristic

mixing times are limited. Furthermore, it is shown that in the region where both t,,

103
(k)"
»
o 102 +_
£ £, (1.2 m3)
o T~
3 £,,(0.06 m3
5 ~
8 10" \i\tm,—
]
S ¢
oc \
toie (1.2 m3)
100 Y
103 102 10-1 100 101

P,V 1(W.kg™)

Figure 5.2 Regime analysis in the 0.06 m3 and the 1.2 m3 bioreactors at a volumetric gas flow
of 0.25 vvm. Black square: (kja)! in the 0.06 m3 bioreactor calculated from measurements as
described in the text. Within the above plotted P,.V-! range (kya)! is greater than t,, indicating
that design can, in principle, be done on the bases of gas-liquid mass transfer.
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and (kpa)! are smaller than t, (P,V-!1 > 1.5-10) the characteristic time for oxygen
transfer of the system (kya)-! is larger than the characteristic time mixing (t,,) meaning

design can, in principle, be done on the basis of gas-liquid mass transfer .

Scale-up and Bioreactor design

Scale-up was done on the basis of keeping both the maximum OUR and the dissolved
oxygen concentration constant between scales. As stated, the dissolved oxygen con-
centration was kept constant at a value of 30% of the value at saturation with air at
atmospheric conditions (DO=30%). This needs to be taken into account, since at dis-
solved oxygen concentrations greater than zero the actual driving force for gas-liquid
mass transfer decreases considerably. By using the peak OUR value from the 0.06 m3
experiments and a dissolved oxygen concentration of 30% air saturation at atmosphe-
ric conditions, the required k;a value in the 1.2 m3 bioreactor was calculated to be
0.092 s-! using the mass-transfer equation (Eq. 5.1) [17]. The required gassed power
input at a volumetric gas flow rate of 0.25 vvim was then calculated using the formula
of Schliiter and Deckwer [26]. Next, the equation derived by Cui and co-workers [27]
was combined with the equation of van ’t Riet and Tramper to calculate the agitation
rate and the ungassed power consumption. The turbine impeller power number was
calculated using the formula derived by Bujalski and co-workers [28]. Calculation of
the ungassed power consumption is important, because power consumption should
not exceed the maximum capacity of the engine. For example, when unexpectedly the
gas flow fails during operation at maximum impeller speed, the power uptake by the
impeller increases rapidly (factor 2 by order of magnitude [27]). If the installed engine
power is insufficient, because it was based on the gassed situation, this may in the
worst case lead to overheating or even break down of the engine. For very large
scales (>20 m3) it may not be feasible to install an engine based on the ungassed power
input. In this case some kind of emergency procedure should be installed that turns
down the engine in case of too high power consumption. At a maximum gas-flow rate

of 200 L.min-!, the maximum required agitation rate was calculated to be 220 rpm.
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The maximum gassed power consumption in this case was 1.6 kW.m-=3 and the ungassed

power consumption 2.7 kW.m-3.

Next, using the calculated agitation speed, the liquid mixing time (t,,) was calculated
to be 7.2 s using the formula derived by Nienow [29], which is valid for a single impeller
system and is independent of the impeller type [29]. In this study we have applied a
dual impeller system. The bottom impeller was a standard Rushton turbine, suitable
for gas-liquid mass transfer and the top impeller was an upward pumping Scaba
3SHP1 as described later. Cooke and-co-workers [30] derived a formula for mixing
time for a system with two Rushton impellers of the same size. As summarized by
Vrabel and co-workers [31], the form of the formula derived by Cooke and co-workers
was also found to apply for axial down- and upward-pumping impellers but t., was
typically reduced by a factor of 2. All t,, formulas mentioned above did not take into
account the contribution of pneumatic power [31]. At higher aeration rates, the
pneumatic contribution to liquid mixing becomes more important and compensates
for the loss of mechanical power. Therefore, in large bioreactors the pneumatic
contribution to liquid mixing should be taken into account. However, Vrabel and
co-workers [31] found that overall there is a minimal change in the quality of liquid
mixing. Based on the above and not taking into account the pneumatic contribution,

the t,, of the system was estimated to be between 3.5 and 6.9 s.

An important process related characteristic time for bioreactor design is the critical
time of oxygen depletion, t,. (s) [17]. The t.. of the process was calculated to be 5 s
using formula 9 in Table 5.1. This value is in the same order of magnitude as the t,,,.
If no oxygen gradients in the liquid broth are allowed, the t,, should be smaller than
the t,. and if oxygen gradients (but no oxygen depletion) in the liquid broth are allowed,
the circulation time, t,. (s), should be smaller than the t .. This means that for our
system oxygen depletion will not occur, but oxygen gradients might be present depending

on the actual value of t,,.
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The actual installed engine power was higher than the calculated required power to
take the order of magnitude calculations, energy losses and possible desired future
improvement of performance into consideration. The actual installed engine power
was 4 kW and the maximum gas-flow rate was set to a maximum level 200 L.min-1.

The final configuration of the 1.2 m3 bioreactor is shown in Figure 5.3.

To keep foam, which originates from the culture broth during cultivation, inside the
bioreactor, a two-stage mechanical foam containment approach was used. First,
stirring as foam disruption (SAFD) [28] was applied for primary foam containment
using a Scaba 3SHP1 upward pumping impeller (tank diameter : 3SHP1diameter =
2:1, Scaba 3SHP1 impeller power number = 0.65 [31]), which was placed just below
the ungassed liquid surface. As mentioned above, this upward pumping axial impeller
reduces the mixing time considerably.

Secondly, a rotary plate foam breaker placed in the exhaust gas line served as additional
.min-1

foam containment measure. Below a gas flow rate of approximately 90 L,;,

(Cx = 1.7 84ry biomass-L 1) SAFD was sufficient to keep foam inside the bioreactor.

gas inlet —P] -~ —>gas outlet
A

4 FOAM BREAKER
SPARGER 5 BAFFLE

Figure 5.3 A) Schematic overview of the 1.2 m3 production bioreactor with a working volume
of 0.8 m3, liquid height, H, tank diameter, T and Rushton turbine diameter D.
The geometric ratios were H=T=1 m, D=T/3, Dgyp;=T/2 and baffle width = 0.08*T.
B) Inside view of the 1.2 m3 production bioreactor showing the Rushton turbine for mixing
and gas dispersion and the Scaba 3SHP1 upward pumping impeller[20] for foam disruption.
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Bioreactor operation: Aeration and ventilation

To control aeration and ventilation in the culture broth a controller was developed
that increases the stirrer speed (N) and gas flow rate (q,) simultaneously at increasing
oxygen demand. The stirrer speed was controlled on the basis of the measured dissolved
oxygen concentration (DO), while the gas-flow rate was controlled on the basis of the
measured oxygen concentration difference in the inflow- and exhaust gas (AO,).
By using this approach, the gas-flow rate is determined by the pre-set ventilation
requirement (AO,) and the stirrer speed is adjusted to maintain the setpoint. In this
way, accumulation of carbon-dioxide is effectively prevented. In all experiments the
AO, was set to 5 %. Based on the positive results at the start of the scale-up experiments
with this AO, value, no additional research was done to determine a possible optimal

AQjvalue. A schematic of both controllers is shown in Figure 5.4.

A controller DO controller

=

flow

Figure 5.4 Schematic presentation of the aeration and ventilation control.The A controller
generates a setpoint for the gas mass flow controller (F) based on the measured
oxygen concentration difference between the in- and exhaust gas. The DO controller generates
a setpoint for the stirrer rate (M) based on the measured dissolved oxygen concentration in the
culture broth.
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Figure 5.5 Stoichiometry of substrate consumption during cultivation of N. meningitidis strain
HP16215-2 on two scales. From the start of the cultivation (high glucose and high glutamate
concentration) consumption of glutamate and glucose occurs in a constant ratio of 1.34:1 until
glutamate depletion. Open and closed triangles: 60 L scale experiments, open and closed
diamonds: 1.2 m3 scale experiments. Solid bold black line, fitted straight line based on the
0.06 m3 data points; solid thin black lines, 95% confidence interval of prediction for the fitted
straight line.

