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Abstract

As an emerging area, systems biology provides a new paradigm not only for
studying the cellular organization and regulation, but also for investigating how
the systemic behaviors emerge in biological systems. One of the main objectives
of systems biology is to understand mechanism and principle of the strategy that
is applied in the metabolic network response to the environment and resources
availability. Mass spectrometry (MS) was employed as the high-throughput
technique tools to collect reliable data to obtain a quantitative understanding of
the regulation of metabolic network in different cases.

A LC-MS based method was developed and optimized for the measurement of
central carbon metabolites in Escherichia coli. It could avoid the leakage problem
and the "false high level" caused by the metabolites excreted to the medium, and
provides better coverage as well as more accurate quantitative results of
intracellular metabolites from different conditions. The developed method was
employed to investigate the metabolic response to the nutrition stress. Intracellular
concentrations of central carbon metabolites were measured under different
nutrition conditions. The FBP concentration revealed the carbon influx because it
served as a sensor of glycolytic flux and the α-ketoglutarate served as a
coordinator of carbon and nitrogen flux response to the nutrient availabilities. A
scenario was made that cell coordinated the catabolic and anabolic metabolism
under different conditions by α-ketoglutarate and cAMP signaling.

The overflow metabolism of E. coli was studied. A robust linear relation between
II

acetate excretion rate and growth rate was observed. Gene expression level and
quantitative proteomics approach were employed under perturbations such as
mutants and increased energy demand (drained the energy by DNP). Acetate
overflow in E. coli results from the tradeoff between efficient utilization of carbon
resources by respiration and efficient utilization of proteome resources by
fermentation.

The physiology-driven approach was employed to investigate the potential targets
of sRNA RyhB and the function of chaperon Hfq. Construction of a truncated
RyhB mutant (RyhBt) was performed to confirm the necessity of hfq to RyhB.
The expression of RyhB and RyhBt can both slow the growth rate. However, after
the deletion of hfq, the growth defects induced by RyhB disappeared but still
existed in the RyhBt strain without Hfq. It indicated that RyhB played its function
by binding with Hfq at the special regions. Proteomics approach discovered some
target genes of RyhB and RyhBt in both TCA cycle and nitrogen assimilation
pathway. The relative abundance of proteins reflected that the RyhB and RyhBt
affected the target differently because they had different binding sites with
chaperons or targets. It will provided valuable information for revealing the inner
mechanism of the physiology changes caused by sRNAs.

GC-MS method was developed to identify and quantify the metabolites in E.coli
cells. Three different derivatization methods for GC-MS were compared and
optimized. The pool size of glutamine and glutamate was stable in the wild type
strain at certain conditions but changed significantly in the GOGAT- strain
especially the nitrogen was limited.
III
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Chapter1 Introduction

1.1 Systems biology

While looking back the history of the development of biological science, three
main eras can be demarcated : Descriptive Biology era, Molecular Biology era
and Systems and Synthetic Biology era. From 19th century to 20th century, the
discipline of biology was established, a lot of efforts were made to build some
fundamental blocks for the biological building, including discovery of some basic
biological phenomenon and probably explanations or principles behind them.
Some principles and truth represented by the discovery of cell structure and
evolution theory were raised to have a better description of the life [1]. This
beginning period can be recognized as the descriptive biology era. As the history
goes, Watson and Crick claimed that they have found the secret of life on Feb. 28,
1953 [2]. They figured out the double helix structure of deoxyribonucleic acid
(DNA) and confirmed that DNA carries and delivers life’s hereditary information
via self unziping and copying [2]. The day is commonly regarded as the start of
Molecular Biology that investigates the life phenomena on the molecular level
and basis. After biological research progressed toward molecular level, Many
milestones such as the central dogma [3] and completely sequencing of human
genome [4] were created with the progress of experimental techniques like
1

polymerase chain reaction (PCR), automated DNA sequencing, micro-arrays (can
measure the relative amount of the mRNA containing thousands of genes
simultaneously), quantitative analysis with mass spectrometry technology, etc.

Nowadays, the molecular biology has obtained a very well and fast development
based on the revolution of technique platforms. It is possible to collect
high-throughput experimental data including genome-scale profiling of mRNAs,
proteins and small molecules [5-13] more efficiently. Hence it allows us to
characterize the gene, protein and metabolic state of the system directly. However,
the data collected via the high-throughput techniques has a large variation in both
quality and completeness. Thus, interpretation of acquired data is challenging
especially lack of well-defined integrated principles for cellular processes and
activities, people still could not describe how even the simplest single cell
organism like E. coli works as a precise system to coordinate all the cellular
processes in response to external perturbations. Then scientists realized that the
cellular components interact with each other in highly structured and incredibly
complex ways rather than work alone. Many properties and behaviors of life at the
systems level are needed to re-comprehend since molecular constituents alone
only yields very limited insights . As a metaphor, it is impossible to understand
how a car operates in real by focusing on only characterizing engine, clutch and
wheel, or their specific functions. In this case, these issues addressed by many
2

researchers have led to the formation of the brand new concept named systems
biology.

The systems biology approach supplies a new paradigm to study the cellular
organization and regulatory issues, and describe how the systems behavior
emerges from the interactions of the basic functional units in biological systems
[14-19]. Fortunately, although the discipline of systems biology just established in
recent years, some progress and great efforts have been made, particularly the
development of "omics". Table 1.1 illustrates the definition and methods for
different "omics".

Table 1.1 Different "omics" and their definitions and methods.
Name

Definition

Methods

Genomics

Study all the DNA in the cell or

High-throughput sequencing

organism

[20]
RT-PCR [21]

Study all expressed RNA(like

Microarray [22]

mRNA) in the cell or organism

Macroarray [23]

Transcriptomics

Differential display of reverse
Transcriptional PCR [24]
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Proteomics

Qualitative and quantitative

Multi-dimensional LC-MS [25]

analysis for all protein in the cell

2D-SDS-Electrophoresis [26]

or organism in different

Isobaric atom labeled

conditions
Qualitative and quantitative

technology
GC-MS [28][27]

analysis for all metabolites (small
Metabolomics
molecules)in the cell or organism
in different conditions

LC-MS [29]
CE-MS [30]
NMR [31]
Enzymatic measurement

Quantitative analysis of metabolic
Fluxomics

Flux balance analysis [33]
method [32]
Flux ratio analysis [34]

flux inside the cell
Flux distribution analysis [35]

On the other hand, computational and theoretical analysis also has made some
better understanding of the systems behavior. The computational simulation
shows that when a facultative bacterium is moved to an oxygen-poor environment,
the expression of genes for aerobic respiration is significantly suppressed whereas
the expression of genes for fermentation increases. The results derived from
theoretical model also were further verified by experimental data [5].

Despite some success of the systems biology approach has been gained in creating
a holistic view of cellular organization, we still have not achieve either a fully
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quantitative understanding of the vast number of biological processes happening
inside the cell, nor the relationships and coordinations among those components.
Some previous successful experience has shown that the requirement of
understanding in the systems level can only be gained by detailed study of
specific systems under close collaboration between experimentalists and theorists.
Accurate experimental observations under various perturbations combined with
theoretical model studies can then lead to final goal: mapping out the complete
wiring diagram of the cell and quantitative, predictive computational modeling of
the cell.

1.2 Escherichia coli

Escherichia coli (abbreviated as E. coli) is one of the most famous bacterium
which is commonly found in the lower intestine of endotherms. It is a rod like,
movable and sporeless bacterium. The cell size of E. coli is relatively various and
has a length around 2 to 3 μm and a diameter around 0.5 μm [36]. As
Gram-negative bacteria, E. coli has a thin cell wall which consists of one to two
layers of peptidoglycan. It also evolves numerous strains which exhibit high
diversity in genome and phenotype [37]. As a prokaryote organism, E. coli has no
nucleus, its genome are base on circular chromosome. Meanwhile, a nucleotide is
formed in the center of the cell by condensation of double-strand DNA chain
5

which is facilitated by histone-like proteins [38-40]. Among the vast amount of
strains, K-12 MG 1655 and NCM3722 (on which our work mainly focus) are the
frequently studied lab stains and often treated as the wild-type strain. These strains
have relatively simple genome of only about 4,000 genes comparing with most
eukaryotes that has more than 10,000 genes. The MG 1655 strain contains 4586
genes/ORFs (open reading frame) which consist of 4,639,675 base pairs [41]. Its
genome was completely sequenced and published in 1997 [42]. However, about
two fifth of these more than 4,000 genes still have functions which have not
identified [43].

