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Abstract

Background: 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 on Neisseria primary metabolism over the past 25 years.

Results: Using the genomic database of N. meningitidis serogroup B together with biochemical and
physiological information in the literature we constructed a genome-scale flux model for the
primary metabolism 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 were 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.
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Conclusion: The verified metabolic model describes the primary metabolism of N. meningitidis 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 it can also be used for the
purpose of vaccine process development (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%) is synthesized through
the ED-cleavage, a finding that is in good agreement with literature.

Background septicemia - are responsible for death and disability, espe-
Neisseria meningitidis is a human pathogen that can infect cially in young infants. There are different pathogenic N.
diverse sites within the human host. The major diseases  meningitidis isolates, of which serogroups B and C cause the
caused by N. meningitidis - meningitis and meningococcal majority of infections in industrialized countries, whereas
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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 licensed in the United
Kingdom and other countries [2]. At present there is no vac-
cine available against group B organisms, which are the pre-
dominant cause of meningococcal disease in developed
countries [3]. Development of a safe and effective vaccine
based on the serogroup B capsular polysaccharide is compli-
cated because of the existence of identical structures in the
human host [4]. This results in poor immunogenicity and the
risk of inducing autoimmunity [5].

Current strategies for developing a vaccine to prevent disease
caused by serogroup B meningococci include outer mem-
brane 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 analy-
sis of pathogens has dramatically changed the scope for
developing improved and novel vaccines by increasing the
speed of target identification in comparison with conven-
tional approaches [11].

The outer membrane protein PorA has been identified as a
major inducer of, and target for, serum bactericidal antibod-
ies and is expressed by almost all meningococci, which pin-
points PorA as a promising vaccine candidate [12]. However,
PorA appears to be heterogeneous, which will mean the devel-
opment of a multivalent vaccine in which various porA sub-
types are present in order to induce sufficient protection.
Although 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 sero-
group B meningococci is currently being developed. It is
based on different PorA subtypes contained in outer mem-
brane vesicles (OMVs). An important aspect of this develop-
ment 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 useful tools 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 immunogenicity,
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 capabili-
ties 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 bio-
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chemical literature, transcriptome data or by direct measure-
ments, the presence of missing enzymatic reactions may be
proved and the network can be completed. Often, such a com-
plete model contains underdetermined parts due to the pres-
ence 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 reac-
tions on the basis of biochemical and thermodynamic infor-
mation 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 1.

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 culture 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 online control of the process
[20]. Knowledge about metabolism, as contained in these
models, is very useful for the development of an efficient cul-
tivation 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 anno-
tation and the biochemical literature for effective process
development purposes. The model was verified experimen-
tally using flux-balance analysis (FBA) for steady-state chem-
ostat data.

Results and discussion

Construction of the genome-scale metabolic model
The available genome sequence of MenB [21] and its annota-
tion 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 Reearch (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 lump-
ing successive reactions together and removing dead ends.
This led to the simplified model shown in Figure 2. The com-
plete reaction database along with the genes involved,
enzyme numbers and metabolites is in Additional data file 1.
From this reaction database, parts that describe the main pri-
mary pathways were selected and cross-checked with the
literature.
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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
database 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).

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 glycolytic pathway (EMP) 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 the EMP, ED and PP pathways. 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 path-
way, can be recycled to glucose-6-phosphate. This indicates
that in theory glucose can be completely oxidized in the PP
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Figure 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 Additional data file |.

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 cleav-
age always synthesizes the major part of pyruvate (67-87 %)
and the PP pathway accounts for the remaining part. Morse
and co-workers [34] found similar results for Neisseria gon-
norhoeae, which is biochemically similar to N. meningitidis

[35].

The tricarboxylic acid cycle

All the genes for the tricarboxylic acid cycle (TCA cycle, citric
acid cycle) enzymes are present in the MenB genome, except
for 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 TCA cycle and related reactions
[35-42] in N. meningitidis and N. gonorrhoeae indeed con-
firm the presence of all citric-acid-cycle enzymes except
malate dehydrogenase. Although activity of the FAD-depend-
ent malate:quinone oxidoreductase has not been measured,
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its presence is plausible as indicated by an operational TCA
cycle. The TCA cycle, ED pathway, PP pathway and the dys-
functional EMP pathway are shown schematically in Figure 2.

Anaplerotic reactions

In the MenB genome, a gene for phosphoenolpyruvate car-
boxylase (NMB2061) is present. Studies on phosphoe-
nolpyruvate carboxylase activity [35,43,44] confirm the
presence of a specific irreversible phosphoenolpyruvate car-
boxylating 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
(NMBo0671), is present in the genome. On the basis of
genomic information, N. meningitidis does not posses a func-
tional glyoxylic acid cycle, as 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 carbon dioxide

The first work on the growth requirements of Neisseria in a
chemically defined environment was published in 1942 [46]
and provided the basis for many later metabolic studies.
Growth of N. meningitidis requires glucose, pyruvate, or lac-
tate 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, ten-
sion 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 capac-
ity is limiting, acetate secretion occurs. Limitations in oxida-
tion capacity may be due to limitations in metabolism or
limitations in oxygen supply to the culture. In silico simula-
tion of limited oxygen supply was added as an example to
Additional data file 1.

Studies on lactate utilization [50] showed that L-lactate can
be utilized by different meningococcal lactate dehydroge-
nases (LDH). In the MenB genome, an LDH gene (NMB1377)
specific for L-lactate (EC1.1.2.3, EC 1.1.1.27) has been anno-
tated. The predicted amino-acid sequence of this gene, 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 oxida-
tion of L-lactate. However, in E. coli the corresponding lldD
gene is part of an L-lactate-regulated operon also containing
genes for lIdP (permease) and lldR (regulatory), whereas the
meningococcal 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 present, 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
NMB1685, are homologous to the E. coli did and IdhA genes,
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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 fermenta-
tive processes [52]. L-lactate is an established and important
intermediate in mammalian metabolism. It is less clear
whether D-lactate also originates from mammalian metabo-
lism. 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. De Vrese and co-workers [53] showed that
after human consumption of food containing DL-lactic acid
(such as yoghurt), significant levels of both L- and D-lactic
acid were present in the 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 and Gotschlich
[51] showed that N. meningitidis was able to grow on L-lac-
tate at least as well as on glucose, but more recent work of
Leighton [35] contradicts this. He found that growth on L-lac-
tate gave a lower biomass yield and suggested that the addi-
tional ATPs produced during glucose catabolism to pyruvate,
which are not formed when growing on lactate, accounted for
this observation. In addition, the C; and Cq carbohydrates
required for bioynthesis of macromolecules are synthesized
using the gluconeogenesis pathway when grown on lactate,
which also requires additional ATP. 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.

According to genomic information, acetate is synthesized via
phosphate acetyltransferase, EC 2.3.1.8 (NMB0631) and ace-
tate kinase, EC 2.7.2.1 (NMBo0435, NMB1518) or acetate-CoA
ligase, EC 6.2.1.1 (NMB1555). The presence of phosphate
acetyltransferase and acetate kinase was confirmed by activ-
ity measurements [35]. The hypothesis that acetate is synthe-
sized 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 oxi-
dized, 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, which explains the
requirement for glutamate in this case. In silico simulation of
biomass growth using the metabolic model confirmed that
acetate can be oxidized in the presence of glutamate. The
result of this in silico experiment can be found in Additional
data file 1. Ethanol is synthesized from acetaldehyde using
alcohol dehydrogenase, EC 1.1.1.1 (NMB0546). 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 biosynthetic pathway to ethanol
must be present. Hence, aldehyde dehydrogenase (EC 1.2.1.3)
was assumed to be present in the metabolic model to com-
plete the biosynthetic pathway to ethanol.

Genome Biology 2007, 8:R136
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Both Frantz [46] and Grossowics [48] described glutamate as
a requirement in their growth media for meningococci, but
Jyssum [54] showed that ammonium can serve as sole
nitrogen source after meningococcal 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 demon-
strated [54] and additional studies of meningococcal
transaminase activity also revealed the presence of transami-
nation to 2-oxoglutarate from a number of amino acid
donors. Holten and Jyssum [55] also found NADP-linked
glutamate dehydrogenase activity. They found that NAD-
linked glutamate dehydrogenase was most active in
glutamate-containing media, whereas the NADP-linked
enzyme dominated in absence of glutamate [55]. They
observed that the NAD-linked enzyme mainly converts gluta-
mate to 2-oxoglutarate and ammonia (catabolism), whereas
the NADP-linked enzyme is responsible for the reverse reac-
tion (anabolism). Because in our study glutamate-free
medium was used, only the NADP-linked glutamate dehydro-
genase 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 cul-
tures. It seems plausible that the CO, tension is only impor-
tant in glutamate-free media, where phosphoenolpyruvate
carboxylase (NMB2061) must be an important link to the cit-
ric 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 stud-
ied the effect of KHCO, on endogenous phosphorylation.