Biomass growth, substrate consumption and product quality

Under controlled cultivation conditions using chemically defined medium without
compounds of animal origin, growth in the bioreactors at all scales was consistent
with a yield on carbon substrates (glucose and glutamate) of 0.6+0.02 g4-carbon™'-
During cultivation the C-molar consumption ratio of glutamate:glucose was constant
1.34:1 in both the 0.06 m3 and the 1.2 m3 experiments (Figure 5.5). The bacterial
growth curves (Figure 5.6) were comparable and can be described by a sigmoidial function
according to Gompertz [25]. The bacteria grew to a final density C, of 5.4:0.6 gg,,.L!
with an estimated [24] growth rate of 0.55+0.1 h-! initially, towards 0.1+0.1 h-! at the
end of the cultivations. Preliminary experiments on 0.06 m3 scale showed (results not

shown) that the composition of the outer membrane vesicle product was constant
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when bacteria were harvested above a cell density of 1.0 g4,,.L-!. The total PorA content
of the outer membrane vesicle products, produced from bacteria that were harvested
above this cell density, was above 70%. These values were in agreement with values
found on small scale (5 L). The determination of the distribution of the different PorA
subtypes present in the outer membrane vesicle products was beyond the scope of this
study. At this moment, no vesicle products have been produced from 1.2 m3 scale
cultures. Therefore, the effect of scale on parameters like product yield and antigenic

composition remains to be investigated. The amount of DNA in the culture super-

C.(g.L")

Time (h)

Figure 5.6 Growth curves of N. meningitidis strain HP16215-2 on various scales. Differences
caused by differences in used inoculum percentages were corrected. Open and closed squares:
Control experiments (5 L), open and closed triangles: 0.06 m3 scale experiments, open and clo-
sed diamonds: 1.2 m3 scale experiments. Solid bold black line, fitted sigmoidal function accor-
ding to Gompertz [25], using the 0.06 m3 cell density data points; solid thin black lines, 95% con-
fidence interval of prediction for the fitted function.
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natant, is correlated with the degree of cell lysis [32]. After 10 h of cultivation
(Cx = 4.0 g4,-L-1) we observed a small, neglectable increase in the culture supernatant
DNA concentration on both 0.06 m3 and 1.2 m3 scale (Figure 5.7). This small increase
is most probably related to the higher shear forces that are present at large scale. As
soon as carbon substrates for growth become limiting, as occurred at the end of the
0.06 m3 cultivations, the DNA concentration in the supernatant increases rapidly.
Therefore, to maintain the integrity of the bacteria, harvesting needs to be done

before substrate limitation occurs.
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Figure 5.7 DNA concentration in the culture supernatant on three scales. The amount of DNA is
correlated with the degree of cell lysis. Values below the detection limit of 2 ug/mL (dotted line)
were set to 1. Open and closed squares: Control experiments (5 L), open and closed triangles:
0.06 m3 scale experiments, open and closed diamonds: 1.2 m3 scale experiments.
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DISCUSSION

The used scale-up approach and the resulting bioreactor design and operation stategy has
led to a feasible solution for bulk production of N. meningitidis serogroup B organisms
for production of an outer membrane vesicle vaccine against meningococcal disease.
This work illustrates that the combination of regime analysis, OUR as scale-up para-
meter followed by a bioreactor design based on empirical relations and a defined
mode of operation is an effective strategy that can be adopted for scale-up of aerobic
cultivation processes in general. Furthermore, mechanical foam control using stirring
in combination with a rotary plate foam breaker proved to be an effective way to
contain foam inside the 1.2 m3 bioreactor.

In this way the use of antifoaming agents was not required and complex validation
studies to show proof of removal of these agents from the final product could be
prevented. It must be emphasized that the success of this scale-up was assisted by the
availability of a consistent small-scale process in which culture conditions (e.g. pH,
DO, temperature and medium composition) were determined. Additionally, detailed
information related to the metabolism of the micro-organism was available from our

earlier research [33].

The measured constant stoichiometry of substrate consumption (Figure 5.5) as well as
the comparable growth curves on both 0.06 m3 and 1.2 m3 scale (Figure 5.6) indicate
that metabolism is identical between scales. As mentioned before, preliminary experi-
ments on 0.06 m3 scale showed that the total porA content of the outer membrane
vesicle products was above 70% when bacteria were harvested above a cell density of
1.0 gq,-LL. Since, no vesicle products have been produced from 1.2 m3 scale cultures,
parameters like product yield and antigenic composition still need to be studied at this
scale. However, we expect no differences in this respect since the medium composition
and the mode of bioreactor operation are kept constant between scales. The data

shown in this study relate to strain HP16215-2. For the production of the nonavalent
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vaccine product two other recombinant strains (HP10124 and HP1416) are required.
On small scale, both these strains show the same growth behaviour and metabolism
as strain HP16215-2. Important factors for scale-up like final biomass yield on sub-
strate and specific oxygen demand are identical between all three strains. Therefore,

we expect that the described scale-up conditions will also apply for the other strains.

The upstream production process described in this study yields at the least a sufficient
amount of biomass for production of the vaccine for the Dutch market. Next to the
active component (PorA) the final outer membrane vesicle vaccine contains other
components that influence the protective action in humans. In this respect, the vesicle
vaccine is an exceptional product. Optimization of the present upstream process needs
to be focussed on monitoring and control of the critical process parameters that affect
the composition of the final product and determine the product quality. Optimization
can be done until clinical phase III production (market scale). No changes will be
implemented with respect to bacterial strains and starting materials that might change
the impurity profile of the vaccine product. Nevertheless, the process characteristics
and relevant assays on intermediate and purified product will have to demonstrate
that the process at phase III/market scale is comparable to the smaller scale phase I/IT
process and meets the pre-set criteria for process and product as specified according

to ¢cGMP guidelines.
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Emerging infectious diseases

Today’s highly mobile, interdependent and interconnected world provides many
opportunities for the rapid spread of infectious diseases and other public health threats.
Severe Acute Respiratory Syndrome (SARS), the first severe new disease of this century,
clearly illustrated that it spread easily along the routes of international air travel, to
cause not just death and disability, but also significant social and economic disruption.
Infectious diseases are now spreading geographically much faster than at any time in
history and they appear to be emerging more quickly than ever before. Since the
1970s, newly emerging diseases have been identified at the rate of one or more per
year, which means there are now nearly 40 diseases that were unknown a generation
ago [1]. In addition, during the last five years, the World Health Organisation (WHO)
has verified more than 1100 epidemic events worldwide [1]. Cholera, yellow fever and
epidemic meningococcal diseases made a comeback in the last quarter of the 20th
century and call for renewed efforts in surveillance, prevention and control [1]. Every
year, 4 million people die of acute respiratory infections, 2 million die of diarrhoeal
disease and another 2 million people die from tuberculosis [2]. Added to this list is the
increasing threat of infections as a result of treatment in a hospital or a healthcare
service unit, that are caused by staphylococci, enterococci, Escherichia coli,
Pseudomonas aeruginosa, Klebsiella pneumoniae and other bacterial pathogens. In
addition, the increasing incidence of multidrug-resistant bacteria and viruses, like
meticillin-resistant Staphylococcus aureus (MRSA) and HIV [3], respectively, and the
threat of an avian influenza pandemic (e.g. HSN1), is becoming a major concern [1].
Recently, the first analytical evidence on the increasing threat of emerging infectious
diseases to global health was demonstrated [4]. The emergence of infectious diseases
indicate non-random global patterns [4] and is correlated with socio-economic,
environmental and ecological factors. Taking the above into consideration, it seems
that one of the most important improvements in the field of vaccine development is
to significantly shorten the development time from vaccine candidate to vaccine,

which is currently 15-20 years. Due to the application of genome-based bioinformatics
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approaches [5] and the related systems biology tools, including transcriptomics,
metabolomics and proteomics in the development process, it is likely that the total

development period from vaccine candidate to vaccine can be shortened significantly.

Systems biology

The advent of whole-genome sequencing of bacteria and advances in bioinformatics
has revolutionized the study of bacterial pathogenesis already over the last years,
enabling the targeting of possible vaccine candidates starting from genomic information
[5]. The information provided by the genome can also be used to obtain information
on the metabolic capabilities of the organism. This is done by screening the genome
for genes that code for enzymes present in the primary metabolism yielding a genome-
scale metabolic network. This process of network reconstruction, followed by the
synthesis of in silico models describing their functionalities, is the essence of systems
biology [6]. Commonly, this process of metabolic network reconstruction is a fully
automated process and the presence of a particular reaction is inferred if an ortholog
of the corresponding enzyme is encoded in the genome. In most cases this results in
networks that contain gaps due to the incomplete or incorrect annotation of the genome.
Various bioinformatic approaches have been proposed to fill in the gaps by taking into
account genomic correlations (e.g. mRNA co-expression, chromosomal clustering
across genomes and protein fusions) between known and missing parts of metabolic
networks. In addition, using biochemical literature, transcriptome data or by direct
measurements, the presence of missing enzymatic reactions may be proven and the
network can be completed. Mostly, such a complete metabolic network contains
underdetermined parts due to the presence of parallel or cyclic pathways. This means
that for certain parts of the network the flux values cannot be determined. In order to
narrow down the number of possible solutions for these parts, constraints can be set
on certain enzymatic reactions based on biochemical and thermodynamic information
found in literature or determined experimentally. In addition, an optimal solution that

optimizes a particular objective function for the underdetermind reactions can be
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found using linear programming. This constraints-based metabolic modeling technique
is often referred to as flux-balance analysis (FBA). The computational reconstruction
and analysis of metabolic models, starting from genomic information, is an essential
aspect of systems biology and can be used for vaccine process development purposes
as described in Chapter 2. In particular, knowledge about metabolism is essential for
the development of an efficient cultivation process, since product quality and quantity

are primarily determined in this process.