In addition, in the genome aspect, approximately 85% of the E. coli genome codes
for proteins. Genes coding for proteins that functioning in the same pathway may
be located adjacent to one another and controlled as a single unit that is
transcribed into a polycistronic mRNA called "operon". Regulator of an operon is
usually located nearby and divergently transcribed and different operons involved
in the same function can be located far away. Besides, other genomic elements
such as ribosomal RNA, small (regulatory) RNA, and transposons are also very
crucial for the physiology of the cell. For example, ribosomal RNA, is a kind of
ribozyme which is the main composition of ribosome. Ribosome is the only
organelle in the E. coli cell and the most complex molecular machine for protein
synthesis through mRNA. The molecular weight of ribosomal protein is clearly
6

larger than any other protein in the cell. The mass of ribosome in a grown cell can
be as high as 30% of the total protein mass of cell in the fastest case [18, 44].
Thus, the synthesis of ribosomal rRNAs and proteins is monitored and regulated
by the stringent response system in most of the cases [44]. Furthermore, some
artificial modifications can be realized by other genomic elements like prophages
and plasmids. Plasmid can provide a service like antibiotic marker for genetic
engineering. These modifications are also quite important for some regulations
and can help us to investigate the mechanism of regulations.

Although the E. coli cell is relative simple, the complexity of some process
presented by the cell may be beyond our imagination. One typical example is the
complicated regulation system inside the cell, including transcription initiation
control by transcription factors (TF), translation initiation control by sRNA (small
RNA) and RNA-binding proteins, transcription termination control by sRNA and
anti-terminators and control of mRNA and protein degradation. These regulations
are coupled to environmental signals and coordinated the growth program of the
cell in order to realize the sensing and adjusting numerous stresses. E.coli utilizes
a large amount of biochemical process happening in the periplasm space between
outer and inner membrane to detect the environmental changes and response to
them. For instance, Sensing the nutrient and transporting them to the inner part of
the cell with some transporters and membrane proteins, coordinating the
7

replication rate of genes and growth of cell wall and outer membrane to program
the cell divisions, creating proton gradient to produce ATP,

etc [44] .

Due to the sensing and adjusting of environment via the complex regulations,
E.coli can survive at a compromised growth rate under different conditions such
as high/low temperatures, different pH values and starvation environments. The
growth rate can be distributed widely from about 20min to 2-3 hours in various
cultivated mediums. The change of protein composition under different conditions
(so called "stress response") can be enabled by the regulatory program. Many
efforts have already made in this area such as the study of heat shock response and
SOS response [45-48]. Thanks to the accumulation of previous investigation,
comprehensive biochemical information on gene functions, transcriptional
regulation mechanisms and biochemical reaction pathways about E. coli has been
collected. There are many online databases containing comprehensive information
about E. coli available, such as KEGG, EcoCyc (http://ecocyc.org/) [49],
RegulonDB

(http://regulondb.ccg.unam.mx/)

[50],

EcoGene

(http://www.ecogene.org/) [51], GeneDB(http://www.genedb.org/) [52], etc.

1.3 Metabolic network regulation
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1.3.1 Metabolism in the cell

Metabolism is defined as the sum of all biological and chemical transformations
taking place in a cell or organism. It consists of a large set of metabolic reactions
and other biological processes, supplies the building blocks for the biosynthesis of
cellular components and produces the energy to the organism. Metabolism can be
divided into two phases: catabolism and anabolism. Catabolism is the degradative
phase that numerous nutrient organic molecules such as sugar, fats, and proteins
are converted into smaller and simpler precursors, like CO2, alcohol, and NH3.
The other phase of metabolism, anabolism, also called biosynthesis, assembled
precursors

to

larger

and

more

complicated

biomolecules

including

polysaccharides, lipids, proteins, and nucleic acids which are necessary to support
the life cycle of a cell[53].

Most of the studies on regulation of metabolism of E. coli have focused on some
special parts or pathways. These pathways are relatively simple, as a part of the
central metabolism. However, the existing of these parts is attached to the
ensemble. The metabolic regulations in some special pathways take effect under
the global regulation of metabolic network. On the other hand, the whole unit is
consisting of different parts. These studies on different metabolic pathways build
the base of further study in mechanism of central metabolism in the cell.
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1.3.2 Central carbon metabolism

The central metabolic pathways (CMPs) contain about 30 intermediates, which
are phosphorylated or carboxylated and two of them are sulfhydryl coenzyme A.
The transformations among these metabolites are catalyzed by related enzymes.
The central metabolism contains many pathways, including glycolysis
(Emden-Meyerhof pathway, EMP), pentose phosphate pathway (PPP) and
phosphoenolpyruvate carboxylase-phosphoenolpyruvate carboxykinase and TCA
cycle (Tricarboxylic acid cycle, also called Krebs cycle). These central metabolic
pathways supply the skeleton of biosynthesis of the cell and produce energy and
precursor for the cell. Because of the crucial role of central carbon metabolism for
the physiology of E. coli, it becomes an important direction of mechanism study
of metabolic regulation. With the help of bioinformatic tools, the central carbon
metabolic network of E. coli is simplified based on large amount data of enrolled
reactions and enzymes (Figure 1.1).
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Figure 1.1 The simplified central carbon metabolic network of E. coli. The figure
is adopted from Yang et al. (unpublished).

1.3.3 Metabolic flux and regulation

Metabolic flux, which is specified by the set of fluxes through all possible
metabolic reactions inside the cell, is defined to be the number of turnover events
per unit time at a given time. Many strategies have been evolved by organisms to
11

regulate the metabolic flow in response to the resources available in the
environment and to meet the internal needs. The regulation of metabolic network
has been intensively studied in recent years. Almost all the regulations of
metabolic reaction were realized by tuning the abundance or activity of related
enzymes. The regulation can be also realized by different forms such as
transcriptional regulation, post-transcriptional regulation, etc. The transcriptional
regulation is carried out by the Transcriptional Factors (TFs) that bind to the
promoter region of the corresponding gene on the DNA. The most famous
instance of gene regulation is the well studied Lac operon [54]. In comparison,
post-transcriptional regulation can be realized by one of several forms including
modification of transcribed mRNA [55], covalent modifications of proteins,
reversible binding of small molecules [56], degradation of proteins [57], etc. A
large number of the regulatory interactions are documented in databases such as
BRENDA (www.brenda-enzymes.info/), Ecocyc (ecocyc.org/), RegulonDB
(http://regulondb.ccg.unam.mx/), etc.

On the other hand, besides the transcriptional level, translation regulation and
post-translation regulation also provide alternative strategies to control the
metabolic status. Translational regulations mainly take effect to the process of
protein synthesis from corresponding mRNA. It is primarily realized by targeting
on the control of ribosome recruitment on the initiation codon, and also involves
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modulation of the elongation or termination of protein synthesis. In most cases,
the targets of translational regulation are specific RNA secondary structures on the
mRNA [58, 59]. Post-translational regulation is defined as the control of the levels
of active protein. Several forms of post-translational regulation have been
discovered, including reversible modifications such as phosphorylation or
glycosylation and irreversible events like proteolysis [60].

Recently, High-throughput technique has been developed to measure the
metabolic flux through a reaction by using mass spectroscopy with isotope
labeling of the nutrient molecule [61, 62]. This powerful technique makes it
possible to measure not only the flux distribution in a given growth condition, but
also the change of flux under perturbations such as gene mutations, nutrient stress,
oxidative stress, etc. Nowadays, more information about the metabolic status can
be collected with the help of mass spectrometry based techniques, including
relative protein abundances [10], intracellular concentration of metabolites [12],
and even post-translational modifications [7, 9] (phosphorylation, methylation,
etc., which modifies the activity of a protein). With the massive data accumulated,
integration of quantitative modeling and sets of data become necessary to reach a
comprehensive understanding of metabolic regulation. Many efforts have been
made through this kind of approaches. One example is provided by a recent work
by Bennet et al. [8]. They used LC-MS/MS to quantify more than 100 metabolite
13

concentrations in aerobic, exponentially growing Escherichia coli with different
carbon sources. Thermo-dynamics analysis was also performed based on the large
amount of data they obtained. They observed that although metabolite
concentration exceeds Km for most substrate-enzyme pairs, the case of lower
glycolysis is different. The concentrations of intermediates in lower glycolysis are
near the corresponding Km and all reactions are near equilibrium. This strategy
provides efficient flux reversibility to given thermodynamic and osmotic
constraints. The data and analyses they presented also provide the ability to
identify organizing metabolic principles at systems-level.

Since the regulation of metabolic network can be realized by different forms,
studies in this area also focused on different levels:

1) The gene expression level study of regulation mechanism of central carbon
metabolism

The gene expression will be changed when the cell is affected by the environment
or its own gene. So the fluctuation in the transcription level can reflect the
metabolic regulation of the cell and help us to understand the mechanism of
metabolic regulation. The frequently used method to investigate the gene
expression level is RT-PCR and DNA microarray, one has the specification and
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high accuracy, the other is the high-throughput method. Hua and co-workers
employed DNA microarrays to study the global metabolic response of E.coli
cultured in the glucose or nitrogen limited medium [63]. 4071 genes were
determined. At the low growth rate, 9.8% of these genes mainly involve in amino
acid biosynthesis, central carbon metabolism, energy metabolism, transportation
and membrane system shows significant different in glucose and nitrogen
limitation, respectively. At the higher growth rate, the number of the genes
showing different expression levels in two conditions reduced to half of that at the
low growth rate. Among those genes, 92 of them are growth-rate related that
showed different expression level at different growth rates.