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 sug-
gests the gene (NMB1823) encoding valine-pyruvate ami-
notransferase (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. gonor-
rhoeae and N. meningitidis was reviewed by Chen and co-
workers [57], with emphasis on selected areas that have
implications for pathogenesis. The main focus of this work
was iron metabolism, and amino-acid metabolism was
touched on only briefly for N. gonorrhoeae. Catlin [58] inves-
tigated growth requirements for various Neisseria species,
pointing out the additional need for glutamate, arginine, gly-
cine, serine, and cysteine for some N. meningitidis strains.
However, amino-acid-free growth medium was used earlier
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[54], indicating that all biochemical pathways for amino-acid
synthesis in N. meningitidis are available, as supported by the
genomic data. This is confirmed by Leighton [35], who meas-
ured 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, II and III, suggesting that elec-
trons enter the respiratory chain through NADH dehydroge-
nase (EC 1.6.5.3) or succinate dehydrogenase (EC 1.3.99.1)
and are transferred to the cytochrome bc, 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 oxi-
dase encoded by the MenB genome. The cbb,-type oxidases
are usually found in proteobacteria that express these oxi-
dases in response to microaerobic conditions to permit the
colonization of oxygen-limited environments. Thus cbb3-
type oxidases may be an important determinant of patho-
genicity for MenB [59]. N. meningitidis fails to grow under
strictly anaerobic conditions. Under oxygen limitation the
bacterium expresses a denitrification pathway. This reduc-
tion 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 sub-
strate in N. meningitidis. Because our experiments were not
carried out under microaerobic conditions, nitrite was not
added to the growth medium, and the denitrification pathway
was omitted from the simplified model.

Sulfur metabolism

Frantz [46] and Grossowicz [48] described that reduced sul-
fur in the form of cysteine, cystine, or thiosulfate was required
for growth. Catlin [58] showed that some strains of meningo-
cocci have an absolute requirement for cysteine (or cystine).
Jyssum [54] showed that after adaptation these sulfur
sources could be replaced by sulfate. This was confirmed by
Port and co-workers [62], who showed that numerous sulfur
sources could be used as alternatives to 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 MenB
genome. A wide range of sulfur-acquisition routes is available
in N. meningitidis. Genes encoding sulfate adenylyltrans-
ferase (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 informa-
tion, 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 glu-
tathione synthetase, EC 6.3.2.3 (NMB1559). In turn, GSH can
be converted to cysteine via gamma-glutamyltranspeptidase,

Genome Biology 2007, 8:R136
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Figure 3

Oxidation of cysteine to cystine. Cysteine (CYS) is oxidized to cystine
(CYST), forming reactive oxygen O, (step |), which can reduce
cytochrome c (step 4). The electron is used by cytochrome cbb;, which
reduces oxygen to water and causes the concomitant generation of a
protonmotive 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,0,) 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).

EC 2.3.2.2 (NMB1057), and aminopeptidase N, EC 3.4.11.2
(NMB1416), yielding a functional y-glutamyl cycle (Figure 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-oxida-
tion and suggested that electrons from cysteine enter the elec-
tron-transport chain at the flavoprotein level in a manner
similar to those from succinate and NADH. They even sug-
gested 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 the literature. It seems plausible that
cysteine can increase the protonmotive force to drive oxida-
tive phosphorylation. During oxidation of cysteine to cystine,
electrons from cysteine are transferred to oxygen, yielding
reactive oxygen, O, -, as shown in Figure 3. This reactive oxy-
gen can reduce cytochrome c, which in turn can provide a
source of electrons for cytochrome cbb,, which reduces oxy-
gen to water, causing the concomitant generation of a proton-
motive force, Aut+, and ATP [68]. In addition, cysteine might

Genome Biology 2007,  Volume 8, Issue 7, Article R136 Baart et al.

be used directly as an 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 superoxide dis-
mutases - SodC present in the periplasm or SodB present in
the cytosol, EC 1.15.1.11 (NMB0884, NMB1398, respectively),
followed by catalase, EC 6.3.5.5 (NMB1849, NMB1855), to
regenerate oxygen, or by glutathione peroxidase as described
above (see Figure 3). This protection mechanism against oxi-
dative 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 oxi-
dative 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
N. 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 N. meningitidis from phagocy-
tosis 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. Further-
more, 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 cell envelope 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 lipopolysac-
charide (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 the flow of nutrients and metabolic
products in and out of the bacterium [74].

Membrane phospholipids form a major constituent of the cell
envelope of N. meningitidis and maintain the integrity of the
outer membrane. Rahman and co-workers [75] summarized
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early studies conducted in the 1960s and 1970s that indicated
that the major phospholipid component of membranes iso-
lated from N. gonorrhoeae consisted largely of phosphati-
dylethanolamine (PE), with varying amounts of
phosphatidylglycerol (PG), cardiolipin (CL), and lysophos-
phatidylethanolamine (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, includ-
ing 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: biosynthesis
of the fatty acids that are responsible for the characteristic
hydrophobicity of lipids and 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 sim-
ilar to that in E. coli. All genes, except for a homolog of the E.
coli B-hydroxyacyl-acyl carrier protein (ACP) dehydrase
FabA, are present in the MenB genome. The absence of a fabA
homolog in the MenB genome is not unique, as summarized
by Rahman and co-workers [75], who state that the produc-
tion of unsaturated fatty acids in N. meningitidis and other
species may proceed via different biochemical pathways to
that of E. coli. Homologs to glycerol-3-phosphate acyltrans-
ferase (PIsB) and cardiolipin synthase (YbhO) from E. coli
were not found in the MenB genome. The reported phosphol-
ipid 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-sn-glyc-
erol-3-phosphate has not been found in N. meningitidis. In
fact, only 38 of the 125 prokaryotic genomes reported [22]
annotated plsB or plsB homologs, all classified as gamma pro-
teobacteria. Although it is possible that the reaction proceeds
via a different biochemical pathway from that in E. coli, it is
incorporated in the present metabolic 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-work-
ers [75] - 11% PA, 71% PE, and 18% PG. In their study, no evi-
dence supporting the presence of LPE was found. Bos and co-
workers [80] reported a neisserial gene pldA (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.

http://genomebiology.com/2007/8/7/R136

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 that occur during invasive menin-
gococcal disease [81]. LPS consists of three parts: a lipid A
part containing unique hydroxy fatty-acid chains, a core oli-
gosaccharide 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 biosynthesis of the lipid A of LPS are
present in the MenB genome. Unlike the LpxA acyltranferase,
present in the biosynthetic pathway of E. coli, the MenB LpxA
acyltranferase (NMBo0178) favors the substrate 3-OH Ci2
acyl-ACP [85], yielding a lipopolysaccharide structure as
described earlier [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 galac-
tose-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 path-
way. Kulshin and co-workers [90] found minor fractions of
penta- and tetra-acylated lipid A structures in N. meningi-
tidis, but the hexa-acylated structure predominated. Hetero-
geneity in lipid A has been found before in other species.
Rebeil and co-workers [91] found that a shift in growth tem-
perature of the genus Yersinia induced changes in the
number and type of acyl groups on 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 typhimurium and Pseu-
domonas 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 (data 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 cpslocus) is an important virulence factor in meningococ-
cal pathogenesis and contributes to the survival of N. menin-
gitidis in the blood stream [95,96]. The biosynthesis of
capsular polysaccharide in N. meningitidis was first
described by Blacklow and Warren [97]. They found that,
unlike in mammalian cells, in Neisseria N-acetylneuraminic
acid (NeusAc) is synthesized from N-acetylmannosamine
(ManNAc) and phospoenolpyruvate without phosphorylated
intermediates. NeusAc is the most common form of sialic
acid in humans and plays an important role in intercellular
and/or intermolecular recognition [98], explaining the diffi-
culty of developing a safe and effective polysaccharide-based
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vaccine. Gotschlich and co-workers [99] determined the com-
position and structure of meningococcal 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 phospholipid
anchor may help stabilize the outer membrane of the menin-
gococcal mutant without endotoxin [84]. As mentioned
above, the strain used in our study lacks the cpslocus, as con-
firmed by Bos and Tommassen [100]. We therefore removed
genes involved in sialic acid biosynthesis and polysaccharide
transport from our model, as well as the galE gene. Subse-
quently, the rfbB, rfbA and rfbC genes located downstream of
galE, which code for enzymes involved in the biosynthesis of
dTDP-rhamnose, were also removed, yielding a dysfunctional
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 con-
sists 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 bac-
teria [102-105], whereas the percentage of O-acetylation per
disaccharide was on average 36%. O-acetylation of peptidog-
lycan results in resistance to lysozyme and to other murami-
dases [106], suggesting that nonspecific 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] predominantly contained muropeptides carry-
ing a tetrapeptide chain, but di-, tri- and pentapeptide chains
were also found. Their analysis also showed that none of the
muropeptides carried glycine residues on the peptide back-
bone, as has been observed in gonococci [109,110]. Hence,
meningococci only synthesize D-alanyl-meso-deami-
nopimelate cross-bridges. However, the gene involved in ala-
nyl-meso-deaminopimelate cross-bridging for biosynthesis
of the peptidoglycan polymer structure has not been anno-
tated. The enzyme involved in glycine cross-bridging of pep-
tidoglycan (EC 2.3.2.10) is not present in the MenB genome,
thus confirming the observations of Antignac and co-workers
[101]. The biosynthetic pathway for peptidoglycan biosynthe-
sis in our metabolic model includes the information provided
by Antignac and co-workers [101], using 36% O-acetylation
per disacharride and 40% crosslinking, whereas the model
muropeptide only contains the predominant tetrapeptide
backbone.
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Table |

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 5

Main characteristics of the genome-scale model

The main characteristics of the genome-scale metabolic net-
work are summarized in Table 1. The MenB genome contains
2,226 ORFs of which 2,155 are protein encoding genes, 59 are
tRNA encoding genes and 12 are rRNA encoding genes [111].
At present, 1,307 genes from the total of 2,155 protein-coding
genes have an annotated function (60.6%), of which 146
genes encode transporter functions [112].