An extensive literature study on the primary metabolism of N. meningitidis in combi-
nation with the publically available genome sequence of N. meningitidis serogroup B
[7] led to the construction of a genome-scale metabolic model. The validity of a
simplified metabolic network derived from the genome-scale metabolic network was
checked using flux-balance analysis using data from chemostat cultures and several
useful predictions were obtained from in silico experiments, including substrate pre-
ference. The genome-scale model is valuable, because it offers a framework to study
the N. meningitidis metabolism as a whole, or certain aspects of it. In the present
study it was used to design a chemically defined, minimal synthetic medium for

growth of N. meningitidis, which was tested successfully in batch and chemostat cultures.

The specific growth rate of bacteria is an important parameter in biotechnological
processes, since it determines the macro-molecular composition of the bacterial cell
and its metabolic activity [8-11]. In Chapter 3 the model was used to study the influence
of the growth rate of N. meningitidis on its macro-molecular composition and its
metabolic activity in chemostat cultures. It was found that N. meningitidis maintains
its macromolecular composition even when its growth rate is changed fourfold. At
high growth rate the PorA content in outer membrane vesicles extracted from biomass
was significantly lower in comparison with low growth rates, which indicates the
importance of the culture harvest point in the regular vaccine production process.

The yield and maintenance parameters related to growth yield on substrate (Y, and

x/s
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m,) and energy requirements for biomass formation (Y, pp and m,pp) were estimated
and are in the same order of magnitude as the values found in literature for
Escherichia coli. The metabolic fluxes at various growth rates were calculated using
FBA with maximization of ATP yield as objective function and errors in fluxes were
calculated using Monte Carlo Simulation (MCS). Using this MCS approach, the
reliability of the calculated flux distribution could be calculated for the determined
parts of the metabolic network. The flux values obtained for the underdetermined
parts using maximization of ATP as objective function showed that all the produced
glucose-6-phosphate is processed solely through the Entner-Doudoroff pathway
(EDP), since the EDP can yield slightly more energy per consumed glucose in comparison
with the pentose phosphate pathway (PPP). Notably, the Embden-Meyerhof-Parnas
glycolytic pathway (EMP) is not functional in N. meningitidis. Although the objective
function ‘maximization of ATP yield’ was found to achieve a relatively high predictive
accuracy for 13C-determined iz vivo fluxes in E. coli [12], the obtained results using this
objective function can be questioned. For this reason the flux values were re-calcula-
ted using the same objective function, while incorporating different pre-set EDP:PPP
ratios. This split ratio analysis between the Entner-Doudoroff (EDP) and the pentose
phosphate pathway (PPP), the sole glucose utilizing pathways in N. meningitidis, indi-
cated that, given the measured rates, a minimal flux through the Entner-Doudoroff
pathway is required in N. meningitidis. In addition, based on the minor effect of the
split ratio on the ATP formation rate, it was concluded that the mathematical result
obtained from the objective function ‘maximization of ATP yield” may not reflect the
actual biological situation for the underdetermined parts of the metabolic network.
Therefore, the fluxes of the underdetermined parts of the metabolic network were

presented as flux ranges, which were calculated from the EDP:PPP split ratio analysis.
Genetic engineering

Genetic engineering has been applied in N. meningitidis in order to express different

PorA serosubtypes in one strain [13] or to detoxify LPS [14], but it has not been used
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to improve production strains from a manufacturing point of view (e.g. increase the
yield of biomass on substrate or reduce by-product formation). The research described
in Chapter 4 is a first step in this direction. In accordance with the N. meningitidis
serogroup B genome [7] and studies on glucose utilization in N. meningitidis [15-20],
it was found previously that the Embden-Meyerhof-Parnas glycolytic pathway is not
functional in N. meningitidis because a single gene, pfkA, encoding phosphofructokinase
(PFK), is missing from the N. meningitidis genome. In Chapter 4, based on the model
developed in Chapter 2 and 3, in silico FBA indicated that expression of PFK in
N. meningitidis results in an increased yield of biomass on substrate. The
predicted increase in yield was relatively higher at low growth rates. This poses the
question why PFK is not present in N. meningitidis. A comparative genomics approach
to establish which factors determine the presence or absence of PFK in an organism
indicated that in most obligate aerobic organisms, like N. meningitidis, PFK is lacking.
In many (facultative) anaerobic organisms PFK is present and seems to go hand in
hand with the presence of a phosphoenolpyruvate:carbohydrate phosphotransferase
system (PTS system). A competitive advantage under anaerobic conditions seems the
most important factor for the presence of PFK. In the case of limiting energy availability,
due to the absence of oxidative phosphorylation, the objective of an organism seems
to be optimization of energy yield on substrate (maximize Y yrp,) favoring PFK.
In the case sufficient energy can be liberated form the substrate due to oxidative
phosphorilation, the objective of an organism seems to be to optimize the rate of energy
generation (maximize rypp) in order to outcompete other micro-organisms living in the
same habitat. Natural evolution of N. meningitidis takes place in the aerobic naso-
pharyngeal mucosa, which can explain absence of pfkA in the N. meningitidis genome.
Although in silico FBA predicted an increase in biomass yield upon inclusion of PFK,
a genetically engineered recombinant N. meningitidis strain that expresses a heterologous
phosphofructokinase from E. coli, grown in glucose limited chemostat, gave a lower
biomass yield as compared to the genetically engineered control strain without PFK.

Based on the experimental observations it was concluded that this was possibly caused
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by phosphatase activity, creating a futile cycle (dissipation of energy). In addition, this
made clear that no initial advantage is gained when PFK is expressed in N. meningi-
tidis, which illustrates that possible (intra-species) horizontal gene transfer events [21,

22] to obtain the pfkA gene are unlikely.

Scale-up

The gathered knowledge on the N. meningitidis serogroup B metabolism led to the
development of a small-scale cultivation process, including the development of a
chemically defined medium for high cell-density cultivation and defined culture
conditions, in parallel with the development of a reproducible and robust cell bank
procedure for the three trivalent [23] vaccine production strains (unpublished results).
As described in Chapter 35, this provided the starting point for scale-up of the upstream
part of the vaccine production process in which regime analysis [24] identified oxygen
uptake rate as the rate-limiting subprocess. Hence, the primary bioreactor design was
done on the basis of gas-liquid mass transfer and an aeration and ventilation controller,
which increases the stirrer speed and gas flow rate simultaneously at increasing oxygen
demand, was developed and successfully implemented. In order to prevent the use of
antifoaming agents and thus complex validation studies to show proof of removal of
these agents from the final product, mechanical foam control using stirring in combi-
nation with a rotary plate foam breaker proved to be an effective way to contain foam
inside the bioreactor. The 1.2 m3 bioreactor was technically realized following cGMP
guidelines and is appropiate for bulk production of the vaccine for phase III clinical
trials and for the vaccine after licensing of the product. In addition, the design of the
bioreactor allows production of other bacterial vaccines (e.g. diphtheria) without the
need for fundamental changes (i.e. multi-purpose). This work illustrates that the com-
bination of regime analysis, OUR as scale-up parameter followed by a bioreactor
design based on empirical relations and a defined mode of operation is an effective
strategy that can be adopted for scale-up of aerobic cultivation processes in general.

Notably, the upstream production process described in this study yields at least a
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sufficient amount of biomass for production of the N. meningitidis serogroup B vaccine
for the Dutch market, which indicates the potentially meaningful impact on public

health in The Netherlands and beyond.