Vemuri and

co-workers also utilized DNA microarrays to study the response of central
metabolic pathways to the poxB gene mutation and introducing of external
pyruvate carboxylase in E.coli cells [64]. They found that the poxB mutated
strains are preferred to utilize one of the Entner-Doudoroff pathways which
produce less energy. The activity of phosphotransferase and enzymes related to
amino acid biosynthesis increased after the external pyruvate carboxylase was
induced. The global analysis of gene expression level also proves that the poxB
gene and induced external pyruvate carboxylase play an important role in the
regulation of pyruvate node and acetate producing pathways of E. coli cells under
the aerobic fermentation. Kabir et al. investigated the mechanism of metabolic
regulation in the transcription level of pgi mutated E. coli cells by measuring the
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expression level of 87 genes involved in the related metabolic pathways through
RT-PCR [21].

2) The enzyme activity level study of regulation mechanism of central carbon
metabolism

The environmental perturbation and mutation of genes can affect the activity of
related enzymes and then impact the central metabolism of the cell accordingly.
Based on that, the study of the activity fluctuations of enzyme involved in the
central carbon metabolism can help us to understand the metabolic regulation of
the cell. The enzyme assay is one of the most frequently used methods in
biological study especially on investigation of change of metabolic pathway status
for some mutation strains, due to its high sensitivity and selectivity even though it
is not a high-throughput method. Gokarn et al. investigated the influence of the
absence of Phosphoenolpyruvate carboxylase in E. coli under the anaerobic
condition to the activity of pyruvate kinase and lactate dehydrogenase which
located at the node of pyruvate [65]. They also concluded that the behavior of
affected pathways indicated that the metabolic network adapts to the fermentation
patterns by adjusting the flux to lactate and the ratio of ethanol to acetate
formation. Peng et al. studied the fermentation properties of E. coli under
different carbon sources and oxygen levels. They also determined the activity of
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key enzymes in the central carbon metabolism by 2D electrophoresis to indicate
the regulation mechanism of metabolic network in these conditions [66].

3) The intracellular metabolites concentration or metabolic flux level study of
regulation mechanism of central carbon metabolism

There are more than 1,200 small molecular components in E. coli [67].
Measurement of the concentration of intracellular metabolites can help us to
understand the intracellular metabolic status, especially some intermediate
metabolites located in the node of central metabolism. Due to the instability and
short half-life of intracellular metabolites, precise measurement of those
metabolites requires fast quenching which means inactivation the related enzymes
and extracting the metabolites in a quite short time. A lot of efforts have been
done to develop the methods to extract and measure the concentration of
metabolites to avoid the disruption of the metabolites caused by some traditional
chemical analysis [68-71]. Among these methods, enzymatic cycling methods and
mass spectrometry-based high-throughput method are most widely used [70, 71].

1.4 Mass spectrometry based experimental platform

Nowadays, due to the continuously increased requirement to the analytical
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techniques from various biological samples due to their very diverse physical and
chemical properties, some high-throughput and versatile platforms were
developed. Mass spectrometry (MS) is one of the powerful tools that can be
applied to different purpose of biological sample analysis, such as characterization,
identification

and

quantification,

etc

[72].The

most

popular

mass

spectrometry-based platform for analysis of biological sample is Gas
Chromatography-Mass Spectrometry (GC-MS) and Liquid ChromatographyMass Spectrometry (LC-MS).

1.4.1 Introduction of GC-MS

GC/MS is a combined platform with both the features of gas-liquid
chromatography and mass spectrometry. Different components in the sample were
separated in the capillary column based on the interactions among analytes,
stationary phase of column and carrier gas. The mass spectrometry part of GC-MS
usually employs electron impact (EI) source or chemical ionization (CI) source.
The most used mass analyzer of GC-MS is single quadrupole or time-of-flight
(TOF). GC/MS mainly focuses on separation and determination of volatile
compounds. It usually uses the NIST (National Institute of standards Technology)
data base supporting the using of identification [73]. It also has some superiority
in metabolite identification, as the frequently usage in plants metabolomics [74].
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In animal metabolomics, as most of the endogenous metabolites are non-volatile
compounds, the samples need to do complicated derivatizaion treatment so that it
can be determined by GC/MS. It becomes the main limitation of GC/MS
application. However, with the innovation and progressing of derivatization
technology, GC/MS-based technology was employed to animal metabolomics
study. Mihailescu et al. analyzed metabolites in urine sample [75], Jonsson et al.
established GC/MS methods for human plasma metabolomics study [76]. With
these efforts and progress, GC/MS can be employed as a frequently used tool for
metabolomics study.

The development of derivatization method has improved the gas-chromatography
properties of samples which containing hydroxyl and carboxyl group.
Derivatization step can make the sample more thermal stable and change the
non-volatile compound to those can be easily gasified. As a result, the sample
which could not be analyzed by GC/MS becomes available for GC/MS after
derivatization. In addition, the derivatization of sample improves not only the
sensitivity, but also the separation in most of the cases. The large amount of
derivatization reagent can be divided into three parts: (1)silylation; (2)acylation
and (3)alkylation.Among these three kinds of methods, silylation is the most
widely used method, the silylation reagents were employed to substitute the active
hydrogen atom (in amino group, hydroxyl and carboxyl group) in order to form
19

the volatile silylation compound. The commonly silylation reagent are:

1)

N,O-Bis(trimethylsilyl)trifluoroacetamide

(BSTFA)

and

N,O-Bis-(trimethylsilyl)-trifluoroacetamide (BFA). Could react with –NH2 and
–OH group. These reagents were usually used to do in vivo detection of Drugs
and their metabolites.

2) N-(ter-Butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA): it was
often used to detect the drugs and steroid. Because of the steric hindrance effect of
ter-Butyl group. Some –NH2 group react can be hardly derivatized. In MS
analysis, the derivatives could lose t-butyl group easily to form intensive (M-57) +
ion, which can be selected as the parent ion in MS/MS analysis.

3) N-methy-N-(trimethylsilyl) trifluoroacetamide: the frequently used silylation
reagent. It can induce the trimethysilylation group to the compound. In recent
years, numbers of application of GC/MS in metabolic network study were
reported. U. Sauer and coworkers employed GC/MS with MTBSTFA
derivatization to analyze metabolic flux in central carbon metabolism [77, 78].
Other GC/MS methods with derivatization were also employed to determine
metabolites in bacteria for different purpose including pharmacokinetics,
metabolomics and toxicity, etc [79, 80].
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1.4.2 Introduction of LC-MS

On the other hand, liquid chromatography-mass spectrometry (LC-MS) uses
liquid chromatography to couple with mass spectrometry. The ion source settled
in the LC-MS is quite different from GC-MS. Electro-spray ionization (ESI) is the
most frequently used technique in LC-MS for bio-analysis. Compared to EI
source, ESI is a "soft" ionization that provides simpler fragments and more
intensive peak of molecular ion [81]. It may produce multiple charged ions,
effectively extending the mass range of the analyzer for determination of some
macro-biomolecules such as protein and peptides [82]. Moreover, LC/MS uses
diverse mass analyzer or tandem mass analyzer such as ion-trap, triple-quadrupole,
quadrupole time-of-flight (Q-TOF), Fourier Transform Ion Cyclotron Resonance
(FT-ICR) and orbitrap, etc.

Two of the most frequently used functions supplied by different kinds of tandem
techniques were MSn or multi-reaction-monitor (MRM). MSn performed by
ion-trap MS can provide rich information of fragments, which helps to identify
the accurate structure of unknown compounds. When precise quantification is
required, the best tandem mass spectrometry for quantitative analysis is
triple-quadruple running in the MRM mode that is also demonstrated suitable for
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absolute quantification of small molecules and proteins [83]. In MRM mode, two
stages of mass filtering are employed on a triple quadrupole mass spectrometer. In
the first stage, the interested precursor (or parent ion) is preselected in Q1 and
induced collision cell (Q2) to fragment by collisional excitation with a neutral gas.
In the second stage, instead of performing full scan MS/MS for collecting all
possible fragment ions derived from the precursor in Q3, only a small number of
specific fragment ions (transition ions or daughter ions) are mass analyzed in Q3.
A precursor/product pair is often referred to as a transition. This targeted MRM
method enhances the lower detection limit by up to 100 fold (as compared to full
scan ms/ms analysis) by allowing rapid and continuous monitoring of the specific
ions of interest [84].

In addition, the MS/MS performed by Q-TOF MS can also provide a high
resolution mass spectrum for identification of analytes. The first quadrupole (Q1) is
operated in the mass filter mode to transmit only the parent ion of interest, typically
selecting a mass window from 1 to 3 thomson (Th) wide depending on the desire to
transmit the full isotopic cluster. The ion is then accelerated before it enters the
collision cell Q2, where it undergoes collision-induced dissociation (CID) after the
first few collisions with neutral gas molecules. Then the ions are introduced into the
pulsed TOF analyzer, a reflectron TOF mass analyzer provides improved resolution.
Some commercial ESI-TOF systems can demonstrate a resolving power of 5000
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(full width at half-maximum (FWHM) definition) or better. Herein, the Q-TOF
mass spectrometers have been made use of their advantages and widely used for
bimolecular analysis such as bio-marker identification and peptide sequencing [85].