For construction of the genome-scale model, a total of 555
ORFs were considered, corresponding to at least 496 associ-
ated reactions (including membrane-transport reactions)
and at least 471 unique metabolites. The exact number of
metabolites cannot be determined accurately because of the
presence of polymerization reactions in which numerous
intermediate compounds can be synthesized. In cases where
numerous ORFs accounted for a single reaction for example,
the various subunits of 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 the 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 fill pathway gaps (unannotated func-
tions in Table 1). For these unannotated functions, a corre-
sponding 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 the genes involved, enzyme
numbers and metabolites can be consulted in Additional data
file 1. A detailed description of the biomass composition and
its biosynthesis is in Additional data file 2.
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Construction of a simplified metabolic model

The genome-scale model was simplified to the model shown
in Figure 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 (for
example, biosynthesis of amines, cofactors 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 net-
work if a metabolite is at the end of a metabolic pathway and,
based on the 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
hydroxypyruvate and lactaldehyde. In reactions that can use
NADH or NADPH as co-factors, the NADH co-factor was
used in the model unless stated otherwise in Additional data
file 1. In the approach used, a distinction between NADH and
NADPH preference cannot 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 intracellular reactions, 33 trans-
port fluxes) and 131 intracellular metabolites and can be con-
sulted in Additional data file 1.

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. Conse-
quently, experimental determination of the biomass compo-
sition is very important in mathematical modeling of cellular
metabolism, as described in detail elsewhere [113,114]. The
measured concentrations of substrates, biomass and prod-
ucts, which can be found in Additional data file 2, were con-
verted to measured conversion rates using mass balances.

Monte Carlo simulation

Before error diagnosis was performed, errors in the primary
measurements were translated to errors in measured conver-
sion 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 devia-
tions are included, determination of the total variance is quite
laborious using standard error propagation. Therefore, vari-
ances of the measured conversion rates of the various sub-
strates 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 Materials and methods. Accurate results
were obtained after 10,000 simulations, as shown in Figure 4.
The resulting average measured conversion rates and their
corresponding variances were then used as input for flux-bal-
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Determination of measurement variance using Monte Carlo simulation.
When an arbitraty 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 the
actual measured input values can be expected after 104 simulations.

ance analysis. In addition (data not shown), all separate sim-
ulated measured conversion rates were also used directly as
input for flux-balance analysis, resulting in 10,000 flux distri-
butions. The final average flux distribution, calculated from
these 10,000 distributions, was identical to the one obtained
using the average measured conversion rates as input. All cal-
culated conversion rates as well as the fluxes appeared to be
normally distibuted.

Error diagnosis and balancing

Laws of conservation result in a number of linear constraints
on the measured conversion rates of the various compounds.
The measured conversion rates and their corresponding var-
iances, which 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 the
measured conversion rates only, contained two independent
equations. Inspection of these equations indicated a carbon
and a nitrogen balance. The residuals obtained after multipli-
cation 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
measured rates, respectively, where the 95% chi-square criti-
cal value is 5.992. Also, the individual carbon and nitrogen
balance could be closed for both datasets. Thus, the measure-
ments contained no gross errors and the model is also valid
with respect to the measurements. The results of the statisti-
cal test are shown in Additional data file 1. Hence, the meas-
ured rates were balanced by minimizing the square of the
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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 Additional data file
1). The combinations of fluxes and unknown exchange rates
that cannot be uniquely identified (that is, calculated from the
measurements) were isolated using singular value decompo-
sition. These underdetermined parts of the simplified net-
work are listed in Additional data file 1.

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 on the basis of available
biochemical and thermodynamic literature. In addition,
objective functions and linear optimization can be used to cal-
culate fluxes and unknown rates in the underdetermined
part(s) of the network, as explained in Materials and meth-
ods. The main objection to the technique of linear program-
ming 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 opti-
mization function that minimizes the length of the solution
vector without any further restrictions, as explained in more
detail in 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 efforts of the
bacteria to attain an efficient flux distribution.

The flux values are given in Additional data file 1. For most of
the underdetermined fluxes realistic values are obtained
using the minimum norm solution. For instance, the
calculated flux ratio 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 the 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 biosyn-
thesis while 9 + 7 % is converted to NADH using transhydro-
genase (flux 74). Some of the flux values obtained for
underdetermined fluxes using the minimum-norm constraint
are unlikely, and are clearly an artifact 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 underdeter-
mined 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 differ-
ent from the minimum-norm solution. Only isotopic tracer
experiments can deliver true flux values for some underdeter-
mined parts, like, for example, the ED and PP pathway. Nev-
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ertheless, the calculated flux distribution in the present study
also shows that it is in agreement with the literature for spe-
cific underdetermined parts of the network.

Application of the model for process development
purposes

The metabolic model presented in this paper offers a frame-
work to study N. meningitidis metabolism as a whole or cer-
tain aspects of it. For example, gene deletion analysis could be
carried out 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 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.

Design of minimal medium

The amount of available literature describing the require-
ments 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 inor-
ganic ions Na+, K+, Mg2+, CI,, and PO, 3 are annotated in the
MenB genome. 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 cop-
per and zinc to help catalyze the conversion of superoxide
anion to molecular oxygen and hydrogen peroxide. Further-
more, aconitase (a TCA enzyme) contains several iron atoms
bound in the form of iron-sulfur clusters, which participate
directly in the isomerization 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, such as 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 biosynthesis of macromolecules and their
precursors as indicated by the presence of the relevant trans-
porter genes and the available processing pathways (ED path-
way, PP pathway, amino-acid biosynthesis). The main
utilizable carbon sources include glucose, sucrose, lactose,
fructose, maltose, gluconate, lactate, and pyruvate. An amino
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Table 2

http://genomebiology.com/2007/8/7/R136

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

Substrate

Glucose (GLC)

Lactate (LAC)

Glutamate (GLU)

Acetate (ACE)

GLC + LAC (50/50 Cmol/Cmol)
GLC + GLU (50/50 Cmol/Cmol)
LAC + GLU (50/50 Cmol/Cmol)
ACE + GLU (50/50 Cmol/Cmol)

Y, in silico (grams per mole carbon (Cmol))
10.7
9.6
8.2
0.0 (not possible)
10.4
9.7
9.0
6.3

acid like glutamate can serve as both a carbon and a nitrogen
source, as the glutamate deamination product (a-ketoglutar-
ate) can be metabolized via the citric acid cycle. However, in
the literature no media were found in which glutamate was
used as the sole carbon and nitrogen source for growth of N.
meningitidis. A possible disadvantage of using other amino
acids as carbon and/or nitrogen sources is that the deamina-
tion might result in acid products that cannot be processed
metabolically and will therefore accumulate. To select the
best carbon source, the metabolic model was used to simulate
growth on different carbon sources in silico. In all in silico
experiments, ammonium was selected as the sole nitrogen
source based on the presence of the ammonium transporter
Amtb (NMB0615) and the NADP-specific glutamate dehydro-
genase processing pathway (NMB1710).

For the in silico simulations, the uptake of the carbon source
was fixed at a certain value and biomass formation was opti-
mized. Furthermore a maintenance requirement of 2.81 x 10"
3mol/gram/hour was set, which was obtained from the liter-
ature [122]. The predicted yields of biomass on various car-
bon substrates are given in Table 2. The metabolic model
predicted that glucose is the preferred carbon substrate for
growth of N. meningitidis in terms of biomass yield. Accord-
ingly, glucose was selected as sole carbon source for growth.
When growth was simulated using glucose as the carbon
source, the predicted C:N consumption ratio was 9:1, indicat-
ing 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 thiosulfate [63] and sulfate
[54] were selected as sulfur sources in the growth medium. In
silico predictions showed that thiosulfate is the preferred sul-
fur source for growth, which can be explained by the fact that
less energy is required for utilization of thiosulfate in compar-
ison with sulfate. The results of these in silico experiments are
listed in Additional data file 1.

Constraint-based models give information on which sub-
strates 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 our study the
required concentrations (by order of magnitude) of the vari-

ous compounds in the minimal medium were derived from
the relevant literature referred to earlier. The resulting mini-
mal medium (see Table 3) is suitable for growth of N. menin-
gitidis (Figure 5). To obtain higher biomass concentrations at
the end of a batch culture further optimization of the concen-
trations is needed.

Conclusion

In silico genome-scale flux models have been proved to give
insight into the complexity of metabolism and can be used
succesfully as tools for medium design and metabolic engi-
neering strategies. Many studies lack sufficient experimental
datasets to check the consistency of the measurements and
the validity of the metabolic network model. In the present
study, the experimental datasets used in flux-balance analysis
proved sufficient to check for the presence of gross measure-
ment 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 physiological information provided in the
literature, a genome-scale flux model for vaccine process
development purposes was constructed. From these informa-
tion sources a minimal medium for growth was designed and

Table 3

Medium composition

Component Concentration
NH,CI 235

NaCl 102
MgsO,.7H,0O 243

K,HPO, 12.5

KH,PO, 4.58
FeCl;.6H,0 0.30
Trace-element solution (ml/l) 2.0

D-Glucose monohydrate 311
Na,$,0;.5H,0 0.38

All values in mM unless stated otherwise.
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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.

tested succesfully in batch and chemostat cultures. The sim-
plified metabolic network that was derived from the genome-
scale metabolic network was verified using flux-balance anal-
ysis 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 calcu-
lated using the minimum-norm constraint, providing a possi-
ble 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 genomes and the actual situation, and greatly contribute to
further improving our understanding of cellular processes
and function.

Materials and methods

Strain

N. meningitidis strain HB-1, a non-encapsulated, non-pili-
ated variant of the group B isolate H44/76 [100], was used
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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 approximately 8 h 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 is based on the information provided by the
genome and the literature as descibed in the text. The compo-
sition of the minimal medium is given in Table 3. The trace-
element solution contained (values in mM) CaCl,.2H,0, 68;
ZnS0,.7H,0, 0.17; Na,M00O,.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 um pore size). To prevent precip-
itation, the minimal medium and a sterile solution containing
FeCl,.6H,0 in 0.6 M HCl were added separately to the reactor
using two pumps (Watson-Marlow Bredel, Falmouth, UK).