Outlook

The metabolic model of N. meningitidis presented in this thesis can be used for
further optimization of the cultivation process which can lead to higher biomass concen-
trations. In addition, genetic engineering of N. meningitidis from a manufacturing point
of view has been hardly investigated and the presented metabolic model of N. menin-
gitidis can be used as a starting point to identify suitable targets for this purpose. It is
worth noting that various success stories have been reported in the literature [25-27],
where a metabolic model was used iz silico, to determine the effect of knocking-out a
gene or a set of genes and their corresponding biochemical pathways on biomass yield.
This illustrates the potential of whole cell modeling and simulation [28-30]. Obtaining
various system-level, or so-called ‘omics’, datasets, together with existing data,
presented in this thesis and the literature, will facilitate the further
development of the vaccine production process and the development of analytical tools
needed for the characterization of the vaccine candidates and in a later stage for

quality control of the licensed vaccines [31].

The availability of hundreds of N. meningitidis genomes enables identification of their
genetic differences and shows an unexpected high degree of intra-species diversity.
This suggests that in many cases, a universal vaccine is possible only by including a
combination of antigens and this combination must take into account the population
structure of the pathogen [32]. In order to make the bulk production of such a com-
bination vaccine feasible, genetic engineering is required and at the
Netherlands Vaccine Institute (NVI), genetic engineering has been applied in
N. meningitidis in order to express different PorA serosubtypes in one strain [13].

However, some PorAs appear to be weakly immunogenic [33] and an adjusted immu-
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nization schedule [34] is required to overcome this problem. Obtaining a higher cellular
concentration of these weakly immunogenic PorAs in recombinant N. meningitidis
strains, and thus in the final product (i.e. outer membrane vesicles), by controlling the
expression level of the different PorAs is an interesting alternative. The feasibility of
such approach has been demonstrated in E. coli, where a partial least squares model
(PLS) found good correlations between the sequence of a promoter and its strength
[35], which resulted in the ability to control the expression level of an enzyme in central
metabolism by changing the promoter of the gene encoding this enzyme in the E. coli

genome (unpublished results).

The computational reconstruction and analysis of metabolic models of microbial
metabolism is one of the first success stories of systems biology. Nevertheless, the
extent and quality of metabolic network reconstructions and thus also the model
developed in Chapter 2 and 3 is still limited by the current state of biochemical know-
ledge and analytical methods. For example, even in E. coli, one of the most studied
bacteria, a new metabolic pathway of glucose metabolism was discovered in 2003
[36] and a previously undescribed pathway for pyrimidine catabolism was discovered
in 2006 [37]. In addition, large-scale metabolite profiling indicates an abundance of
unknown compounds in metabolism [38], which illustrates that metabolomic measu-
rements provide a wealth of information about the biochemical status of cells, tissues
or organisms and play an increasing role to elucidate the function of unknown and
novel genes [39, 40]. Hence, experimental high-throughput data can be used to impro-
ve and expand metabolic network reconstructions to include unexplored areas of
metabolism. Advances in experimental technology and analytical methodologies [41]
bring this aim an important step closer to realization. The processing and integration
of datasets, obtained from the different system-levels of information that are present in
an organism (i.e. the ‘omes’), will play an important part in exploiting the new expe-
rimental opportunities for vaccine and vaccine process development (e.g. the design of

growth media). Therefore, setting up a systems biology platform in the research and
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development department of biopharmaceutical companies, and institutes like the NVI is
an absolute requirement in order to significantly shorten the development time of a
vaccine. Knowledge gathered from such a systems biology platform can be used in the
complete development trajectory of a vaccine, starting from identification and selection
of vaccine candidates, to the design of growth media and the identification of genetic
engineering targets to possibly improve the organism. Notably, increasing the level of
understanding of the immunological mechanisms of protection [42] will also contri-

bute to a more focused and faster vaccine development track.
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The species Neisseria meningitidis is only found in humans and colonizes mucosal
surfaces of the nasopharynx (nose and throat) as a harmless commensal organism
and, as such, is carried by five to ten percent of the adult population. Some strains are
able to cross the mucosa into the bloodstream from where they can cause the diseases
meningitis or septicaemia. These diseases are responsible for death and disability
especially in young infants. There are different pathogenic N. meningitidis isolates of
which five serogroups (A, B, C, Y, and W135) are responsible for most of the disease.
Serogroup B and C organisms cause the majority of infections in Europe and America,
whereas strains of group A and C dominate in Africa and Asia. Effective polysaccharide
and conjugate vaccines have been developed against serogroups A, C, Y and W135
strains. However, effective global prevention of meningococcal disease will not be
achievable without the development of a vaccine against serogroup B meningitis,
which causes about 50% of meningococcal disease cases worldwide. Since the poly-
saccharide of the serogroup B meningococcus is poorly immunogenic, current vaccine
development against serogroup B organisms has mainly focussed on subcapsular protein
antigens that are contained in outer membrane vesicles (OMVs). The outer membrane
protein PorA has been identified as a major inducer of, and target for serum bactericidal
antibodies and is expressed by almost all meningococci, which pinpoints PorA as a
promising vaccine candidate. However, PorA appears heterogeneous, requiring the
development of a multivalent vaccine in which various PorA serosubtypes are present

in order to induce sufficient protection.

At the Netherlands Vaccine Institute (NVI) a vaccine against serogroup B organisms,
including different PorA serosubtypes contained in OMVs is currently being developed.
The process development focuses on cultivation of the organism, extraction of OMVs
and additional purification steps. The aim of the research described in this thesis was
the development and scale-up of the cultivation process for a vaccine against
N. meningitidis serogroup B organisms based upon PorA entrapped in outer

membrane vesicles.
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Working from the genomic database of Neisseria meningitidis serogroup B together
with biochemical and physiological information provided in literature, a genome-scale
flux model for primary metabolism of Neisseria meningitidis was constructed as
described in Chapter 2. The validity of a simplified metabolic network that was derived
from the genome-scale metabolic network was checked using flux-balance analysis
with data obtained from chemostat cultures. Several useful predictions were obtained
from in silico experiments, including substrate preference, and a minimal medium for
growth of Neisseria meningitidis. The medium was tested successfully in batch and
chemostat cultures. The genome-scale model is valuable, because it offers a frame-
work to study N. meningitidis metabolism as a whole or certain aspects of it and can

also be used for vaccine process development purposes (e.g. design of growth media).

Chapter 3 describes the influence of the growth rate of N. meningitidis on its macro-
molecular composition and its metabolic activity using chemostat cultures. In the applied
range of growth rates, no significant changes in RNA content and protein content
with growth rate were observed in N. meningitidis. The DNA content was somewhat
higher at the highest applied growth rate. The phospholipid and lipopolysaccharide
content in N. meningitidis changed with growth rate, but no specific trends were
observed. The cellular fatty acid composition and the amino acid composition did not
change significantly with growth rate. At high growth rate the PorA content in outer
membrane vesicles extracted from biomass was significantly lower in comparison
with low growth rates, which indicates the importance of the culture harvest point in
the regular vaccine production process. The metabolic fluxes at various growth rates
were calculated using Flux Balance Analysis. Errors in fluxes were calculated using
Monte Carlo simulation and the reliability of the calculated flux distribution could be
indicated. The yield of biomass on substrate (Y,,) and the maintenance coefficient
(m) were determined as 0.44 (+0.04) g.g-! and 0.04 (=0.02) g.g-1.h-1, respectively. The
growth associated energy requirement (Y, 4rp) and the non-growth associated ATP

requirement for maintenance (muyp) were estimated as 0.13 (x0.04) mol.mol-!
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and 0.43 (x0.14) mol.mol-1.h-1, respectively. Split ratio analysis between the Entner-
Doudoroff (EDP) and the pentose phosphate pathway (PPP), the sole glucose utilizing
pathways in N. meningitidis, indicated that, given the measured rates, a minimal flux
through the Entner-Doudoroff pathway is required in N. meningitidis. Furthermore,
it was found that the split ratio between the Entner-Doudoroff and the pentose
phosphate pathway, the sole glucose utilizing pathways in N. meningitidis, had a
minor effect on ATP formation rate but a major effect on the fluxes going through,
for instance, the citric-acid cycle. For this reason, flux ranges were presented for

underdetermined parts of metabolic network rather than presenting single flux values.