1.5 Organization of thesis

The thesis is organized as follows. Chapter 2 developed a robust and precise
LC-MS-based method for quantification of central carbon metabolites. Chapter 3,
4 and 5 provide case studies for regulation of central carbon metabolism of E.coli,
including metabolic response to nutrition stress, physiology and proteomics
approach for investigation of overflow metabolism problem, and affection of
sRNA to targets in the central carbon metabolism. Chapter 6 developed a GC-MS
method for quantification of metabolites as a complementary method for LC-MS
and showed an example of its applications (measurement of pool size of
glutamine and glutamate in E. coli cells).
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Chapter 2 Development of LC-MS method for
quantification of central carbon metabolites of
Escherichia coli

2.1 Introduction

As the main frame of the metabolic network, central carbon metabolism is
considered crucial in the investigation of the regulation response to the
environment in some model organisms such as Escherichia coli (E. coli) [79]. The
central carbon metabolism contains tremendous amount of pathways, including
glycolysis(Emden-Meyerhof pathway, EMP), pentose phosphate pathway (PPP)
and tricarboxylic acid (TCA) cycle or Krebs cycle. They play parts of the skeleton
of biosynthesis of the cell, producing energy and precursor for the cell. The
intracellular concentrations of the relevant metabolites carry information that can
lead to quantitative understanding of metabolic pathways. With the aid of
mathematical tools and theoretical models [86], the in vivo enzyme kinetic
parameters or control of metabolic flux can be calculated from the concentrations
of intracellular metabolites. Furthermore, stress-response experiments can be
performed to provide information for the dynamic behaviors of metabolic network,
which may allow further investigations on the effects of metabolic regulation and
control. Thus, determination of central carbon metabolites extracted from cells is
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the core basics for the study of metabolic networks. The central carbon metabolic
pathways contain more than 30 intermediate metabolites and the concentration of
the metabolites can range from μM to mM, as wide as 3-4 orders of magnitudes
[8]. The transition of some metabolites can also be very rapid inside the cell.
Therefore, determination of the metabolites requires sophisticated analytical
methods, including efficient sample preparation and instrumental analysis. Large
amount of efforts have been made for method development, from the traditional
enzyme cyclic method [87] to high throughput methods such as mass
spectrometry (MS) and nuclear magnetic resonance (NMR) [88-92].

LC-MS-based methods have been applied for most studies on metabolites
measurement of E. coli, with different sample preparation procedures (Table 2.1)
[93-111]. Most of the methods, however, focused on one step of sample
preparation with miscellaneous results [101-103]. Therefore, evaluation and
optimization of the comprehensive sample preparation procedures for central
carbon metabolism is necessary. The aim of this paper is to establish a robust and
efficient sample preparation method with the supplementary of LC-MS/MS
analysis for quantitatively profiling the central carbon metabolism of E. Coli.
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Table 2.1 Methods used for determination of intracellular metabolites in E. coli.
Sample procedures

Sampling

Preparation methods

Ref.

Rapid sampling device (collect broth)

[93]

Centrifuge

[94]

Pre-cooled syringes

[95]

Filtration

[96-98]

Collect Broth directly from culture

[99,100]

Heat exchanger

[101]

Cold methanol

[102]/[95]

(60%, V/V, -48°C/-20°C)
Cold methanol with buffer (Hepes/Tris/ [97]/[103]/[98]
/[95]/[104]

EDTA/TEA )
Quenching

Liquid nitrogen

[94]

Perchloric acid

[94]

Cold beads

[95]

Directly extraction without quenching [106]
(Quenching by cold extraction solution)

Extraction

Perchloric acid

[107]

Methanol (hot /cold, Alkaline)

[106]/[108]

Methanol/water

(V/V,

80:20/60:40

/ [109]

50:50 )
Methanol:

acetonitrile:

normal/alkaline)
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water

(acidic/ [106]

Extraction

Methanol: chloroform (V/V, 50:50 )

[110]

Boiling ethanol

[110]

Potassium hydroxide (in 25% ethanol)

[111]

2.2 Materials and methods

2.2.1 Bacterial strains and culture conditions

NCM3722, an E. coli K-12 strain [104], was used as the wild-type strain. The
base medium was N-C- M9 minimal medium which contains K2SO4 (1 g),
K2HPO4·3H2O (17.7 g), KH2PO4 (4.7 g), MgSO4·7H2O (0.1 g), and NaCl (2.5 g)
in 1 liter Milli-Q water [105] , and is supplemented with 0.4% glucose as the
carbon source, and 20 mM NH4Cl as the nitrogen source . All batch cultures were
grown aerobically at 37 °C in the water-bath shaker. The culture volume was 10ml
in glass tube (25*250 mm) or 15 ml in 125 ml flasks with culture height no more
than 2 cm (tube) or 1 cm (flask) to ensure aeration. Each experiment was carried
out in three steps: seed culture, pre-culture and experimental culture. For seed
culture, one colony from fresh LB agar plate was picked up and inoculated into
liquid LB and cultured at 37 °C with shaking. After 4-5 hours, the growth of the
cell reached saturate and cells were centrifuged and washed once with N-Cminimal medium. Then depending on the specific growth rate in each condition,
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cells in various cultures were diluted to different densities in identical N -Cminimal medium, and cultured in 37 °C water bath shaker overnight as the
pre-culture, so that the overnight culture was kept in exponential growth for 4-10
doublings. Cells from the overnight pre-culture were then washed with identical
minimal medium (pre-warmed to 37 °C), diluted to OD600 = 0.005-0.025 in
identical pre-warmed minimal medium, and cultured in 37 °C water bath shaker
as the experimental culture. After at least three doublings, cell samples were
collected for various measurements, mostly in the range of OD600 = 0.5, covering
at least two doublings during exponential growth. OD600 was monitored
periodically during the experimental culture growth. 200 μl cell culture was
collected in a Sterna sub-micro cuvette for OD600 measurement using a UV-VIS
spectrophotometer every half doubling of growth.

2.2.2 Cell sampling methods

Non-filtration method: 10 ml of liquid culture mixture at certain OD were directly
plunged into tubes containing 5 ml of relevant quenching or extraction solutions
(pre-cooled to required temperature). They were immediately mixed by rapid
vortex and then frozen by liquid nitrogen. After thaw on the ice, vortex and
frozen-thaw step were repeated, and samples were stored at -80 °C for further
process.
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Filtration method: two filtration methods (F1 and F2) were employed in this study.
The procedure of F1 method was developed based on previous report [106] with
modifications: the filter membrane was pre-rinsed by pre-warmed Milli-Q water
and culture medium, and then 10 ml of culture with certain OD was quickly
filtrated under vacuum(common filtration manifold, 25 mm diameter membrane
with 0.45 μm pore size, Millipore). 2 ml of wash medium was pipetted onto the
membrane. Then the membrane was immediately immersed in 3 ml of pre-cooled
quenching or extraction solution in a plastic tube. Then the tube was plunged into
liquid nitrogen. The following quenching and extraction process will be
performed subsequently. The F2 method was derived from ref. [107] with
modifications. The cell-loaded filter membrane after filtration was placed in a 100
mm polystyrene petri dish filled with 3ml of pre-cooled extraction solvent and
placed at -20 °C for 15 min. Then the cell-solvent mixture was transferred to the
plastic centrifuge tubes to perform following extraction process.

2.2.3 Quenching and extraction

Simultaneous quenching and extraction with the cold extraction solution was
employed. As various cell sampling methods were tested, the procedures of
quenching and extraction were different. The quenching and extraction for
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non-filtration method were finished by mixture and several frozen-thaw cycles as
described in non-filtration method. For F1 method, the filter membrane with cell
was immediately immersed in 3 ml of pre-cooled (-20 °C) extraction solution in a
centrifuge tube and frozen by liquid nitrogen. A 30 seconds vortex was performed
after its being thawed on the ice. The frozen-thaw process was repeated and the
resulted samples were stored at -80 °C for further analysis. For F2 method, the
resulted cell-solvent mixture from cell sampling was transferred from the petri
dish to the plastic centrifuge tube. The filter and dish was washed by an additional
1 ml of extraction solvent and combined with the initial extract. The combined
solution was treated for a 30 s vortex and then frozen by liquid nitrogen. After its
being thawed, the solution was performed another 30 s vortex and spun in a
centrifuge for 5 min at maximum speed and 4 °C. The supernatant was taken and
frozen by liquid nitrogen, then stored at -80 °C for further process.

Four

different

extraction

solutions

were

compared:

acidic

acetonitrile/methanol/water (40:40:20 + 0.1 M formic acid) [108] , pure methanol
[109] , 0.3M KOH (dissolved in25% ethanol) [110] and 0.8M perchloric acid
[106]. For KOH and HClO4, to neutralize the solution after frozen-thawing step,
60 µL of glacial acetic acid or 1 ml 2.5 M KOH were added respectively.
To verify whether the leakage of intracellular metabolites indeed occur during the
quenching process, the conventional quenching process was also performed and
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the quenching solution was collected to determine the concentrations of
metabolites in it. To eliminate the amount contributed by the external pool of
metabolites (metabolites excreted to the medium by the cell) during cell culture,
culture samples (10 ml) was filtered and the cell pellets with the filter membrane
were plunged rapidly into 3 ml of 60% aqueous methanol solution (-48 °C) [111]
for quenching, The resulted solution was centrifuged at maximum speed for 10
min at 4 °C. The supernatant was collected as the quenching solution for
determination of metabolites losses during the conventional quenching step. The
cell pellets were employed to perform following steps to measure the
concentration of intracellular metabolites.