Chemostat cultures

Bacteria were grown in a 3-1 autoclavable ADI bioreactor
(Applikon, Schiedam, The Netherlands), operated in chemo-
stat mode, with a working volume of 1.4 1. Temperature, pH,
dissolved oxygen (DO) concentration, and stirrer speed were
contolled at 37°C, 7.0, 30%, and 600 rpm, respectively. The
total gas flow rate was kept constant at 1.0 1/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 0.04/h. After at least three residence
times, physiological steady state was assumed based on
online measurements (constant DO signal, O, and CO, con-
centration in the off-gas) and offline measurements (constant
optical density, zero glucose concentration). In steady state, a
1.0-1 sample was taken and divided into portions. After cen-
trifugation of the portions (3000 g, 1 h at 4°C) cells were
washed once with saline solution (0.85 w/v % NaCl) and cen-
trifuged again. After centrifugation, the saline solution 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.

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 desiccator for at least 1 h. Dry cell weight was corrected
for salts present in the medium.

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

k a determination

The volumetric oxygen transfer coefficient, k;a, in the biore-
actor was determined accurately at 37°C using a steady-state
setup 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 elec-
trode response time [126].

Metabolite concentrations

Glucose and lactate were determined with a YSI 2700 glu-
cose/lactate analyser (Yellow Springs Instruments, Yellow
Springs, OH). Ammonium was determined with an enzymatic
kit (Boehringer, Mannheim, Germany). 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) [D,Jpropionic acid sodium salt
(TMSP, 0.167 mM) to 0.9 ml sample. The water signal was
suppressed by irradiating the signal with standard NMR soft-
ware. The spectra were referenced using the TMSP signal at 0
ppm. Metabolite concentrations were quantified by integra-
tion of the relevant signals.

Protein

The amino-acid composition of biomass protein was deter-
mined after hydrolysis (6 M HCI, 24 h, 110°C) and subsequent
amino-acid analysis using an HPLC method as described pre-
viously [127]. Free amino acids in the culture supernatant
were determined using the same method. Cysteine and tryp-
tophan, which were destroyed during acid hydrolysis, were
calculated on the basis of the predicted amino-acid composi-
tion in the genome using ratios as described in Additional
data file 2. Glutamine and asparagine were converted to
glutamate and aspartate, respectively, during acid hydrolysis
and were also calculated on the basis of the predicted amino-
acid composition in the genome (see Additional data file 2).
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 recov-
ery 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 Additional data file 2.

Fatty acids

The amount of total fatty acids and the fatty-acid composition
were analyzed using a modified gas chromatography method
[128]. Saponification reagent (1.2 ml of 3.75 M NaOH in 50/
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50 v/v methanol /water) was added to 12 mg freeze-dried bio-
mass to liberate the fatty acid from cellular lipid. After vortex
mixing for 10 sec the samples were placed at 100°C for 30
min. After cooling for 15 min to room temperature, 2.4 ml of
methylation reagent (3.25 M HCl in methanol) was added and
after vortex mixing for 10 sec 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 hex-
ane reagent (50/50 v/v hexane/methyl tertiary butyl ether).
Samples were mixed for 15 min and centrifuged (3 min, 1,834
). The aqueous layer was removed and the organic phase was
washed by adding 3.0 ml washing agent (0.3 M NaOH). The
samples were mixed for 5 min and centrifuged again (3 min,
1,834 g). The organic phase was finally transferred to a gas
chromatograph vial and analyzed using a 6890 Agilent gas
chromatograph [129]. The standards and samples were
injected into the gas chromatograph equipped with a flame
ionization detector via an automated sequence run. An Agi-
lent 19091B-102 capillary column (Ultra 2; 5% Phe-methylsi-
loxane; 25 m x 0.200 mm; film thickness 0.33 pm) was used.
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 ID, Inc., Newark, DE, USA).
Calibration curves of pure fatty acids present in N. meningi-
tidis were made based on the identified fatty acids [128] and
confirmed in literature [130]. The pure fatty acids used as cal-
ibration standards were dissolved in dichloromethane
(Sigma, St Louis, MO). All fatty acids were purchased from
Sigma, except for palmitelaidic acid (C16:1-trans 9) which
was purchased from ICN Biomedicals (MP Biomedicals,
Irvine, CA). Hydroxy-fatty acids were quantified using C12:0-
20H as an internal standard, whereas non-hydroxy-fatty
acids have been quantified using C15:0 as an internal stand-
ard. 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 Additional data file 2.

Lipopolysaccharide

LPS was isolated by the hot phenol-water extraction as
described before [131]. Isolation and structural analysis of
lipid A was performed by nanoelectrospray tandem mass
spectrometry on a Finnigan LCQ in the positive ion mode as
described previously [132]. LPS was quantified on the basis of
the measured amount of C12:0-30H (see Fatty acids).

RNA and DNA

The biomass RNA content was determined as described pre-
viously [133] and the biomass DNA content was determined
colorimetrically as described previously [134]. The DNA com-
position was derived from the complete nucleotide composi-
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tion in the genome sequence. For RNA the uridine content
was based on the thymine content in 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 Addi-
tional data file 2.

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 bio-
mass composition. The energy requirement for biomass
assembly was also considered and estimated to be 13.27 mol
ATP/mol biomass. This value was calculated using linear
regression of available 1/Y, srp versus 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, together with an overview of the metabolites meas-
ured in the culture supernatant and off-gas can be found in
Additional data file 2.

Modeling

Mathematical formulation

The genome-scale metabolic network was first simplified as
described in the text. Next, the stoichiometric matrix was
constructed from the set of reactions using a self-made com-
puter program running in Visual Basic (Microsoft, Seattle,
WA). Both Monte Carlo simulation and flux-balance analysis
were performed in self-made computer programs running in
Matlab (version 6.5 r13; Mathworks, Natick, MA).

Methods for solving a metabolic network or set of linear equa-
tions are discussed extensively elsewhere [135-138]. A brief
summary is given below. In steady-state growth, the reactions
of the considered metabolites form a set of linear equations
that can be expressed in matrix notation as:

A-VzA(XJ:o )
T

where A (i x n) is the stoichiometric matrix which contains
m metabolites and n reactions, including (measured)
exchange reactions, and v is the flux vector that contains the
unknown fluxes x and (measured) exchange rates r. A solu-
tion to the metabolic network will exist provided that A is
nonsingular. Singularities in A may arise due to reaction
dependence or network observability problems. Equation (1)
states a compound balance for each of the metabolites in the
system. If measurements are made of substrate and product
concentrations, and the conversion rates of these metabolites
are calculated, such a set of measured rates should match
Equation (1).

Error diagnosis and balancing
Methods for error diagnosis and balancing are discussed
extensively elsewhere [117,118]. A brief summary is given
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here. 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 meas-
urements suffer from measurement noise, and sometimes
process noise, which leads to unavoidable inaccuracies in the
measured conversion rates. Consequently, the product of the
redundancy matrix and the measured rates is not zero, but
yields a vector of residuals, &:

Rr,=¢ (2)

where R is the redundancy matrix and and r,, the measured
conversion rate vector.

To test whether ¢ can be explained from random measure-
ment errors, the following test function was developed [139]:

h, ="yt e (3)

where h, is the test function and v, is the variance-covariance
matrix of the residual vector ¢, which is calculated from the
variance-covariance matrix y; of the measurements accord-
ing to:

¥, = RysRT @

when ¢ is due to random measurements only, h, follows a y2-
distribution with a number of degrees of freedom equal to the
rank of y,[118]. When no gross errors are detected the meas-
ured rates should be balanced to obtain more reliable intrac-
ellular fluxes

I=Tp,-90 (5)

where r, is the vector containing the balanced specific produc-
tion rates (mol/g/h) and & is the vector containing the devia-
tions between measured and balanced rates, which can be
calculated using a weighed minimum last square approach
according to the following equation:

d=vys RT -yl e (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 simulation can
be used to determine the variance of a measured conversion
rate.

Network sensitivity analysis

The matrix containing the mass balances over the intracellu-
lar compounds can be checked for network sensitivity prob-
lems by performing singular value decomposition (SVD).
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SVD is a mathematical technique that decomposes matrix A
into three matrices as follows:

A=UW-VT ()]

The matrix W is an orthogonal matrix containing the eigen-
values of the matrix. The columns of U, whose corresponding
elements of W are non-zero, form an orthonormal basis that
spans the range of A. The columns of V, whose corresponding
values of W are zero, are an othonormal basis for the
nullspace of A. In other words, the columns of V contain the
combination of fluxes and rates that cannot be uniquely iden-
tified. Here we use SVD to identify and isolate the combina-
tions of fluxes and unknown exchange rates that cannot be
uniquely identified (that is, calculated from the measure-
ments) [138]. It is worth noting that no measurements are
needed to perform this check. If underdetermined parts are
present, the number of solutions for the flux vector is infinite.

To reduce the number of allowable solutions for the underde-
termined parts of the metabolic network, limits on the range
of individual flux values can be set on the basis of available
biochemical and thermodynamic literature for the enzymatic
reactions. These constraints have the form:

a<v<p 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 o for the
corresponding flux to zero. To further shrink the original
solution space to a single solution, linear optimization can be
used to find the solution that optimizes a particular objective
function. Some examples of objective functions are those that
maximize biomass formation or minimize the production of
ATP, NADH, NADPH, or a particular metabolite [135,140].