According to the genomic information for N. meningitidis and experimental obser-
vations, glucose can be completely catabolized through the Entner-Douderoff
pathway (ED) and the pentose phosphate pathway (PP). The Embden-Meyerhof-
Parnas glycolytic pathway (EMP) is not functional, because the gene for phospho-
fructokinase (pfkA) is not present. As described in Chapter 4, the phylogenetic
distribution of phosphofructokinase (PFK) obtained from 312 bacterial species indicates
that in most obligate aerobic organisms PFK is lacking and it was concluded that this
is because of the limited contribution of PFK to the energy supply in aerobically
grown organisms in comparison with the energy generated through oxidative phospho-
rylation. Under anaerobic or microaerobic conditions the available energy is limiting
and PFK provides an advantage, which explains the presence of PFK in many (facul-
tative) anaerobic organisms. In accordance with this, in silico flux balance analysis
predicted an increase in biomass yield as a result of PFK expression. Analysis of a
genetically engineered N. meningitidis strain that expresses a heterologous phospho-
fructokinase from Escherichia coli (encoded by the pfkA gene) showed that the yield
of biomass on substrate (Y,,) decreased in comparison with a pfkA deficient control
strain, which was compensated mainly by an increase in CO, production, whereas
production of by-products was comparable between the pfkA mutant and a control

strain. It was concluded that this is possibly caused by the fact that phosphatases are
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active, creating futile cycles and dissipation of energy. This might explain why the pfkA
gene is not obtained by horizontal gene transfer, since it is initially unfavourable for
biomass yield. No large effects related to heterologous expression pfkA were observed

in the transcriptome and overall the changes in the biomass composition were minimal.

The gathered knowledge on the N. meningitidis serogroup B metabolism led to the
development of a small-scale cultivation process, including the development of a
chemically defined medium for high cell-density cultivation and defined culture
conditions. In addition a reproducible and robust cell bank procedure was developed
for the three trivalent vaccine production strains. In order to meet the expected
demand for product, the biopharmaceutical production process was scaled-up.
Chapter 5 describes the scale-up approach for the upstream process and the resulting
bioreactor design and operation strategy leading to a feasible solution for bulk
production of a vaccine against meningococcal disease. The combination of regime
analysis, oxygen uptake rate as scale-up parameter followed by a bioreactor design
based on empirical relations and a defined mode of operation was an effective strategy
that can be adopted for scale-up of aerobic cultivation processes in general.

The technically realized 1.2 m3 bioreactor, equipped with a turbine impeller for gas
dispersion, was complemented with an upward pumping impeller and a rotary plate
foam breaker to contain foam inside the bioreactor. Hence, the use of antifoaming
agents, and thus complex validation studies to show proof of removal of these agents
from the final product, could be prevented. Aeration and ventilation in the culture
broth were controlled by increasing the stirrer speed and gas flow rate simultaneously
at increasing oxygen demand. The scale-up was successful and comparable growth
curves and nutrient consumption profiles were reached on 0.06 and 1.2 m3. The
upstream production process, including the realized manufacturing bioreactor
configuration is compliant with current good manufacturing practices and yields at
the least a sufficient amount of biomass for production of the N. meningitidis

serogroup B vaccine for the Dutch market.
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Summary

The work described in this thesis illustrates that the application of systems biology
tools provides a new and effective way for vaccine process development against
N. meningitidis serogroup B organisms. The application of systems biology in vaccine
and vaccine process development will lead to a significant shortening of the development
time from vaccine candidate to vaccine, which is an absolute requirement in order to

deal with the rapidly emerging infectious diseases.
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Samenvatting

Neisseria meningitidis, ofwel meningokok, is een Gram-negatieve bacterie, die alleen
voorkomt in de mens. De natuurlijke habitat van deze bacterie is het slijmvlies van de
nasopharynx (neus-keelholte) in de mens. Ongeveer 10% van de bevolking draagt de
meningokok in de nasopharynx zonder ziekteverschijnselen te vertonen. Sommige
meningokokken stammen zijn in staat om de slijmvliezen te passeren en in de bloeds-
omloop terecht te komen, vanwaar ze de ziektes hersenvliesontsteking (meningitis) of
bloedvergiftiging (sepsis) kunnen veroorzaken. Deze ziektes treffen vooral jonge
kinderen en zijn verantwoordelijk voor sterfte en invaliditeit. Er komen verschillende
pathogene meningokokken voor waarvan vijf serogroepen (A, B, C, Y en W135)
verantwoordelijk zijn voor de meeste ziektegevallen. In Europa worden de meeste
infecties veroorzaakt door serogroep B en C meningokokken, terwijl groep A en C
meningokokken domineren in Afrika en Azié. Vaccins tegen serogroep A, C, Y en
W135 meningokokken, die gebaseerd zijn op polysacchariden (suikerketens) uit het
kapsel van de bacterie en gebonden kunnen zijn aan een eiwit (polysaccharide-conjugaat),
zijn beschikbaar en werkzaam. Echter, wereldwijde bescherming tegen meningokokken-
ziekte is niet haalbaar zonder de ontwikkeling van een vaccin tegen serogroep B
meningokokken, die wereldwijd ongeveer 50% van de ziektegevallen veroorzaken.
Polysacchariden van serogroep B meningokokken zijn nauwelijks immunogeen en dus
niet werkzaam. Om deze reden spitst vaccinontwikkeling tegen serogroep B meningo-
kokken zich toe op eiwitten, die door het buitenmembraan (en het kapsel) van de
bacterie heen steken. Het porievormend buitenmembraaneiwit, PorA, is in staat om
bacteriedodende antistoffen op te wekken in de mens en komt voor in bijna alle
meningokokken. Deze bacteriedodende antistoffen bieden bescherming tegen meningo-
kokkenziekte en daarom is PorA een veelbelovende vaccinkandidaat. Niet in elke
meningokok is het PorA eiwit hetzelfde (heterogeen), waardoor verschillende PorA
eiwitten in het vaccin opgenomen moeten worden om bescherming te bieden tegen de
verschillende meningokokkenstammen. Daarnaast is het belangrijk dat de PorA eiwit-
ten in de juiste conformatie gepresenteerd worden. Bij het Nederlands Vaccin Instituut

wordt een vaccin tegen serogroep B meningokokken ontwikkeld op basis van
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genetisch gemodificeerde meningokokken stammen, die geen kapsel hebben en meerdere
PorA eiwitten tot expressie brengen. Door het buitenmembraan van deze stammen te
destabiliseren met een zeepachtige stof worden blaasjes (vesicles) van het buitenmembraan
afgescheiden. Deze zogenaamde buitenmembraanvesicles (in het Engels outer membrane
vesicles, OMVs) bevatten de PorA eiwitten in de juiste conformatie en vormen de basis
van het vaccin. In totaal worden drie recombinante meningokokken stammen, die elk
drie verschillende PorA eiwitten tot expressie brengen, gebruikt voor het vaccin, dat
om deze reden een multivalent OMV vaccin wordt genoemd. De procesontwikkeling
van het vaccin richt zich op: het kweken van de recombinante meningokokken-stammen,

de extractie van de OMVs en de zuivering van de OMVs.

Het onderwerp van dit proefschrift is de ontwikkeling en de opschaling van het
kweekproces, voor de productie van het multivalente OMV vaccin tegen serogroep B

meningokokken.

Kennis van de stofwisseling (het metabolisme) van de bacterie is erg belangrijk voor
het ontwikkelen van een efficiént kweekproces. Het kweekproces is de bepalende
factor voor de productkwaliteit en -kwantiteit. De informatie, die in het genoom van
Neisseria meningitidis serogroep B aanwezig is, kan gebruikt worden voor de ontwik-
keling van het kweekproces door in het genoom de genen op te zoeken die coderen
voor enzymen, die aanwezig zijn in het primair metabolisme. De reacties, die

deze enzymen uitvoeren, vormen tezamen een metabool netwerk.

Op basis van het genoom van N. meningitidis serogroep B en biochemische en fysio-
logische informatie uit de literatuur werd een dergelijk, genoom-gebaseerd, metabolisch
netwerk opgesteld, zoals beschreven staat in hoofdstuk 2. De geldigheid van een
vereenvoudigd metabolisch netwerk, dat werd afgeleid van het genoom-gebaseerde
netwerk, werd vastgesteld met behulp van flux balans analyse (FBA). FBA is een

wiskundige techniek, waarmee de intracellulaire omzettingssnelheden van de meta-

252



Samenvatting

bolieten, oftewel de metabolische fluxen, en de productie- en consumptie-
snelheden van de extracellulaire metabolieten, berekend kunnen worden. Zonder
experimentele metingen wordt FBA in silico FBA genoemd. In dit geval kunnen de
fluxen berekend worden door het stellen van bepaalde randvoorwaarden (bijvoorbeeld
een maximale substraat consumptiesnelheid) en door gebruik te maken van een
optimaliteitscriterium, oftewel doelfunctie. Een voorbeeld van een doelfunctie is
bijvoorbeeld ‘maximaliseer biomassa’. Door het toepassen van een doelfunctie
worden fluxwaarden berekend die optimaal zijn voor de doelfunctie. Met andere
woorden, er worden fluxwaarden berekend die de doelfunctie optimaliseren. In beide
gevallen (met en zonder metingen) is het vastleggen van de richting waarin irreversibele
reacties verlopen belangrijk, omdat op deze manier het aantal mogelijke oplossingen
wordt beperkt. Op de gemeten metaboliet concentraties, de concentratie bacterién, de
samenstelling van de bacterién, de stoffen in de gasfase etc. zit een bepaalde variantie.
Deze varianties kunnen gebruikt worden om de variantie in de omzettingssnelheden te
berekenen. De variantie in de omzettingssnelheden kan vervolgens gebruikt worden
om de zogenaamde redundante omzettingssnelheden op elkaar af te stemmen. Dit
afstemmen wordt balanceren van de omzettingssnelheden genoemd en heeft als
resultaat dat de gemeten omzettingssnelheden nauwkeuriger worden geschat, waar-

door ook de fluxen nauwkeuriger berekend worden.