2.2.4 Sample clean-up

In order to decrease the matrix effect, protein removal method was employed and
compared with two different solid phase extraction (SPE) methods [112]. The
protein removal was realized by taking 3 ml of extraction solutions for centrifuge
through a Millipore Amicon Ultra centrifugal filter at 3000g and 4 °C for 20min.
After centrifugation, the filtered solution was taken and dried by nitrogen gas,
then re-dissolved by 200 µL of acidic acetonitrile/methanol/water for mass
spectrometric analysis. As a control sample, the extraction solutions directly dried
by a gentle stream of nitrogen gas and re-dissolved by 200 µL acidic
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acetonitrile/methanol/water for LC-MS injection are treated as the sample without
clean-up.

2.2.5 LC-MS/MS analysis

All the LC-MS/MS analysis was performed on a Waters UPLC (Ultra
performance Liquid Chromatography, Waters ACQUITY UPLC system, Waters
Corporation, Milford, MA, USA) coupled with a triple-quadrupole mass
spectrometry equipped with an ESI source (Waters ACQUITYTQ Detector,
Waters Corporation, Milford, MA, USA)with a reversed-phase C18 column (2.1
mm,100 mm, 1.7 μm) for ion-pair mode [110] or a BEH amide column (2.1
mm,100 mm, 1.7 μm) for HILIC mode [90]. The mobile phase consisted of two
components: A (10mM tributylamine aqueous solution adjusted pH to 4.95 with
15mM acetic acid for ion-pair mode and 15mM NH4CH3COO for HILIC mode )
and B (methanol for ion par mode and acetonitrile for HILIC mode) [90, 110].The
mobile phase gradient was showed in Table 2.2. An injection volume of 10 μl was
selected with a flow rate of 0.3 ml/min. Central carbon metabolites were detected
by monitoring their precursor-product transition ions in multiple reaction
monitoring (MRM) mode. The ion transitions were showed in Table 2.3. The
optimized MS parameters were described as follows: the capillary voltage was
3000 V; the dwell time was 0.05 s; the extractor voltage was 2.5 V; the
32

temperatures of the negative ESI source and desolvation gas were 118 and 500°C,
respectively; the cone gas and the desolvation gas flows were 40 and 650 L/h,
respectively. Instrument operation and data acquisition were processed by using
the Waters MassLynx V4.1 SCN562 software package. The previous reported
quantification method [110] was employed for the determination of central carbon
metabolites.

Table2.2 Gradient profile applied in LC-MS/MS method.
Ion pair chromatography

HILIC chromatography

Time(min)

Flow (ml/min)

%A

Time(min)

Flow (ml/min)

%A

0

0.25

100

0

0.25

10

5

0.25

80

9

0.25

50

20

0.25

5

11

0.25

90

22

0.25

100

11.5

0.25

90

25

0.25

100

12.5

0.25

10

15

0.25

10
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Table 2.3 Specific compound dependent MS parameters used in multiple reaction
monitoring (MRM) for central carbon metabolites (Negative ionization mode).
Compound

[M-H]-

G6P/F6P

Main

Product Collision

Cone

ion

Energy(V)

Voltage(V)

259

97

30

20

FBP

339

97

30

25

DHAP/GAP

169

97

12

25

PEP

167

79

15

25

AceCoA

808

79

100

35

R5P

229

97

18

30

OXA

131

87

9

20

AKG

145

101

10

20

SUC

117

73

12

25

FUM

115

71

10

25

MAL

133

115

11

20

CIT/ISOCIT

191

111

12

25

CIT

191

87

19

25

ISOCIT

191

73

12

25

NAD

662

540

22

20

NADP

742

620

22

20

ATP

506

159

60

40

ADP

426

79

40

40

AMP

346

79

30

40

Abbreviations: G6P: glucose-6-phosphate; F6P: fructose-6-phosphate; FBP:
fructose-1,6-diphosphate;
glyceraldehyde-3-phosphate;

DHAP:

dihydroxy-acetone-phosphate;

PEP:

phosphoenolpyruvate;
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GAP:
AcCoA:

acetyl-coenzyme A; CIT: citrate; ISOCIT: isocitrate; AKG: 2-oxoglutarate; SUC:
succinate;

FUM:

ribose-5-phosphate;

fumarate;
NAD:

MAL:

malate;

nicotinamide

OXA:

adenine

oxaloacetate;
dinucleotide;

R5P:
NADP:

nicotinamide adenine dinucleotide phosphate; adenine dinucleotide phosphate
reduced; ATP :adenosine-5-triphosphate; ADP: adenosine-5-diphosphate;

AMP:

adenosine-5-monophosphate;

Table 2.4 Specific compound dependent MS parameters used in multiple reaction
monitoring (MRM) for amino acids (Positive ionization mode).
Compound

[M+H]+

Main

Product Collision

Cone

ion

Energy(V)

Voltage(V)

Glycine

76.1

30.5

16

20

Alanine

90

44

11

20

Serine

106

60

13

20

Proline

116

70

13

20

Valine

118

55

18

20

Threonine

120

74

11

20

Leucine

132

86

9

20

Asparagine

133

74

17

20

Aspartate

134

74

11

20

Lysine

147

67

30

20

Glutamine

147

84

15

20

Glutamate

148

84

15

20

Histidine

156

110

12

20

Phenylalanine

166

103

28

20

Arginine

175

60

14

20

Citrulline

176

159

16

20

Tyrosine

182

77

37

20

Tryptophan

205

146

20

20

35

2.3 Results and discussion

2.3.1 Cell sampling by fast filtration method

Cell sampling is a crucial step because the intracellular metabolites usually belong
to a high flux rate and its pool size is easy to be perturbed. To optimize the cell
sampling method, non-filtration (non-harvest) method was compared with two
filtration (harvest) methods. The results were illustrated in Figure 2.1. Although
the concentrations of metabolites in glycolysis pathway got from non-filtration
method were significantly higher (from 10.7% for DHAP to 37.5% for PEP) than
that obtained from F1 method, it was proved as the "false high level". Because the
factor played a role inside the cell is the intracellular concentration of metabolites,
but not the extracellular concentration or the sum of intracellular and extracellular
concentration (total concentration). The concentration obtained from the
non-filtration method is the total concentration instead of the real intracellular
concentration. Table 2.5 listed the data of intracellular (internal), external and total
concentration of central carbon metabolites. It showed that for the metabolites
whose intracellular concentration obtained from non-filtration method are
significantly higher than that obtained from filtration method, such as PEP,
succinate and αKG, the external pool also contributes a larger percentage of total
concentration (e.g. For αKG, the internal pool contributes 69.5% of the total
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amount, the intracellular concentration obtained from the filtration method is 56.1%
compared to that obtained from non-filtration method). Therefore, the main reason
of the "false high level" is that the external pool was partially counted as the
intracellular concentration by the non-filtration method. Some studies also found
similar excretion in several bacteria species [36, 43, 44].

Figure 2.1 Steady-state intracellular concentrations of central carbon metabolites
obtained with different methods: F1, F2 and non-harvest. Bars represent the
averages with standard errors from three replicate samples taken from
independent cultures and analyzed in duplicate (n=6).
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Table 2.5 The internal and external concentration of central carbon metabolites.
Central

Internal

External

Total

Percentage

of

Concentrationa Concentrationb concentrationc

internal

(mM)

(µM)

concentration (%)

G6P

0.0851

0.0602

0.102

83.4

FBP

1.96

0.826

2.237

87.7

DHAP

0.834

0.209

0.923

90.4

PEP

0.405

0.349

0.557

72.7

FUM

4.86

1.42

5.21

93.2

SUC

0.961

1.45

1.52

63.1

MAL

0.727

0.630

0.876

83.0

α-KG

0.465

1.27

0.669

69.5

CIT

4.99

2.73

5.32

93.8

AMP

0.181

0.008

0.211

85.8

ADP

0.615

0.030

0.65

94.6

ATP

3.03

0.169

3.11

97.4

metabolites

a

(mM)

in

The internal concentrations were obtained from harvest method.

b

The external concentration was obtained from the medium which were

separated from a parallel sample (same culture, same OD) for non-harvest method.
Some constant (the volume of single E. coli cell, the relationship between OD
value and cell number) which were employed to calculate were from ref. [107].
c

The total concentrations were obtained from non-harvest method.
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total

In contrast, the filtration method can avoid the "false high level" problem, it is
possible to become the ideal method if some challenges such as the variation of
metabolic state during the filtration can be conquered. From the results illustrated
in Figure 1, the amount of most metabolites from F1 method is slightly higher
than that from F2 method. It can be attributed to the faster and simpler procedure
of F1 method: the extraction procedure of F1 method can be accomplished in the
centrifuge tube and the petri dish is not required, sample loss during the
transferring and time consuming can be reduced. The filter membrane pre-rinsed
by pre-warmed medium ensured the medium in contact with the cells on the filter
in order to avoid metabolites leakage during the filtration [115], and the
immediately connected filtration and extraction made the whole process fast
(~30sec). Therefore the perturbation of the cellular physiological conditions was
minimized to reduce the variation of metabolic pools. The tiny volume remained
in the membrane (several μl) was constant and the external amount of metabolites
in that could be ignored. Thus, F1 method was the preferred sampling method for
the microbial central carbon metabolites measurement.