An alternative objective function minimizes the sum of the
squares of the fluxes, and is called the minimum-norm con-
straint. The minimum-norm constraint minimizes 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 (for example, the smallest square
of its length). Like Bonarius [119], we hypothesize that the
minimum-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
(that is, 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
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used as input to calculate the measured conversion rate of a
specific metabolite numerous times. The value of each meas-
ured variable in the mass balance equation of this specific
metabolite was simulated randomly within the allowed stand-
ard deviation interval of each variable. For example, the mass
balance describing the conversion rate of glucose contained
four measured variables: 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 con-
version rate of glucose. After numerous simulation runs, the
average glucose conversion rate and the corresponding vari-
ance was calculated from all the simulated conversion rates.
As stated in the text, accurate results were obtained after
10,000 simulations, resulting in an average measured con-
version rate with a normal error distribution (a prerequisite
for part of the flux-balance analysis procedure). All other
measured conversion rates were calculated similarly, result-
ing 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 met-
abolic model. All simulations were performed in a self-made
computer programs running in Matlab (version 6.5 r13). The
flux through the non-growth-associated ATP-maintenance
reaction was fixed to 2.8 mmol/gram dry weight/h [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 exter-
nal metabolites were allowed to freely enter and leave the sys-
tem: 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 allow-
ing the cabon source under study to enter the system. The
consumption rate of all carbon sources was fixed to 4.23
mmol C/gram dry weight/h. In all simulations, the maximiza-
tion of biomass formation was used as an objective function.

Additional data files

The following additional data are available online with this
paper. Additional data file 1 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 work-
sheet named 'simplified model' contains the simplified meta-
bolic model. The third worksheet named ‘'abbreviations'
contains a list of abbreviations of the metabolites. The fourth
worksheet named 'redundancy matrix' contains the redun-
dancy matrices of the experimental data sets. The fifth work-
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sheet 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 accept-
ance test are given in this table. The sixth worksheet named
'calculated fluxes' contains the calculated flux distributions of
both experimental data sets using the mimimum norm con-
straint. The seventh worksheet named 'in silico' contains the
flux distributions of the in silico experiments. Additional data
file 2 is a Word document that includes a detailed description
of the biomass composition together with an overview of the
metabolites measured in the culture supernatant and off-gas
and references [142-145].

Acknowledgements

We thank Peter van der Ley for sharing his extensive knowledge on various
Neisseria-related fields, Marieke Willemsen for practical assistance, Cor van
Ingen for the freeze-drying work, Elnaz Khatami for k;a measurements, Jan
ten Hove and Tom Ploeger for LPS structural analysis, and Peter Teunis and
Gerda Doornbos for anwers to statistical questions.

References

I. Morley SL, Pollard AJ: Vaccine prevention of meningococcal
disease, coming soon? Vaccine 2001, 20:666-687.

2. JodarL, Feavers IM, Salisbury D, Granoff DM: Development of vac-
cines against meningococcal disease. Lancet 2002,
359:1499-1508.

3. Girard MP, Preziosi MP, Aguado MT, Kieny MP: A review of vac-
cine research and development: meningococcal disease. Vac-
cine 2006, 24:4692-4700.

4.  Finne J, Bitter-Suermann D, Goridis C, Finne U: An IgG mono-
clonal antibody to group B meningococci cross-reacts with
developmentally regulated polysialic acid units of glycopro-
teins in neural and extraneural tissues. | Immunol 1987,
138:4402-4407.

5. Frasch CE: Vaccines for prevention of meningococcal disease.
Clin Microbiol Rev 1989, 2:134-138.

6.  Pizza M, Scarlato V, Masignani V, Giuliani MM, Arico B, Comanducci
M, Jennings GT, Baldi L, Bartolini E, Capecchi B, et al.: Identification
of vaccine candidates against serogroup B meningococcus by
whole-genome sequencing. Science 2000, 287:1816-1820.

7.  Poolman |, Berthet FX: Alternative vaccine strategies to pre-
vent serogroup B meningococcal diseases. Vaccine 2001,
20(Suppl 1):524-526.

8. Rappuoli R: Reverse vaccinology, a genome-based approach to
vaccine development. Vaccine 2001, 19:2688-2691.

9.  Rappuoli R: Conjugates and reverse vaccinology to eliminate
bacterial meningitis. Vaccine 2001, 19:2319-2322.

10. Rodriguez-Ortega MJ, Norais N, Bensi G, Liberatori S, Capo S, Mora
M, Scarselli M, Doro F, Ferrari G, Garaguso |, et al.: Characteriza-
tion and identification of vaccine candidate proteins through
analysis of the group A Streptococcus surface proteome. Nat
Biotechnol 2006, 24:191-197.

I'1. Meinke A, Henics T, Nagy E: Bacterial genomes pave the way to
novel vaccines. Curr Opin Microbiol 2004, 7:314-320.

12. Vermont CL, van Dijken HH, Kuipers A, van Limpt CJ, Keijzers WC,
van der Ende A, de Groot R, van Alphen L, van den Dobbelsteen GP:
Cross-reactivity of antibodies against PorA after vaccination
with a meningococcal B outer membrane vesicle vaccine.
Infect Immun 2003, 71:1650-1655.

13.  de Kleijn E, van Eijndhoven L, Vermont C, Kuipers B, van Dijken H,
Rumke H, de Groot R, van Alphen L, van den Dobbelsteen G: Serum
bactericidal activity and isotype distribution of antibodies in
toddlers and schoolchildren after vaccination with RIVM
hexavalent PorA vesicle vaccine. Vaccine 2001, 20:352-358.

14. Price ND, Papin JA, Schilling CH, Palsson BO: Genome-scale
microbial in silico models: the constraints-based approach.
Trends Biotechnol 2003, 21:162-169.

15. Hua Q, Joyce AR, Fong SS, Palsson BO: Metabolic analysis of
adaptive evolution for in silico-designed lactate-producing

Genome Biology 2007,  Volume 8, Issue 7, Article R136

20.

21.
22.
23.
24.
25.
26.
27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Baart et al.

strains. Biotechnol Bioeng 2006, 95:992-1002.

Fong SS, Burgard AP, Herring CD, Knight EM, Blattner FR, Maranas
CD, Palsson BO: In silico design and adaptive evolutionof
Escherichia coli for production of lactic acid. Biotechnol Bioeng
2005, 91:643-648.

Smid EJ, Molenaar D, Hugenholtz ], de Vos WM, Teusink B: Func-
tional ingredient production: application of global metabolic
models. Curr Opin Biotechnol 2005, 16:190-197.

Teusink B, van Enckevort FH, Francke C, Wiersma A, Wegkamp A,
Smid EJ, Siezen RJ: In silico reconstruction of the metabolic
pathways of Lactobacillus plantarum : comparing predictions
of nutrient requirements with those from growth
experiments. Appl Environ Microbiol 2005, 71:7253-7262.

Xie L, Wang DIC: Stoichiometric analysis of animal cell growth
and its application in medium design. Biotechnol Bioeng 1994,
43:1164-1174.

Provost A, Bastin G: Dynamic metabolic modelling under the
balanced growth condition. | Proc Control 2004, 14:717-728.
Tettelin H, Saunders NJ, Heidelberg J, Jeffries AC, Nelson KE, Eisen
JA, Ketchum KA, Hood DWV, Peden JF, Dodson R}, et al.: Complete
genome sequence of Neisseria meningitidis serogroup B strain
MC58. Science 2000, 287:1809-1815.

KEGG: Kyoto Encyclopedia of Genes and Genomes [http://
www.genome.ad.jp/kegg]

Heinemann M, Kummel A, Ruinatscha R, Panke S: In silico genome-
scale reconstruction and validation of the Staphylococcus
aureus metabolic network. Biotechnol Bioeng 2005, 92:850-864.
Green ML, Karp PD: Genome annotation errors in pathwayda-
tabases due to semantic ambiguity in partial EC numbers.
Nucleic Acids Res 2005, 33:4035-4039.

The Institute for Genomic Research [http://www.tigr.org]
The BioCyc collection of Pathway/Genome Databases
[http://www.biocyc.org]

Holten E: Glucokinase and glucose 6-phosphate dehydroge-
nase in Neisseria. Acta Pathol Microbiol Scand [B] Microbiol Immunol
1974, 82:201-206.

Holten E: 6-Phosphogluconate dehydrogenase and enzymes
of the Entner-Doudoroff pathway in Neisseria. Acta Pathol
Microbiol Scand [B] Microbiol Immunol 1974, 82:207-213.

Holten E: Radiorespirometric studies in genus Neisseria. 1. The
catabolism of glucose. Acta Pathol Microbiol Scand [B] 1975,
83:353-366.

Jyssum K: Dissimilation of C14 labelled glucose by Neisseria
meningitidis 1. The formation of CO2 and acetate from glu-
cose carbon. Acta Pathol Microbiol Immunol Scand [B] 1962,
55:319-324.

Jyssum K: Dissimilation of C14 labelled glucose by Neisseria
meningitidis 2. The incorporation of 1-C14 and 6-C14 into cel-
lular components in short time experiments. Acta Pathol Micro-
biol Immunol Scand [B] 1962, 55:325-334.

Jyssum K: Dissimilation of Cl14 labelled glucose by Neisseria
meningitidis 2. The incorporation of 1-C14 and 6-Cl4 into
pyruvate. Acta Pathol Microbiol Immunol Scand [B] 1962, 55:335-341.
Jyssum K, Borchgrevink B, Jyssum S: Glucose catabolism in Neis-
seria meningitidis. 1. Glucose oxidation and intermediate
reactions of the Embden-Meyerhof pathway. Acta Pathol Micro-
biol Scand 1961, 53:71-83.