Zoals beschreven staat in hoofdstuk 2, kan Monte Carlo simulatie gebruikt worden
om bovengenoemde varianties te berekenen. De omzettingssnelheden voor de FBA
beschreven in hoofdstuk 2 werden experimenteel gemeten in continu culturen (chemo-
staten) en volgens bovengenoemde technieken verwerkt. Daarnaast werden verschillende
bruikbare in silico voorspellingen gedaan waaronder substraat-voorkeur hetgeen heeft
geleid tot een minimaal groeimedium voor N. meningitidis serogroep B. De specifieke
groeisnelheid van bacterién is een belangrijke parameter in biotechnologische processen
omdat deze de macromoleculaire samenstelling en metabolische activiteit van de

bacterie bepaalt. Hoofdstuk 3 beschrijft de invloed van de specifieke groeisnelheid van
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N. meningitidis op de macromoleculaire samenstelling en metabolische activiteit. In het
toegepaste bereik van groeisnelheden werden geen significante verschillen waar-
genomen in RNA- en eiwit-gehaltes. Het DNA-gehalte was enigszins hoger bij de hoogste
groeisnelheid. De fosfolipid- en lipopolysaccharidegehaltes veranderden met de groei-
snelheid, maar er werden geen specifieke trends waargenomen. De vetzuur- en eiwit-
samenstellingen veranderden niet significant met de groeisnelheid. Bij de hoogste groei-
snelheid was het PorA gehalte in buitenmembraanvesicles significant lager in
vergelijking met de lagere groeisnelheden. Dit is een belangrijke indicatie voor het
oogstmoment in het reguliere vaccin-productieproces. De metabolische fluxen bij de
verschillende groeisnelheden werden berekend met behulp van FBA. Varianties in de
fluxen werden berekend met Monte Carlo simulatie en de betrouwbaarheid van de
fluxdistributie kon worden aangegeven. De berekende opbrengst van biomassa op
substraat (yield, Y,) en de onderhoudscoéfficiént (maintenance, my) zijn respectieve-
lijk 0.44 (+0.04) g.g! en 0.04 (x0.02) g.g'l.h-l. De groei- (Y, arp) €n niet-groei
geassocieerde energie behoefte voor onderhoud van de bacterie (my1p) werden geschat
als respectievelijk 0.13 (x0.04) mol.mol-! en 0.43 (x0.14) mol.mol-1.h-1. Ratio analyse
tussen de Entner-Doudoroff (ED) route en de pentose-fosfaat (PP) route, de enige aan-
wezige routes voor het metaboliseren van glucose, gaf aan dat, gegeven de gemeten
omzettingssnelheden, een minimale flux door de ED-route nodig is in N. meningitidis.
De ratio bleek een minimaal effect te hebben op de vormingssnelheid van ATP maar
een groot effect op de fluxen door bijvoorbeeld de citroenzuurcyclus. Om deze reden
werd het numerieke bereik van de onderbepaalde fluxen van het netwerk weer-

gegeven in plaats van de fluxwaarden.

Volgens het N. meningitidis genoom is de Embden-Meyerhof-Parnas route (glycolyse)
niet functioneel omdat het pfkA gen, dat codeert voor fosfofructokinase (PFK), niet
aanwezig is. Uit de fylogenetische distributie van PFK in 312 bacterién blijkt dat PFK
afwezig is in de meeste strikt aerobe bacterién, zoals beschreven staat in hoofdstuk 4. Het

is aannemelijk dat dit komt door de geringe bijdrage van PFK aan de energievoor-
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ziening in aerobe organismen, in vergelijking met de oxidatieve fosforylering. Onder
anaerobe of micro-aerobe omstandigheden is de beschikbare energie limitered en
dat verklaart de aanwezigheid van PFK in veel facultatieve anaerobe organismen.
In silico FBA voorspelt dat bij aanwezigheid van PFK de biomassa yield toeneemt.
Hiertoe werd genetisch modificatie toegepast om pfkA uit Escherichia coli, tot expressie
te brengen in N. meningitidis. Uit analyse van deze mutant bleek echter dat de yield
van biomassa op substraat afnam in vergelijking met de controle mutant. Het feit dat
er minder koolstof naar biomassa ging werd voornamelijk gecompenseerd door een
toename van CO,-productie, terwijl de productie van bijproducten vergelijkbaar was
tussen beide mutanten. Er werd geconcludeerd dat de lagere biomassa yield mogelijk ver-
oorzaakt wordt door actieve fosfatasen die futiele cycli creéren. Dit verklaart mogelijk
waarom N. meningitidis dit gen niet zal verkrijgen middels horizontale gen-over-

dracht omdat het initieel ongunstig is voor biomassa yield.

De vergaarde kennis van het N. meningitidis serogroep B metabolisme heeft geleid tot
de ontwikkeling van een kleinschalig kweekproces, inclusief de ontwikkeling van een
chemisch gedefinieerd medium, dat geschikt is voor kweken tot hoge celdichtheid, en
gedefinieerde kweekcondities. Daarnaast werd een reproduceerbare en robuuste cel-
bank ontwikkeld voor de drie trivalente vaccin productiestammen (niet gepubliceerde
resultaten). Om aan de verwachte vraag naar vaccin te kunnen voldoen, werd het
kweekproces opgeschaald. Hoofdstuk 5 beschrijft de opschalingsbenadering voor het
kweekproces, en het resulterend bioreactor-ontwerp en de besturingsstrategie, die
samen hebben geleid tot een realiseerbare oplossing voor de bulk-productie van een
vaccin tegen meningokokkenziekte. De combinatie van regime-analyse, zuurstof-
opnamesnelheid als opschalingsparameter, gevolgd door een bioreactor ontwerp dat
werd gebaseerd op empirische relaties en een gedefinieerde werkingsmodus, bleek een
effectieve strategie te zijn, die overgenomen kan worden voor opschaling van aerobe
kweekprocessen in het algemeen. De technisch gerealiseerde 1.2 m3 bioreactor werd

uitgerust met een turbine impeller voor gasdispersie en werd aangevuld met een
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opwaarts pompende impeller en een mechanische schuimbreker om het schuim, dat
ontstaat tijdens het kweekproces, in de reactor te houden. Hierdoor werd het gebruik
van anti-schuimmiddelen voorkomen met als gevolg dat complexe validatie studies
konden uitblijven. Beluchting en ventilatie van de kweekvloeistof werden gecontroleerd
door het toerental van de impeller en het gasdebiet simultaan te verhogen bij toename
van de zuurstofvraag. De opschaling was succesvol en vergelijkbare groeicurven en
substraat-consumptieprofielen werden bereikt op 0.06 m3 en 1.2 m3 schaal. Het
kweekproces, inclusief de bioreactor-configuratie, is conform de richtlijnen voor
productie van biofarmaceutische producten en levert op zijn minst voldoende biomassa

voor de productie van N. meningitidis serogroup B vaccin voor de Nederlandse markt.

Het werk, dat beschreven staat in dit proefschrift, laat zien dat toepassen van systeem
biologie voorziet in een nieuwe en effectieve manier voor de procesontwikkeling van
vaccins tegen serogroup B meningokokken. Het toepassen van systeembiologie in
vaccinontwikkeling en procesontwikkeling van vaccins zal leiden tot een significante
reductie van de ontwikkelingstijd van vaccinkandidaat naar vaccin, een noodzaak in het

huidige tijdperk van snel opkomende nieuwe infectieziektes.
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Acellular vaccine

Adjuvants

Alleles

Antibodies

Antigen

Attenuated vaccine

Bioreactor

Diplococcus

Efficacy

Epitope

A cell-free vaccine prepared from purified antigenic
components of cell-free microorganisms, carrying less
risk than whole-cell preparations.