2.3.2 Simultaneous quenching and extraction

Since the metabolic status inside the cell behaves a very sensitive fluctuation to
the physiology states, all the metabolic status should be locked immediately by
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quenching the samples taken out of the cell culture. In this study, the leakage of
metabolites was observed when conventional quenching method was applied
(Table 2.6). Because the quenching solution was discarded after centrifugation
and the extraction solution was added subsequently. The leakage of some
metabolites was quite significant, especially for the metabolites in the
tricarboxylic cycle. The highest leakage (percentage of metabolites leak out to the
quenching solution) can be up to 82.4% (αKG). Similar phenomenon was also
reported by some studies [101, 115]. Therefore, the simultaneous quenching and
extraction by the cold extraction solution was preferred as it might avoid the
leakage of metabolites during quenching procedure and shorten the operation time
to reduce the probable degradation or fluctuation of metabolites.

Table 2.6 The concentration of central carbon metabolites in the quenching
solution when conventional quenching method was applied.
Central

Concentration

Concentration

Concentration

Percentage

Carbon

obtained from

in the

obtained from

of sample

quenching

simultaneous

loss (%)

solution (µM)

quenching and

metabolites conventional
quenching
method (mM)

extraction (mM)

G6P

0.024

0.063

0.085

71.5

FBP

1.55

0.372

1.96

21.0

DHAP

0.657

0.243

0.834

21.2

PEP

0.323

0.042

0.405

20.4
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FUM

1.31

3.25

4.86

73.0

SUC

0.375

0.394

0.961

61.0

MAL

0.239

0.387

0.727

67.2

α-KG

0.082

0.369

0.465

82.4

CIT

1.89

2.75

4.99

62.2

AMP

0.096

0.069

0.181

47.1

ADP

0.252

0.289

0.615

59.1

ATP

1.21

1.18

3.03

60.1

The selection of extraction solution is important when the simultaneous quenching
and

extraction

method

is

applied.

Pure

methanol

and

acidic

acetonitrile/methanol/water were initially selected based on previous reports [108,
111], and compared with alkalic and acidic aqueous solution. The results in Figure
2.2 showed that both acidic acetonitrile/methanol/water and pure methanol
provided higher recovery for central carbon metabolites. The concentration of
ATP from acidic acetonitrile/methanol/water extraction was higher than that from
pure methanol extraction, and the concentrations of ADP and AMP were lower
accordingly. It indicated that a larger fraction of ATP may degrade to ADP or AMP
in methanol than that in acidic acetonitrile/methanol/water. The results agreed
with a previous report that the acidic acetonitrile minimized triphosphate
degradation [108]. Thus, the acidic acetonitrile/methanol/water was applied for
extraction of central carbon metabolites in E. coli.

41

Figure 2.2 Steady-state intracellular concentration of central carbon metabolites
obtained by using the sampling method F1 and different extraction solutions.

2.3.3 Sample clean-up for protein removal

Biological samples usually show distinct matrix effect that requires special
attention and more intensive pre-treatment. The co-injected interfering compounds
like proteins may induce ion suppression in LC-MS analysis. In this study,
deproteinization filter was employed to separate the metabolites and proteins by
cutting the molecular weight of 3000Da. The results in Figure 2.3 showed that the
protein removal process increased the signal of metabolites in mass spectrometry
analysis and enhanced the recovery significantly. The highest increase of
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metabolites level after applying the protein removal method was 19.6% (FBP).
Although the cold extraction solution could precipitate proteins, the residually
fraction of proteins might still suppress the signal of some metabolites and thus
needed to be removed.

Figure 2.3 Measured intracellular concentration of central carbon metabolites
with (grey color)/without (white color) protein removal process.

2.3.4 LC-MS/MS determination of intracellular metabolites

Separation and detection of central carbon metabolites were challenge because of
the common properties such as high polarity and low molecular. In this study,
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ion-pair chromatography (IPLC) coupled with tandem mass spectrometry was
applied. The use of volatile ion-pair reagent tributylamine avoided deposition at
the ion source. Mass spectrometry is preferred for the aims of high throughput,
resolution, and sensitivity [90] because most of central carbon metabolites have
no or weak UV absorption or florescence. The MS/MS analysis allowed
metabolites identification through interpretation of fragmentation pathway, in
addition to the criteria of retention time. The second dimension separation from
MS/MS analysis was also crucial for the determination of metabolites that could
not be separated chromatographically. Figure 2.4 showed the results from
IPLC-ESI-MS/MS analysis of E. coli cell samples. Figure 2.4a and Figure 2.4b
showed the separation of isomeric metabolites (G6P/F6P and GAP/DHAP)
which has the same MS/MS pattern by the ion-pair chromatography. On the other
hand,

CIT/ISOCIT

and

metabolites

that

could

not

be

separated

chromatographically could be successfully distinguished from MS/MS analysis
because they have different specific MRM transitions (Fig. 4d and Table 2.3) .

In contrast, the separation of central

carbon metabolites by HILIC

chromatography coupled with ESI(+)-MS was not as good as that by
IPLC-ESI-MS (results not shown). However, some amino acids could be
determined by HILIC chromatography coupled with ESI(+)-MS as they could not
be detected by IPLC-ESI(-)-MS (Figure 2.5).
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Figure 2.4 Extracted ion chromatography of central carbon metabolites from E.
coli samples. Top: MRM chromatogram of chromatographically separated central
carbon metabolites from IPLC-ESI-MS analysis: a) separation of G6P and F6P
which has the same MRM transition 259>97 and b) separation of GAP and DHAP
which has the same MRM transition 169>97. Bottom : c) separation of ATP, ADP
AND AMP and d) chromatograms with different MRM transitions for
distinguishing the metabolites that cannot be chromatographically separated.
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Figure 2.5 Combined selective ion chromatogram of amino acids from
HILIC-ESI(+)-MS. Abbreviations ： Asn ： asparagine; Arg: arginine; Gln:
Glutamine;

Leu:

Leucine;

Phe:

phenylalanine;

Pro:

Proline; Val:

Valine.

2.4 Chapter summary

A comprehensive sample preparation method was developed and optimized for
the measurement of central carbon metabolites in Escherichia coli, including cell
sampling, quenching and extraction, and clean-up. The results showed that the fast
filtration with membrane (F1 method) coupled with simultaneous quenching and
extraction by cold acidic acetonitrile/methanol/water solution could avoid some
problems: application of the F1 method avoid the error of "false high level of
metabolites" caused by external pool of metabolites compared to non-filtration
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method. On the other hand, the F1 method was also faster and easier than other
filtration methods such as F2 and centrifuge. The problem of significant leakage
of intracellular metabolites during quenching step indicated that the simultaneous
quenching and extraction by the cold extraction solution was preferred over the
extraction of metabolites from the cell pellets collected after quenching by cold
methanol or other solutions. The cold acidic acetonitrile/methanol/water
extraction solution not only provided a better recovery and coverage, but also
prevented the degradation of triphosphate. In addition, the filter membrane for
protein removal reduced the matrix effect and thus lowered the detection limit.
IPLC-ESI-MS method at negative ion mode was employed for the determination
of central carbon metabolites. The application of the developed platform could
provide better coverage and more accurate quantitative results of intracellular
metabolites from different strains and conditions, which may offer more realistic
integration of metabolic network knowledge with other omics data into large-scale
systematic mathematical models to reveal the regulation principle of organisms.
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Chaper 3 Metabolic response of E. coli to nutrition stress