Morse SA, Stein S, Hines J: Glucose metabolism in Neisseria
gonorrhoeae. | Bacteriol 1974, 120:702-714.

Leighton MP, Kelly DJ, Williamson MP, Shaw |G: An NMR anden-
zyme study of the carbon metabolism of Neisseria
meningitidis. Microbiology 2001, 147:1473-1482.

Hebeler BH, Morse SA: Physiology and metabolism of
pathogenic neisseria: tricarboxylic acid cycle activity in Neis-
seria gonorrhoeae. | Bacteriol 1976, 128:192-201.

Hill JC: Effect of glutamate on exogenous citrate catabolism
of Neisseria meningitidis and of other species of Neisseria. |
Bacteriol 1971, 106:819-823.

Holten E: Radiorespirometric studies in genus Neisseria. 3.
The catabolism of pyruvate and acetate. Acta Pathol Microbiol
Scand [B] 1976, 84:9-16.

Holten E: Radiorespirometric studies in genus Neisseria. 2.
The catabolism of glutamate and fumarate. Acta Pathol Micro-
biol Scand [B] 1976, 84:1-8.

Jyssum K: Intermediate reactions of the tricarboxylic acid
cycle in meningococci. Acta Pathol Microbiol Scand 1960,
48:121-132.

Tonhazy NE, Pelczar MJ Jr: Oxidation of amino acids and com-

Genome Biology 2007, 8:R136

-
o
®
e
I
o
o
-
I
4
0
8
8
[o]
>



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11738731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11738731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11988262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11988262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16621189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16621189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3108388
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3108388
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3108388
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10710308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10710308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10710308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11587805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11587805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11257410
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11257410
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11257355
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11257355
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16415855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15196501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15196501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12654777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12654777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11672897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11672897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11672897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12679064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16807925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16807925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16807925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15962337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15831386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15831386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15831386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16269766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16269766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16269766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10710307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10710307
http://www.genome.ad.jp/kegg
http://www.genome.ad.jp/kegg
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16155945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16034025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16034025
http://www.tigr.org
http://www.biocyc.org
http://www.biocyc.org
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4212034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4153167
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1155121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1155121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14452925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14452925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4156358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11390678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=824268
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4997540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=814786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=814786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=814781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=814781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14408280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14408280

R136.18 Genome Biology 2007,

42.
43.

44,

45.

46.
47.
48.
49.
50.

51,

52.

53.
54.

55.

56.

57.

58.

59.
60.

6l.
62.
63.

64.

65.

66.

67.
68.

Volume 8, Issue 7, Article R136 Baart et al.

pounds associated with the tricarboxylic acid cycle by Neis-
seria gonorrhoeae. | Bacteriol 1953, 65:368-377.

Weiss E: Catabolic activities of Neisseria meningitidis : utiliza-
tion of succinate. | Bacteriol 1970, 101:133-137.

Holten E, Jyssum K: Activities of some enzymes concerning
pyruvate metabolism in Neisseria. Acta Pathol Microbiol Immunol
Scand [B] 1974, 82:843-848.

Jyssum K, Jyssum S: Phosphoenolpyruvic carboxylase activity in
extracts from Neisseria meningitidis. Acta Pathol Microbiol Immu-
nol Scand [B] 1962, 54:412-424.

Holten E: Pyridine nucleotide independent oxidation of L-
malate in genus Neisseria. Acta Pathol Microbiol Scand [B] 1976,
84:17-21.

Frantz ID: Growth requirements of the meningococcus. |
Bacteriol 1942, 43:757-761.

Fitting C, Scherp HW: Observations on the metabolism of
astrain of Neisseria catarrhalis. | Bacteriol 1950, 59:277-286.
Grossowicz N: Growth requirements and metabolism of Neis-
seria intracellularis. | Bacteriol 1945, 50:109-115.

Chapin CW: Carbon dioxide in the primary cultivation of the
gonococcus. | Infect Dis 1918, 19:558-561.

Erwin AL, Gotschlich EC: Cloning of a Neisseria meningitidis gene
for L-lactate dehydrogenase (L-LDH): evidence for a second
meningococcal L-LDH with different regulation. | Bacteriol
1996, 178:4807-4813.

Erwin AL, Gotschlich EC: Oxidation of D-lactate and L-lactate
by Neisseria meningitidis : purification and cloning of menin-
gococcal D-lactate dehydrogenase. J Bacteriol 1993,
175:6382-6391.

Jiang GR, Nikolova S, Clark DP: Regulation of the IdhA gene,
encoding the fermentative lactate dehydrogenase of
Escherichia coli. Microbiology 2001, 147:2437-2446.

de Vrese M, Koppenhoefer B, Barth CA: D-lactic acid metabolism
after an oral load of dl-lactate. Clinical Nutrition 1990, 9:23-28.
Jyssum K: Assimilation of nitrogen in meningococci grown
with the ammonium ion as sole nitrogen source. Acta Pathol
Microbiol Scand 1959, 46:320-332.

Holten E, Jyssum K: Glutamate dehydrogenases in Neisseria
meningitidis. Acta Pathol Microbiol Scand [B] Microbiol Immunol 1973,
81:43-48.

Jyssum S, Jyssum K: Endogenous incorporation of 32 Pin Neisse-
ria meningitidis. 1. The effects of CO , and electron flux. Acta
Pathol Microbiol Scand [B] Microbiol Immunol 1970, 78:337-342.

Chen CY, Genco CA, Rock JP, Morse SA: Physiology andmetabo-
lism of Neisseria gonorrhoeae and Neisseria meningitidis: impli-
cations for pathogenesis. Clin  Microbiol Rev 1989,
2(Suppl):S35-540.

Catlin BW: Nutritional profiles of Neisseriagonorrhoeae, Neis-
seria meningitidis, and Neisseria lactamica in chemically
defined media and the use of growth requirements for gono-
coccal typing. | Infect Dis 1973, 128:178-194.

Pitcher RS, Watmough NJ: The bacterial cytochrome cbb3
oxidases. Biochim Biophys Acta 2004, 1655:388-399.

Rock JD, Mahnane MR, Anjum MF, Shaw ]G, Read RC, Moir JW: The
pathogen Neisseria meningitidis requires oxygen, but sup-
plements growth by denitrification. Nitrite, nitric oxide and
oxygen control respiratory flux at genetic and metabolic
levels. Mol Microbiol 2005, 58:800-809.

Rock JD, Moir JW: Microaerobic denitrification in Neisseria
meningitidis. Biochem Soc Trans 2005, 33:134-136.

Port JL, DeVoe IW, Archibald FS: Sulphur acquisition by Neisseria
meningitidis. Can | Microbiol 1984, 30:1453-1457.

DeVoe IW, Port ], Holbein BE, Ingram JM: Thiosulfate reductase
activity in Neisseria meningitidis. FEMS Microbiol Lett 1982,
14:267-270.

Ritz D, Beckwith J: Roles of thiol-redox pathways in bacteria.
Annu Rev Microbiol 2001, 55:21-48.

Seib KL, Tseng HJ, McEwan AG, Apicella MA, Jennings MP: Defenses
against oxidative stress in Neisseria gonorrhoeae and Neisseria
meningitidis: distinctive systems for different lifestyles. | Infect
Dis 2004, 190:136-147.

Yu EK, DeVoe IW: Terminal branching of the respiratory elec-
tron transport chain in Neisseria meningitidis. | Bacteriol 1980,
142:879-887.

Yu EK, DeVoe IW: L-cysteine oxidase activity in the mem-
brane of Neisseria meningitidis. | Bacteriol 1981, 145:280-287.
Pereverzev MO, Vygodina TV, Konstantinov AA, Skulachev VP:
Cytochrome c, an ideal antioxidant. Biochem Soc Trans 2003,

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

8l.

82.

83.

84.

85.
86.

87.

88.

89.

http://genomebiology.com/2007/8/7/R136

31:1312-1315.

Wilks KE, Dunn KL, Farrant JL, Reddin KM, Gorringe AR, Langford
PR, Kroll JS: Periplasmic superoxide dismutase in meningo-
coccal pathogenicity. Infect Immun 1998, 66:213-217.

Dunn KL, Farrant JL, Langford PR, Kroll JS: Bacterial [Cu,Zn]-
cofactored superoxide dismutase protects opsonized,
encapsulated Neisseria meningitidis from phagocytosis by
human monocytes/macrophages. Infect Immun 2003,
71:1604-1607.

Jyssum S, Jyssum K: Metabolism of pyrimidine bases and nucle-
osides in Neisseria meningitidis. | Bacteriol 1979, 138:320-323.
Jyssum S: Pyrimidine biosynthesis in Neisseria meningitidis. 1.
Demonstration of enzyme activities. Acta Pathol Microbiol Immu-
nol Scand [B] 1983, 91:251-255.

Nikaido H: Microdermatology: cell surface in the interaction
of microbes with the external world. | Bacteriol 1999, 181:4-8.
Kadner RJ: Cytoplasmic membrane. In Escherichiacoli and Salmo-
nella typhimurium: Cellular and Molecular Biology Volume |. 2nd edition.
Edited by: Neidhardt FC, Curtiss R, Ingraham JL, Brooks Low K,
Magasanik B, Reznikoff WS, Riley M, Schaechter M, Umbarger HE.
Washington DC: American Society for Microbiology; 1996:59-87.
Rahman MM, Kolli VS, Kahler CM, Shih G, Stephens DS, Carlson RW:
The membrane phospholipids of Neisseria meningitidis and
Neisseria gonorrhoeae as characterized by fast atom bom-
bardment mass spectrometry. Microbiology 2000,
146:1901-1911.