A substance that is used to enhance the immune respons of
antigens. Aluminium salts are regularly used as adjuvants.
One member of a pair or series of different forms of a
gene. In general, alleles are coding sequences.

Gamma globulin proteins (or immunoglobulins) that
are found in blood or other bodily fluids, and are used
by the immune system to identify and neutralize foreign
objects, such as bacteria and viruses.

A substance that prompts the generation of antibodies
and can cause an immune response.

A vaccine prepared from live microorganisms or viruses
cultured under adverse conditions leading to loss of
their virulence but retention of their ability to induce
protective immunity.

A vessel or system in which is carried out a chemical
process which involves organisms or biochemically active
substances derived from such organisms. Bioreactors are
commonly cylindrical, ranging in size from liters to cube
meters, and are often made of glass or stainless steel.

A round bacterium (a coccus) that typically occurs in
pairs of two joined cells.

A measure of the ability of a drug to induce a biological
response in its molecular target.

The part of a macromolecule that is recognized by the
immune system, specifically by antibodies, B cells, or

T cells.
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FEradication

Filamentous

Genotype

Gram-negative bacteria

Homology

Immunoglobulins

Immunotype

In vitro

In vivo

Innate immune respons
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The termination of all transmission of infection by
extermination of an infectious agent through surveillance
and containment. For instance, global eradication has
been achieved for smallpox.

Having the form of fine threads (or filaments).

The inherited instructions of an organism carried within
its genetic code.

Bacteria that do not retain crystal violet dye in the Gram
staining protocol which is a a method to differentiating
bacterial species into two large groups (Gram-positive
and Gram-negative) based on the chemical and physical
properties of their cell walls.

Sequence similarity among proteins and DNA.

See antibodies.

Lipopolysaccharide-serotype classification based on
differences in lipopolysaccharide structure.

Refers to the technique of performing a given experiment
in a controlled environment outside of a living organism
(Latin: within the glass).

Refers to which takes place inside an organism. In science,
in vivo refers to experimentation done in or on the living
tissue of a whole, living organism (Latin: within the living).
The innate immune system comprises the cells and
mechanisms that defend the host from infection by
other organisms, in a non-specific manner. This means
that the cells of the innate system recognize, and
respond to, pathogens in a generic way, but unlike the
adaptive immune system, it does not confer long-lasting

or protective immunity to the host.
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Lag phase

Leukocytes

Macrophages

Meningitis

Monocytes

Mucosa

Adaption period of bacteria to growth conditions. It is
the period where the individual bacteria are maturing
and not yet able to divide. During the lag phase of the
bacterial growth cycle, synthesis of RNA, enzymes and
other molecules occurs.

White blood cells, or leukocytes, are cells of the immune
system defending the body against both infectious disease
and foreign materials.

Cells within the tissues that originate from specific
white blood cells called monocytes. Monocytes and
macrophages are phagocytes, acting in both non-specific
defense (or innate immunity) as well as specific defense
(or cell-mediated immunity) of vertebrate animals. Their
role is to phagocytose (engulf and then digest) cellular
debris and pathogens either as stationary or mobile
cells, and to stimulate lymphocytes and other immune
cells to respond to the pathogen.

Inflammation of the protective membranes covering the
brain and spinal cord, known collectively as the meninges.
Monocyte is a type of leukocyte, part of the human
body's immune system. Monocytes have two main func-
tions in the immune system: (1) replenish resident
macrophages and dendritic cells under normal states,
and (2) in response to inflammation signals, monocytes
can move quickly (~ 8-12 hours) to sites of infection in
the tissues and divide/differentiate into macrophages
and dendritic cells to elicit an immune response.
Mucous membranes are linings of mostly endodermal

origin, covered in epithelium, which are involved in
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Nasopharynx

Oropharynx

Orthology

Phagocytosis

Pharynx

Phase variation

Phenotype

Pleiotropy
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absorption and secretion. They line various body cavities
that are exposed to the external environment and
internal organs.

Nasal part of the pharynx that lies behind the nose and
above the level of the soft tissue constituting the back of
the roof of the mouth.

Oral part of the pharynx that reaches from the the soft
tissue constituting the back of the roof of the mouth to
the level of the hyoid bone (bone in the neck).
Homologous sequences (e.g. a gene sequence) in different
species that are similar to each other because they
originated from a common ancestor.

Phagocytosis is involved in the immune system (and in
the acquisition of nutrients for some cells) and is a
major mechanism used to remove pathogens and cell
debris. Bacteria, dead tissue cells, and small mineral
particles are all examples of objects that may be phago-
cytosed.

The part of the neck and throat situated immediately
(behind) the mouth and nasal cavity.

An immune evasion technique employed by various
bacteria. It involves the switching of surface antigens,
to evade specific adaptive immune system responses.
Any observable characteristic of an organism (e.g. its
morphology, biochemical or physiological properties, or
behaviour).

Occurs when a single gene influences multiple phenotypic
characteritics of an organism that may be inherited,

environmentally determined or somewhere in between.
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Potency

Sepsis, septicaemia

Subunit vaccine

Virulence

A measure of the concentration of a drug at which it
is effective.

Sepsis is a serious medical condition characterized by a
whole-body inflammatory state caused by infection.
Sepsis is broadly defined as the presence of various
pusforming and other pathogenic organisms, or their
toxins, in the blood or tissues. The term sepsis is
frequently used to refer to septicemia (blood poisoning).
A vaccine produced from specific (protein) subunits of a
pathogen and thus having less risk of adverse reactions
than whole cell vaccines.

The relative ability of a microbe to cause disease (the

degree of pathogenicity).
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Dankwoord

Het zit erop, dit is het dan. Dit proefschrift is het resultaat van ruim 6 jaar onderzoek
bij het laboratorium voor product en procesontwikkeling van het Nederlands Vaccin
Instituut in Bilthoven en nu, na ruim 7 jaar, is het eindelijk af. Het was een intensieve,
interessante, leerzame en leuke tijd maar ik ben blij dat het erop zit. Het is tijd om
verder te gaan. Dit proefschift was nooit totstandgekomen zonder de hulp en/of steun

van veel mensen die ik hiervoor graag wil bedanken.

Coen, jij kwam met het idee om mijn onderzoekswerk te combineren met een proef-
schrift en voorzag in de mogelijkheden om dit te kunnen doen binnen het MenB
project. Jouw grenzeloze enthousiasme, oog voor noviteit, kennis van de literatuur en
werklust zijn inspirerend en waren een belangrijke stimulans om door te gaan. In de
moeilijke periode, na jouw vertrek op het NVI, bleef je mij, als mentor en als mens,
steunen en dat zal ik nooit vergeten. Dirk, jij bent een hele goede docent, misschien
wel de beste uit Wageningen. Jij hebt de rust en het geduld om complexe zaken uit te
leggen en dat is een hele waardevolle eigenschap. Jij was de eerste die tegen mij zei “het
is pas wetenschap als het is opgeschreven” en zette mij aan om te minderen met data
verzamelen en meer tijd te stoppen in schrijven. Bij dit laatste liet je zien hoe belang-
rijk het is om structuur aan te brengen in een verhaal waardoor het altijd beter lees-
baar werd. Hans, wat meer op de achtergrond volgde je mijn onderzoek maar zodra
er een verhaal was, nam je er de tijd voor en kwam je altijJd met opbouwende en

oprechte opmerkingen, waarvan sommige memorabel zijn: “het is vlees noch vis”.