3.1 Introduction

Cells show a timely and appropriate adjustment of physiology on all levels of
cellular activity in response to extracellular changes. Among different kinds of
stress, the nutrient stress has the largest impact on cellular metabolism. The
growth of a cell comes to a halt under a variety of stress conditions, in particular
depletion of a critical nutrient in the medium [116]. The timing of regulatory steps
that shut down growth, adjust the influx and the way cells coordinate its protein
composition to enter into a different growth mode or the stationary phase, are
poorly understood so far. Characterization of the cellular response of microbial
systems to environmental perturbations especially nutrient stress has attracted
increasing interests in recent years. Stress response has been studied extensively at
the gene expression level. Gene expression change upon stress brings the cell to a
new internal state in as short as a few minutes [117]. The short-time responses are
usually directed at reducing/eliminating harmful effects and repairing damage. On
the other hand, they are often accompanied by growth arrest (sometimes
temporary, lasting for about 40 min or so). Many efforts have been made to
investigate the correlation between the type of stress and response in Escherichia
coli. The central regulators including Rpos and other important regulators such as
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ppGpp are often implicated in these studies [118, 119]. Targets of these regulators
have been well-characterized and the mechanisms of tuning the gene expression
profile to real-time nutrient condition were described [120]. The studies give
indications on the cellular strategies to cope with a given type of stress condition
by altering its gene expression profile in a particular way. However,
transcriptional regulation alone is not sufficient to completely determine the
metabolite flow pattern on the complex metabolic network. It is known that
metabolites and proteins can actually regulate themselves to some extent and
many downstream mechanisms can play important roles in cellular responses
through self-adjustment. For example, allosteric regulation by small molecules
can change the conformation of proteins so that rapid regulation can be achieved,
with the time scale much shorter than transcriptional regulation [121]. It is thus
important to take into account changes of metabolite concentrations and protein
activity in downstream in addition to gene expression changes to obtain a more
complete picture of cellular stress response. Very recently, a small number of
groups started to examine simultaneously the responses of metabolome and
transcriptome to different stresses [12, 122]. Correlations between transcriptomic
and metabolomic levels have been observed in some cases. Truly indeed, there is
still a long way to decipher the genome-wide metabolic regulatory program
implemented through the local switching events and coordinated moves, which
act in a flexible and conditional way. Revelation of the nutrient-stress response
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program of the model organism will not only advance our understanding of the
cellular strategies under environmental perturbations, but also provide guidance to
metabolic engineering and synthetic biology for high-efficiency products.

In this work, the mass-spectrometry based "bottom-up" approach was employed to
investigate the cellular response of E.coli to nutrient stress. By manipulate the
carbon influx by titritable promoter or various carbons, the concentrations of
central carbon metabolites were collected under different carbon or nitrogen
influx.

3.2 Materials and methods

3.2.1 Strains and growth of bacterial culture

3.2.1.1 Strain construction

Construction of titratable lacY (NQ381) and titratable glpFK (NQ399) strains:
DNA fragment containing the Pu promoter (-1 bp to -178 bp relative to the
transcriptional start site) was amplified by PCR from a Pu promoter containing
plasmid pEZ9, then inserted into the SalI and BamHI sites of plasmid pKD13,
producing plasmid pKDPu. Using this plasmid as a template, the region
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containing the km gene and Pu promoter was PCR amplified and integrated into
the chromosome of E. coli strain NQ351 between the lacZ and lacY (from lacZ
stop codon to lacY start codon), and in front of glpF (-1 bp to -252 bp relative to
the translational start point of glpF) respectively, by using the λ Red system [123].
Because the activation of Pu promoter needs the XylR protein, we constructed a
strain NQ386 in which a synthetic lac promoter PLlac-O1 [124] (a promoter that
is repressed by LacI but does not need Crp-cAMP for activation) driving xylR
(xylR gene was cloned from pEZ6 [125]) was inserted at the attB site. The
km-Pu-lacY and km-Pu-glpFK constructs in NQ351 were transferred into strain
NQ386 containing PLlac-O1-xylR by P1 transduction, resulting in strains NQ381
and NQ399, respectively.

Construction of titratable GOGAT strain (NQ393): Using the λ Red system [123],
we replaced the promoter (+123 bp to -176 bp) of gltBDF operon by the synthetic
lac promoter PLlac-O1 [124] (a promoter that is repressed by LacI but does not
need Crp-cAMP for activation) together with selection maker km gene. The
resulting Km-PLlac-O1-gltBDF construct was transferred to strain NCM3722 by
P1 transduction [126]. The km gene was then eliminated by using plasmid PCP20
[127]. A sp-lacIQ-tetR cassette providing constitutive expression of lacI to tightly
repress PLlac-O1 activity was inserted at the attB site by P1 transduction. Lactose
permease encoded by lacY can concentrate intracellular IPTG and will narrow the
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titration range, we inactivated lacY by P1 transduction using strain JW0334-1from
CGSC (E. coli Genetic Stock Center, Yale University) as lacY donor following
by Km gene elimination. The gdhA gene was knocked out by P1 transduction
using strain JW1750-2 from CGSC as gdhA donor following by Km gene
elimination to obtain the final strain NQ393.

3.2.1.2 Mediums and growth measurements

All growth media used in this study were based on the M9 minimal medium with
slight modifications. See Chapter2 for the composition of the base medium. The
lactose minimal medium and the glucose minimal medium had 0.2% (w/v) lactose
and 0.2% (w/v) glucose in addition to the base medium, respectively. For the
C-limitation growth, 1 mM isopropyl -D-1-thiogalactopyranoside (IPTG) and
various concentrations (0-500 µM) of the inducer 3-methylbenzyl alcohol (3MBA)
were added to the lactose minimal medium. For the N-limitation growth, various
concentrations of IPTG (30-100 µM) were added to the glucose minimal medium.
For the C-limitation growth with NQ399, 0.2% (w/v) glycerol was added to the
MOPS base medium, in addition to 1 mM IPTG and various concentrations
(0-500 µM) of 3MBA. The same glycerol minimal medium with no 3MBA and
various amounts of IPTG (25-75 µM) was used for the N-limitation on glycerol.
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All batch culture growth was performed in a 37C water bath shaker shaking at
250 rpm. The culture volume was at most 10 ml in 25 mm  150 mm test tubes.
Each growth experiment was carried out in three steps: "seed culture" in LB broth,
"pre-culture" and "experimental culture" in identical minimal medium. For seed
culture, one colony from fresh LB agar plate was inoculated into liquid LB and
cultured at 37C with shaking. After 4-5 hrs, cells were centrifuged and washed
once with desired minimal medium. Cells were then diluted into the minimal
medium and cultured in 37C water bath shaker overnight (pre-culture). The
overnight pre-culture was allowed to grow for at least 3 doublings. Cells from the
overnight pre-culture was then diluted to OD600 = 0.005-0.025 in identical
pre-warmed minimal medium, and cultured in 37C water bath shaker
(experimental culture). 200 l cell culture was collected in a Starna Sub-Micro
Cuvette (Starna Cells, Atascadero, CA) for OD600 measurement using a Thermal
GENESYSTM 20 Spectrophotometer around every half doubling of growth.
About 5-7 OD600 data points within the range of ~0.05 and ~0.5 (Above
OD600=~0.6 the spectrophotometer was determined to be slightly nonlinear.)
were used for calculating growth rate.

3.2.2 Sample preparation for quantification of intracellular
metabolites
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The E. coli cell samples were collected during the exponential growth. The filter
membrane was pre-rinsed by pre-warmed Milli-Q water and culture medium, then
10ml of culture with certain OD was quickly filtrated under vacuum(Common
filtration manifold, 25 mm diameter membrane with 0.45 μm pore size, Millipore).
2 ml of wash medium was pipetted onto the membrane once or twice if washing
was required. Then the membrane was immediately immersed in 3ml of acidic
methanol/acetonitrile/water mixture solution (40:40:20 in volume, with 0.1M
formic acid) in a plastic tube. These two steps were finished within 30s. After 30s
vortex, the tube was frozen by liquid nitrogen for 1min and vortex for another 30s
vortex after its thawing. Then the tube was centrifuged, cell debris and filter were
discarded, the supernatant was taken and frozen by liquid nitrogen. Then the
resulted solutions were centrifuged through a Millipore Amicon Ultra Filter at
3000g and 4 °C for 20 min for deproteinization. After centrifuge, 2 ml of
supernatant was taken and dried by nitrogen gas for derivatization.

3.2.3 LC-MS/MS analysis of intracellular metabolites

All the LC-MS/MS analysis was done by using the method described in chapter 2.
Waters UPLC(Ultra performance Liquid Chromatography, Waters ACQUITY
UPLC system, Waters Corporation, Milford, MA, USA) coupled with a
triple-quadrupole mass spectrometry equipped with an ESI source (Waters
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ACQUITYTQ Detector, Waters Corporation, Milford, MA, USA).with a
reversed-phase C18 column (2.1 mm,100 mm, 1.7 μm) running on ion-pair mode
[111]. The mobile phase consisted of two components: A (10mM tributylamine
aqueous solution adjusted pH to 4.95 with 15mMacetic acid) and B (methanol)
[111]. See chapter 2 for the details of LC-MS/MS parameters.

3.3 Results and discussion

3.3.1 Growth rate at different nutrition conditions

Growth rate is a crucial physiology of E. coli cells. Most biological behaviors of
cells are growth dependent, such as expression level of genes and metabolic status.
Various carbon sources and titratable carbon and nitrogen uptake were employed
in this study, the growth rate under different conditions were measured. Figure 3.1
showed the growth rate in various carbons of three different strains with no
significant difference between wild type and two mutations for each carbon. It
indicated that no growth defect for sdhC mutation and sdhC+aceA double
mutations, although sdhc and aceA are genes in the tricarboxylic cycle and
glyoxylate shunt that are two important pathways of central carbon metabolism.
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Figure 3.1 The growth rate of wild type, Dsdhc, Dshdc+DaceA strains in various
carbons.