Cronan JE, Rock CO: Biosynthesis of membrane lipids. In
Escherichia coli and Salmonella typhimurium: Cellular and Molecular Biol-
ogy Volume |. 2nd edition. Edited by: Neidhardt FC, Curtiss R, Ingra-
ham JL, Brooks Low K, Magasanik B, Reznikoff WS, Riley M,
Schaechter M, Umbarger HE. Washington DC: American Society for
Microbiology; 1996:613-636.

Guymon LF, Walstad DL, Sparling PF: Cell envelope alterations in
antibiotic-sensitive and-resistant strains of Neisseria
gonorrhoeae. | Bacteriol 1978, 136:391-401.

Senff LM, Wegener WS, Brooks GF, Finnerty WR, Makula RA: Phos-
pholipid composition and phospholipase A activity of Neisse-
ria gonorrhoeae. | Bacteriol 1976, 127:874-880.

Sud 1], Feingold DS: Phospholipids and fatty acids of Neisseria
gonorrhoeae. | Bacteriol 1975, 124:713-717.

Bos MP, Tefsen B, Voet P, Weynants V, van Putten JP, Tommassen J:
Function of neisserial outer membrane phospholipase a in
autolysis and assessment of its vaccine potential. Infect Inmun
2005, 73:2222-2231.

van Deuren M, Brandtzaeg P, van der Meer |W: Update on
meningococcal disease with emphasis on pathogenesis and
clinical management. Clin Microbiol Rev 2000, 13:144-166.
Nikaido H: Outer membrane. In Escherichia coli andSalmonella typh-
imurium: Cellular and Molecular Biology Volume |. 2nd edition. Edited by:
Neidhardt FC, Curtiss R, Ingraham JL, Brooks Low K, Magasanik B,
Reznikoff WS, Riley M, Schaechter M, Umbarger HE. Washington DC:
American Society for Microbiology; 1996:29-47.

Raetz RH: Bacterial lipopolysaccharides: a remarkable family
of bioactive macroamphiphiles. In Escherichia coli and Salmonella
typhimurium: Cellular and Molecular Biology Volume |. 2nd edition.
Edited by: Neidhardt FC, Curtiss R, Ingraham JL, Brooks Low K,
Magasanik B, Reznikoff WS, Riley M, Schaechter M, Umbarger HE.
Washington DC:  American  Society for  Microbiology;
1996:1035-1063.

Steeghs L, den Hartog R, den Boer A, Zomer B, Roholl P, van der Ley
P: Meningitis bacterium is viable without endotoxin. Nature
1998, 392:449-450.

Steeghs L: Lipid A Engineering in Vaccine Development against Neisseria
meningitidis Utrecht: Utrecht University; 2001.

Pavliak V, Brisson JR, Michon F, Uhrin D, Jennings H): Structure of
the sialylated L3 lipopolysaccharide of Neisseria meningitidis.
J Biol Chem 1993, 268:14146-14152.

van der Ley P, van der Biezen |, Poolman JT: Construction of Neis-
seria meningitidis strains carrying multiple chromosomal cop-
ies of the porA gene for use in the production of a
multivalent outer membrane vesicle vaccine. Vaccine 1995,
13:401-407.

Jennings MP, van der Ley P, Wilks KE, Maskell D}, Poolman JT, Moxon
ER: Cloning and molecular analysis of the galE gene of Neisse-
ria meningitidis and its role in lipopolysaccharide
biosynthesis. Mol Microbiol 1993, 10:361-369.

Jennings MP, Srikhanta YN, Moxon ER, Kramer M, Poolman |T,
Kuipers B, van der LP: The genetic basis of the phase variation

Genome Biology 2007, 8:R136


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13069389
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16559074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16559074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=814782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16560537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15421956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16560967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8759842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8759842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8759842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8407815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8407815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11535784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16837316
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16837316
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14408279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14408279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4147033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4320022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2497961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2497961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4198720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4198720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4198720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15100055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15100055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16238628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16238628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16238628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15667285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6441640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11544348
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15195253
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6769915
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6780513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14641051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14641051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9423860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9423860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12595487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12595487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=108255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6137930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6137930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9864305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9864305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10931894
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10931894
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=101519
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=821921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=810478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15784566
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15784566
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15784566
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10627495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10627495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10627495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9548250
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8314780
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7793138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7793138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7793138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7934827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7934827

http://genomebiology.com/2007/8/7/R136

90.

9l.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.

107.

108.

109.

110.

repertoire of lipopolysaccharide immunotypes in Neisseria
meningitidis. Microbiology 1999, 145:3013-3021.

Kulshin VA, Zahringer U, Lindner B, Frasch CE, Tsai CM, Dmitriev
BA, Rietschel ET: Structural characterization of the lipid A
component of pathogenic Neisseria meningitidis. | Bacteriol
1992, 174:1793-1800.

Rebeil R, Ernst RK, Gowen BB, Miller SI, Hinnebusch BJ: Variation
in lipid A structure in the pathogenic yersiniae. Mol Microbiol
2004, 52:1363-1373.

Trent MS, Pabich W, Raetz CR, Miller SI: A PhoP/PhoQ-induced
Lipase (PagL) that catalyzes 3-O-deacylation of lipid A pre-
cursors in membranes of Salmonella typhimurium. | Biol Chem
2001, 276:9083-9092.

Raetz CR: Regulated covalent modifications of lipid A. | Endo-
toxin Res 2001, 7:73-78.

Bos MP, Tefsen B, Geurtsen ], Tommassen J: Identification of an
outer membrane protein required for the transport of
lipopolysaccharide to the bacterial cell surface. Proc Natl Acad
Sci USA 2004, 101:9417-9422.

Estabrook MM, Griffiss |M, Jarvis GA: Sialylation of Neisseria men-
ingitidis lipooligosaccharide inhibits serum bactericidal activ-
ity by masking lacto-N-neotetraose. Infect Immun 1997,
65:4436-4444.

Kahler CM, Martin LE, Shih GC, Rahman MM, Carlson RWV, Stephens
DS: The (alpha2—8)-linked polysialic acid capsule and lipoo-
ligosaccharide structure both contribute to the ability of
serogroup B Neisseria meningitidis to resist the bactericidal
activity of normal human serum. Infect Immun 1998,
66:5939-5947.

Blacklow RS, Warren L: Biosynthesis of sialic acids by Neisseria
meningitidis. | Biol Chem 1962, 237:3520-3526.

Varki A: Sialic acids as ligands in recognition phenomena.
FASEB J 1997, 11:248-255.

Gotschlich EC, Fraser BA, Nishimura O, Robbins B, Liu TY: Lipid on
capsular polysaccharides of gram-negative bacteria. | Biol
Chem 1981, 256:8915-8921.

Bos MP, Tommassen J: Viability of a capsule- and lipopolysac-
charide-deficient mutant of Neisseria meningitidis. Infect
Immun 2005, 73:6194-6197.

Antignac A, Rousselle JC, Namane A, Labigne A, Taha MK, Boneca IG:
Detailed structural analysis of the peptidoglycan of the
human pathogen Neisseria meningitidis. | Biol Chem 2003,
278:31521-31528.

Burroughs MH, Chang YS, Gage DA, Tuomanen El: Composition of
the peptidoglycan of Haemophilus influenzae. | Biol Chem 1993,
268:11594-11598.

Glauner B, Holtje }V, Schwarz U: The composition of the murein
of Escherichia coli. | Biol Chem 1988, 263:10088-10095.
Quintela JC, Caparros M, de Pedro MA: Variability of peptidogly-
can structural parameters in gram-negative bacteria. FEMS
Microbiol Lett 1995, 125:95-100.

Tuomanen E, Schwartz J, Sande §, Light K, Gage D: Unusual com-
position of peptidoglycan in Bordetella pertussis. | Biol Chem
1989, 264:11093-11098.

Clarke AJ, Dupont C: O-acetylated peptidoglycan: its occur-
rence, pathobiological significance, and biosynthesis. Can |
Microbiol 1992, 38:85-91.

Girardin SE, Boneca IG, Viala ], Chamaillard M, Labigne A, Thomas G,
Philpott D), Sansonetti P): Nod2 is a general sensor of peptidog-
lycan through muramyl dipeptide (MDP) detection. | Biol
Chem 2003, 278:8869-8872.

Inohara N, Ogura Y, Fontalba A, Gutierrez O, Pons F, Crespo J,
Fukase K, Inamura S, Kusumoto S, Hashimoto M, et al: Host
recognition of bacterial muramyl dipeptide mediated
through NOD2. Implications for Crohn's disease. | Biol Chem
2003, 278:5509-5512.

Dougherty TJ: Analysis of Neisseria gonorrhoeae peptidoglycan
by reverse-phase, high-pressure liquid chromatography. |
Bacteriol 1985, 163:69-74.

Martin SA, Rosenthal RS, Biemann K: Fast atom bombardment
mass spectrometry and tandem mass spectrometry of bio-
logically active peptidoglycan monomers from Neisseria
gonorrhoeae. | Biol Chem 1987, 262:7514-7522.

. The Comprehensive Microbial Resource [http://cmr.tigr.org]
. TransportDB: Genomic Comparisons of Membrane Trans-

port Systems [http://www.membranetransport.org]

. Vriezen N: Physiology of mammalian cells in suspension cul-

ture. In PhD thesis Delft, The Netherlands: Technical University

Genome Biology 2007,  Volume 8, Issue 7, Article R136 Baart et al.
Delft; 1998.
114. Lange HC, Heijnen J): Statistical reconciliation of the elemental

I15.