Elly, ik deelde met jou, bijna mijn gehele NVI-tijd, met veel plezier, een kamer. Je
stond altijd voor me klaar, was altijd bereid om te luisteren en hebt veel werk verzet.
Ik denk met heel veel plezier aan onze tijd terug. Jan, ook jij stond altijd voor me klaar
en hebt mij het kweken in de praktijk geleerd. Jij bent de vrolijkste en liefste man die
ik ken en ik hoop dat we nog vele jaren samen de piste en off-piste zullen nemen
“hatsebats”. Bert, met NMR analyseerde jij voor mij heel veel supjes en je dacht altijd

mee bij het interpreteren van de resultaten. Door jouw kennis en kunde was er altijd
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wel iets te vinden om enthousiast over te zijn. Daarnaast was jij altijd bereid om raad
te geven over wetenschappelijke en niet-wetenschappelijke zaken. Alex, bedankt voor
alle HPLC en GC bepalingen en de vele vrolijke momenten... “windje”. Govert,
Dennis, en Wilfred, door jullie hulp en flexibiliteit waren alle BIOS, BIO60, BIO440
en BIO1200 MenB kweken mogelijk. Marvin, jij zorgde ervoor dat BCSV
deed wat ik graag wilde en loste problemen altijd razensnel op. Colinda, bedankt voor
de DNA analyses en het soms vroegtijdig vrijgeven van resultaten en Rudy bedankt dat
je toeliet dat er bij jou op de afdeling wel eens analyses voor mij gedaan werden.
Danny, bedankt voor de SDS-pages die je voor mij hebt gedaan en voor het over-
dragen van veel handige spulletjes van vroeger. Geniet van je pensioen! Luc, helaas
overleed jij aan de gevolgen van een slopende ziekte. Met name in de begintijd, toen
we nog in gebouw U zaten, was jij er altijd. Jij bolde je sjekkies in je eigen
lab en rookte die terplaatse op. Ook na werktijd en in het weekend
analyseerde je voor mij heel veel monsters en zette vaak voor mij het MilliQ apparaat
uit waardoor de hoeveelheid op te dweilen water op de mediumbereiding (en soms de
gang) werd beperkt. Theone, Aart en Arjen, het MenB-DSP team, bedankt voor jullie
begrip, steun en interesse voor mijn “nevenactiviteit” (het werk voor dit proefschrift).
Mathieu, jij was de drijvende kracht van het andere belangrijke project maar vond
toch altijd tijd om te discussiéren, mee te denken en plezier te maken. Bas, bedankt
voor je enthousiasme en hulp bij het uitzoeken en uitvoeren van de microarrays. Cor,
je vriesdroogde voor mij heel veel biomassa monsters en zorgde ervoor dat ik de glas-
transitie-temperatuur van verschillende media kon meten bij SVM wat geresulteerd
heeft in verbeterde condities voor de opslag van de verschillende MenB stammen.
Martin, jij deed naast NMR analyses van vele supjes ook dunne laag chromatografie
om de MenB phospholipiden te identificeren en kwantificeren. Janny, jouw kritische
maar opbouwende opmerkingen voor en na besprekingen waren altijd waardevol en je
leerde mij Elisa’s doen en werken op de Biacore. Het was een plezier om jou te zien
genieten van schuine humor. Bernard, onze onderzoeken lagen wat ver uit elkaar maar

we vonden altijd gesprekstof. Bedankt hiervoor en ook voor je hulp bij het gieten en
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runnen van gelletjes. Carmen, het is weer al even geleden, bedankt voor het uitleggen
van de immunologie. Harry en Betsy, bedankt voor de gesprekken en jullie hulp bij
verschillende experimenten. Betsy, het was altijd een hele geruststelling om te weten
dat ik niet de enige ben die het heerlijk vond om tot in de late uurtjes bezig te zijn.
Karin, je was een ongekende toegevoegde waarde voor het lab en hebt een heel groot
hart. Bedankt voor alle goede adviezen en de feestjes in je tuin. Jan ten H, en Ad,
bedankt voor jullie hulp bij het bepalen van de lipid A samenstelling op de massaspec-
trometer. Hendrik-Jan, je begeleidde Marc bij het werk wat heeft geleid tot de fosfo-
fructokinase mutant en was altijd bereid om te helpen met alles, bedankt hiervoor!
Marcel H., bedankt voor het aanleveren van het fosfofructokinase protocol. Peter, jij
stond aan de basis van het multivalente vesicle vaccin en was altijd bereid om je ken-
nis te delen en advies te geven. Wilma, bedankt voor je hulp bij o0.a. het maken van
posters. Joost, jij loste alle PC problemen razendsnel op en maakte geweldige foto’s.
Paul, bedankt voor je hulp bij het k;a werk. Klaas, jouw gevoel voor de ordegrootte
van getallen bleek uit je snelle kladpapier berekeningetjes die altijd heel dichtbij mijn
uitgebreide opschalingsberekeningen lagen waar ik uren mee bezig was geweest. Dat
je het wel eens niet kon volgen als het over metabolisme ging, stelde mij eerlijk gezegd
gerust. Loek en Otto, bedankt voor jullie begrip en het geven van vertrouwen in de
opschalingsstrategie, die voor NVI begrippen nogal onconventioneel was. Ook dank
aan alle, soms tijdelijke, afdelingshoofden, in het bijzonder Ron, Simone, Gideon en
Leo, voor het beschikbaar stellen van tijd om experimenten en berekeningen te doen
voor dit proefschrift. Ben, bedankt voor de financiéle ondersteuning. Verder wil ik alle
mensen van de Unit O&O, de productie (U3), FTS en QC, die op het NVI rondlopen

of liepen, bedanken voor de interesse in mijn werk en de leuke tijd.

Marieke, jij was mijn eerste student uit Wageningen en samen hebben we heel veel
chemostaten gedaan die uiteindelijk hebben geleid tot een hoge impact publicatie in
Genome Biology. Marc, jij kwam als tweede een afstudeervak bij mij doen en was in

staat om op eigen kracht het genetisch werk te doen. Jou werklust en capaciteiten
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waren ruim bovengemiddeld en ik hoop voor de Wetenschap dat je er nog in zit.
Dorinde, jij kwam als derde student om de A- en D-stat methodiek toe te passen. Je
was zelfstandig en hebt een groot deel van de experimenten zelf gedaan. Hoewel de
resultaten uiteindelijk niet in dit proefschrift terecht gekomen zijn, sluit ik niet uit dat
we er over een tijdje alsnog een mooie publicatie uitslepen! Elnaz, jij was mijn vierde
student en kwam elke dag met de trein uit Leeuwarden. Jij was dagelijks meer dan drie
uur onderweg om de gas-vloeistof overdracht in alle verschillende bioreactoren te
karakteriseren. Je hebt enorm veel werk verzet, was ondanks de reistijd altijd vrolijk
en hebt een belangrijke bijdrage geleverd aan het sluiten van de koolstofbalansen.
Tom, jij was mijn laatste student uit Wageningen en jouw werk heeft ervoor gezorgd
dat er geen twijfel meer bestaat over de homogeniteit van Lipid A, waarvan jij onder

verschillende omstandigheden de samenstelling hebt bepaald. Bedankt allemaal!

Alle AIO’s, inmiddels gepromoveerden en begeleiders van proceskunde en levensmid-
delentechnologie, bedankt voor het plezier tijdens de AIO-reizen naar Zuid-Afrika en
Canada en de andere uitstapjes. Ook wil ik al mijn collega’s en vrienden uit Gent
bedanken voor de toffe sfeer en de waardevolle discussies. Jo, Gaspard, Adi en Brecht
bedankt voor de (Matlab) tips, suggesties en discussies. Joeri, bedankt voor je hulp bij
het zoeken op de vele internet databases. Jo en Gaspard, bedankt voor het lezen van
mijn doctoraat. Laten we er nu maar eens een goeie lap op geven! Pascal, bedankt
voor je hulp bij de layout en de vormgeving. Het ziet er fantastisch uit. Woutine, sinds
Eindhoven waren we allerbeste maatjes en deelden lief en leed met elkaar. Door dik
en dun, vrienden voor het leven, dachten we allebei, alleen hield dat van jou er veel te
vroeg mee op. Bij deze postuum, bedankt voor je steun en voor wie je was voor mij,
dikke kus. Hans, Michiel, Bas, Marcel, Wim, Gino en Norman, de mannen, jullie
waren nooit te beroerd om uit interesse, medelijden of vriendschap te vragen hoe het
met mijn proefschrift ging. Bedankt voor alle Rock Werchter edities. Annie en
Etiénne, jullie staan altijd voor ons klaar, bedankt voor jullie steun en goede zorgen.

Guust, bedankt voor alle kluswerk en dat je zo goed bent voor mijn ma. Gert, Sieg en
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Ma, jullie hebben mij altijd onvoorwaardelijk gesteund. Het verleden bewijst dat we

samen alles aankunnen. Bedankt voor alles!

Marjan, mijn lief, mijn vrouw, mijn allesie, you are the sunshine of my life. Zonder
jou was het echt nooit gelukt. Bedankt voor je liefde, onvoorwaardelijke steun, zorg
(in het bijzonder de koffie-met-koffiekoek ontbijtjes), je begrip voor de vele avonden
en weekenden dat ik moest werken en de periode dat ik er wilde zijn voor Woutine,
het creéren van mijn eigen werkkamer, de zondagochtenden met Frank Sinatra, de
zondagavond dineetjes om bij te praten en nog zo veel meer. Pas geleden beviel jij van
onze prachtige zoon Valentijn en dat bracht ons nog meer geluk. Het tijdperk proef-

schrift is afgesloten, ik beloof dat ik er nu echt meer zal zijn voor jou en jullie.
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