I16.

117.

118.

9.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

and molecular biomass composition of Saccharomyces
cerevisiae. Biotechnol Bioeng 2001, 75:334-344.

Sariyar B, Perk S, Akman U, Hortacsu A: Monte Carlo sampling
and principal component analysis of flux distributions yield
topological and modular information on metabolic
networks. | Theor Biol 2006, 242:389-400.

Wittmann C, Heinzle E: Genealogy profiling through strain
improvement by using metabolic network analysis: meta-
bolic flux genealogy of several generations of lysine-produc-
ing corynebacteria. Appl Environ Microbiol 2002, 68:5843-5859.
van der Heijden RTJM, Romein B, Heijnen JJ, Hellinga C, Luyben
KCAM: Linear constraint relations in biochemical reaction
systems: l. Classification of the calculability and the balance-
ability of conversion rates. Biotechnol Bioeng 1994, 43:3-10.

van der Heijden RTJM, Romein B, Heijnen ]J, Hellinga C, Luyben
KCAM: Linear constraint relations in biochemical reaction
systems: ll. Diagnosis and estimation of gross errors. Biotech-
nol Bioeng 1994, 43:11-20.

Bonarius HPJ: Metabolic-flux analysisof mammalian-cell cul-
ture. In PhD thesis Wageningen, The Netherlands: Wageningen
University; 1998.

Grunden AM, Self WT, Villain M, Blalock JE, Shanmugam KT: An
analysis of the binding of repressor protein ModE to modA-
BCD (molybdate transport) operator/promoter DNA of
Escherichia coli. | Biol Chem 1999, 274:24308-24315.

Fiesko J, Ritch T: Production of human alpha consensus inter-
feron in recombinant Escherischia coli. Chem Eng Commun 1986,
45:229-240.

Kayser A, Weber |, Hecht V, Rinas U: Metabolic flux analysis of
Escherichia coli in glucose-limited continuous culture. 1.
Growth-rate-dependent metabolic efficiency at steady state.
Microbiology 2005, 151:693-706.

Akesson M, Forster ], Nielsen J: Integration of gene expression
data into genome-scale metabolic models. Metab Eng 2004,
6:285-293.

Covert MW, Knight EM, Reed JL, Herrgard M, Palsson BO: Inte-
grating high-throughput and computational data elucidates
bacterial networks. Nature 2004, 429:92-96.

Patil KR, Nielsen J: Uncovering transcriptional regulation of
metabolism by using metabolic network topology. Proc Natl
Acad Sci USA 2005, 102:2685-2689.

Badino AC, Cindida MCR, Schmidell W: Improving kLa determi-
nation in fungal fermentation, taking into account electrode
response time. | Chem Technol Biotechnol 2000, 75:469-474.
Dorresteijn RC, Berwald LG, Zomer G, de Gooijer CD, Wieten G,
Beuvery EC: Determination of amino acids using o-phthalalde-
hyde-2-mercaptoethanol derivatization effect of reaction
conditions. | Chromatogr A 1996, 724:159-167.

Welch DF: Applications of cellular fatty acid analysis. Clin
Microbiol Rev 1991, 4:422-438.

White MA, Simmons MD, Bishop A, Chandler HA: Microbial iden-
tification by gas chromatography. | R Nav Med Serv 1988,
74:141-146.

Jantzen E, Bryn K, Bergan T, Bovre K: Gas chromatography of
bacterial whole cell methanolysates; V. Fatty acid composi-
tion ofNeisseriae and Moraxellae. Acta Pathol Microbiol Scand [B]
Microbiol Immunol 1974, 82:767-779.

Westphal O, Jann JK: Bacterial lipopolysaccharide extraction
with phenol-water and further application of the procedure.
Methods Carbohydr Chem 1965, 5:83-91.

van der Ley P, Steeghs L, Hamstra HJ, ten Hove ], Zomer B, van
Alphen L: Modification of lipid A biosynthesis in Neisseria
meningitidis IpxL mutants: influence on lipopolysaccharide
structure, toxicity, and adjuvant activity. Infect Inmun 2001,
69:5981-5990.

Benthin S, Nielsen J, Villadsen J: A simple and reliablemethod for
the determination of cellular RNA content. Biotechnol Technol
1991, 5:39-42.

Gerhardt P, Murray RGE, Wood WA, Krieg NR: Methods for General
and Molecular Bacteriology Washington DC: American Society for
Microbiology; 1994.

Edwards |S, Ibarra RU, Palsson BO: In silico predictions of
Escherichia coli metabolic capabilities are consistent with
experimental data. Nat Biotechnol 2001, 19:125-130.

Edwards JS, Ramakrishna R, Schilling CH, Palsson BO: Metabolic
flux balance analysis. In Metabolic Engineering Edited by: Lee SY,

Genome Biology 2007, 8:R136

-
o
®
e
I
o
o
-
I
4
0
8
8
[o]
>



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10589709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1548229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15165239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15165239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11108722
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11521087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15192148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15192148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15192148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9353017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9353017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9826376
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9826376
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13971393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9068613
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7021555
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7021555
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16113348
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12799361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8505290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3292521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7867925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7867925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2544584
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1521192
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1521192
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12527755
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12527755
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12514169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12514169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12514169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3924898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3924898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3108252
http://cmr.tigr.org
http://www.membranetransport.org
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11590606
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16860341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16860341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16860341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12450803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12450803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12450803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10446207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15758216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15758216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15491858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15491858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15129285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15129285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15129285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15710883
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15710883
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1747860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3076902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3076902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4218439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4218439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4218439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11553534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11553534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11553534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11175725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11175725

R136.20 Genome Biology 2007, Volume 8, Issue 7, Article R136 Baart et al.

137.

138.

139.

140.

141.
142.

143.

144.

145.
146.

Papoutsakis ET. New York: Marcel Dekker; 1999:13-57.

Forster ), Gombert AK, Nielsen J: A functional genomics
approach using metabolomics and in silico pathway analysis.
Biotechnol Bioeng 2002, 79:703-712.

Vallino JJ, Stephanopoulos G: Flux determination in cellular bio-
reaction networks: applications to lysine fermentations. In
Frontiers in Bioprocessing Edited by: Sikdar SK, Bier M, Todd P. Boca
Raton, FL: CRC Press; 1990:205-219.

Wang NS, Stephanopoulos G: Application of macroscopic bal-
ances to the identification of gross measurement errors. Bio-
technol Bioeng 1983, 25:2177-2208.

Pramanik J, Keasling |D: Stoichiometric model of Escherichia coli
metabolism: Incorporation of growth-rate dependent bio-
mass composition and mechanistic energy requirements.
Biotechnol Bioeng 1997, 56:398-421.

Thisted RA: Elements of Statistical Computing New York: Chapman and
Hall; 1989.

Bremer H, Dennis PP: Modulation of chemical composition and
other parameters of the cell by growth rate. In Escherichiacoli
and Salmonella typhimurium: Cellular and Molecular Biology Volume |.2nd
edition. Edited by: Neidhardt FC, Curtiss R, Ingraham JL, Brooks Low
K, Magasanik B, Reznikoff WS, Riley M, Schaechter M, Umbarger HE.
Washington  DC:  American  Society for  Microbiology;
1996:1553-1569.

Pramanik J, Keasling |D: Effect of Escherichia coli biomass com-
position on central metabolic fluxes predicted by a stoichio-
metric model. Biotechnol Bioeng 1998, 60:230-238.

Neidhardt FC, Umbarger HE: Chemical composition of
Escherichia coli. In Escherichia coli and Salmonella typhimurium: Cellu-
lar and Molecular Biology Volume I. 2nd edition. Edited by: Neidhardt
FC, Curtiss R, Ingraham JL, Brooks Low K, Magasanik B, Reznikoff
WS, Riley M, Schaechter M, Umbarger HE. Washington DC: Ameri-
can Society for Microbiology; 1996:13-16.

Neidhardt FC, Umbarger HE, Schaechter M: Physiology of the Bacterial
Cell Sunderland, MA: Sinauer Associates; 1990.

van der Werf MJ, Jellema RH, Hankemeier T: Microbial metabo-
lomics: replacing trial-and-error by the unbiased selection
and ranking of targets. | Ind Microbiol Biotechnol 2005, 32:234-252.

Genome Biology 2007, 8:R136

http://genomebiology.com/2007/8/7/R136


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12209793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12209793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10099424
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10099424
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10099424
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15895265
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15895265
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15895265

	Abstract
	Background
	Results
	Conclusion

	Background
	Results and discussion
	Construction of the genome-scale metabolic model
	Glucose metabolism
	The tricarboxylic acid cycle
	Anaplerotic reactions
	Metabolism of lactate, acetate, glutamate and carbon dioxide
	Amino-acid metabolism
	Oxidative phosphorylation
	Sulfur metabolism
	Oxidative stress
	Metabolism of macromolecules
	Table 1 


	Main characteristics of the genome-scale model
	Construction of a simplified metabolic model
	Modeling of the metabolic network
	Monte Carlo simulation
	Error diagnosis and balancing
	Flux distribution

	Application of the model for process development purposes
	Design of minimal medium
	Table 2 



	Conclusion
	Materials and methods
	Strain
	Medium
	Chemostat cultures
	Analytical procedures
	Biomass concentration
	Off-gas analysis
	k
	Metabolite concentrations
	Protein
	Fatty acids
	Lipopolysaccharide
	RNA and DNA
	Biomass composition

	Modeling
	Mathematical formulation
	Error diagnosis and balancing
	Network sensitivity analysis
	Monte Carlo simulation
	In silico modeling


	Additional data files
	Acknowledgements
	References