Moreover, carbon and nitrogen uptake titrations were also employed to obtain the
data under different carbon influx and nitrogen influx (Figure 3.2 and 3.3). The
titratable promoter can control the influx with the specific carbons, thus the
influence of carbon differences can be avoided. Figure 3.4 and 3.5 shows the
growth rate of carbon and nitrogen limitation for the wild type strain, a positive
correlation was confirmed between the carbon/nitrogen influx and growth rate. In
addition, growth defect was found between Pu-lacY and Pu-lacY DsdhC strain
(Figure 3.6), which was not found in the wild type and DsdhC strain with various
carbons, even in lactose. It indicated that the effects induced by different ways of
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nutrition stress may be quite diverse.

Figure 3.2 Carbon limitation by titrating the expression of transporter lacY (top)
and glpfk (bottom) to control the lactose and glycerol uptake rate.

LacY or glpfk are the only transporter that allows E. coli to grow on lactose or
glycerol as the sole carbon source. We inserted the titratable Pu promoter and the
expression of Pu is activated by the regulator XylR upon induction by
3-methylbenzyl alcohol (3MBA). Strains was grown in lactose and glycerol
minimal medium, supplemented with 1 mM IPTG and various 3MBA levels
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(0-500 µM) to stimulate XylR and titrate the expression of LacY.

Figure 3.3 Nitrogen limitation by titrating ammonia assimilation.

The constructed strain (NQ393) whose abilities to assimilate ammonium as the
sole nitrogen source can be varied in graded manners. The strain NQ393 is deleted
of gdhA and has the promoter of gltBD(GOGAT) replaced by the Plac promoter,
so the ammonium assimilation must be proceeded by the pathway that GOGAT is
necessary. Strain NQ393 was grown on glucose minimal medium, supplemented
various IPTG levels (30-100 µM) to titrate the expression of GOGAT.
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Figure 3.4 The growth rate of carbon limitation by titrating lactose and glycerol
uptake.

Figure 3.5 The growth rate of nitrogen limitation by titrating nitrogen uptake.
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Figure 3.6 The growth rate of lactose uptake titration for wild type and DsdhC
strains.

3.3.2 The carbon flux changes to nutrition stress revealed by
fructose-1,6-biphosphate (FBP) levels

FBP is an important intermediate of glycolysis, it acts as an inhibitor of the
transcription factor Cra that regulates glycolyticand gluconeogenic genes in
Escherichia coli[128-131] (Figure 3.7). Recently, Karl et al. suggested that the
FBP–Cra interaction was part of a flux sensor, which senses the metabolic flux
through glycolysis [132]. The glycolytic flux also reflects the carbon influx
because it is the beginning of carbon utilization. FBP also activate the pyruvate
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kinase, which was enrolled to convert phosphoenolpyruvate (PEP) to Pyruvate, in
order to supply sufficient precursor for TCA cycle or overflow metabolism. Thus,
in order to determine the carbon influx of central carbon metabolism and provide
some information for mechanisms of related pathways, the absolute intracellular
FBP concentration was measured under different nutrition conditions.

Figure 3.7 Schematic illustration of the glycolytic flux sensor FBP, it’s
embedding in the glycolytic pathway.

The intracellular concentrations of FBP at carbon-limitation and nitrogen
limitation conditions were shown in Figure 3.8 and 3.9. A striking linear
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relationship was observed between the growth rate and FBP concentration in both
conditions. Meanwhile, some differences were found between different carbon
sources employed during carbon or nitrogen uptake titration. The concentrations
of FBP from glycerol in carbon limitation are higher than that from lactose when
they have the same or close growth rate. It may be attributed to the different
utilization ways of lactose and glycerol. Glycerol needs some steps of
gluconeogenesis pathway to be converted to the intermediate that can enter the
glycolysis. When the growth rate increases, the demand of increasing the carbon
influx will drive a higher level of metabolic flux of both glycolysis and
gluconeogenesis pathway. Because FBP is a flux sensor for both pathways, more
FBP is needed to tune the gene expression level for gluconeogenesis pathway at
the same growth rate when the cell grown in glycerol. The similar phenomenon
was also found in the nitrogen limitation. However, when the cells grew in
glycerol under nitrogen limitation, the increase of FBP concentration became
slower when the growth rate increasing. Furthermore, the sdhC mutation strains
with titratable lactose promoter was also tested, Figure 3.10 showed that although
growth defect was found for the sdhC mutant, the FBP levels of both strain still
followed a linear correlation with growth rate. Thus, the carbon and nitrogen
limitation may utilize different regulation mechanisms because the behavior of
cells grew in glycerol under nitrogen limitation was slightly different with carbon
limitation. More data of other metabolites need to be collected to confirm this
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hypothesis and to reveal the mechanisms of coordination of metabolism when cell
met the carbon and nitrogen limitation.

The FBP levels of different strains grew in various carbons were also measured.
The trend was totally different with carbon and nitrogen titratable uptake groups
(Table 3.1). No significant correlation was found between growth rate and the
FBP levels. It indicates that the different utilization ways of various carbon affect
the carbon influx clearly.

Figure 3.8 The intracellular concentration of FBP under carbon limitations.
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Figure 3.9 The intracellular concentration of FBP under nitrogen limitations.

Figure 3.10 The intracellular concentration of FBP with lactose uptake titration
for wile type and DsdhC strains.
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Table 3.1 The intracellular concentration of FBP for wild type, Dsdhc and
Dsdhc+DaceA strains in various carbon sources.
Strain

Carbon

Growth Rate (hr-1)

FBP Concentration (mM)

Wild Type

Glucose

0.92

2.29

Wild Type

Lactose

0.94

2.33

Wild Type

Galactose

0.50

1.94

Wild Type

Glycerol

0.61

1.88

Wild Type

Arabinose

0.86

2.86

Wild Type

Maltose

0.64

3.04

Wild Type

Mannose

0.48

1.44

DsdhC

Glucose

0.91

2.43

DsdhC

Lactose

0.91

2.06

DsdhC

Galactose

0.47

2.04

DsdhC

Glycerol

0.47

2.04

DsdhC

Arabinose

0.81

3.15

DsdhC

Maltose

0.61

2.97

DsdhC

Mannose

0.50

1.53

Dsdhc+DaceA

Glucose

0.91

2.65

Dsdhc+DaceA

Lactose

0.90

3.99

Dsdhc+DaceA

Galactose

0.48

1.51

Dsdhc+DaceA

Glycerol

0.61

0.90

Dsdhc+DaceA

Arabinose

0.82

0.86

Dsdhc+DaceA

Maltose

0.62

1.31

Dsdhc+DaceA

Mannose

0.50

1.25
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3.3.3 The α-ketoglutarate (αkg) coordinates the carbon and
nitrogen flux

Microbes could coordinate the uptake of carbon and nitrogen which were the
primary substrates for biomass production, when they survived in numerous
nutrition conditions. The mechanisms that balance carbon and nitrogen uptake
attracted more and more interest. α-ketoglutarate (αkg), an intermediate located in
both energy producing TCA cycle and the nitrogen assimilation, serves as a bridge
of carbon and nitrogen metabolism. In this study, intracellular concentrations of
αkg were also measured under different nutrition conditions to provide more
information of regulation mechanism. Figure 3.11 and 3.12 showed the αkg level
under carbon and nitrogen limitation, respectively. The opposite trends were
found between the different limitations: the αkg concentration increased when the
growth rate increased under carbon limitation, but decreased under nitrogen
limitation. In addition, linear correlations were observed in both two groups. The
αkg levels of different strains under various carbons were also shown in Table 3.2.
As all the samples of carbon limitation and grew in various carbons had the same
nitrogen source, both titratable carbon uptake and various carbon sources can be
treated as the carbon variation. The relationship between growth rate and FBP/αkg
showed the same trend with the growth rate changes. The opposite results in
nitrogen limitation (the FBP levels increase with the growth rate, the αkg levels
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were linearly decreased with growth rate increased) confirmed that the cells may
use different strategy to carbon and nitrogen limitation. In other words, the carbon
and nitrogen limitation may meet the different conditions in the regulations that
cell coordinate the nutrition availabilities.

Figure 3.11 The intracellular concentration of αkg under carbon limitations.
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Figure 3.12 The intracellular concentration of αkg under nitrogen limitations.

Table 3.2 The intracellular concentration of αkg for wild type, Dsdhc and
Dsdhc+DaceA strains in various carbon sources.
Strain

Carbon

Growth Rate (hour-1) αkg Concentration (mM)

Wild Type

Glucose

0.92

0.40

Wild Type

Lactose

0.94

0.76

Wild Type

Galactose

0.50

1.49

Wild Type

Glycerol

0.61

0.68

Wild Type

Arabinose

0.86

2.66

Wild Type

Maltose

0.64

1.47

Wild Type

Mannose

0.48

0.46

DsdhC

Glucose

0.91

0.25
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DsdhC

Lactose

0.91

0.97

DsdhC

Galactose

0.47

1.31

DsdhC

Glycerol

0.47

2.69

DsdhC

Arabinose

0.81

2.78

DsdhC

Maltose

0.61

0.90

DsdhC

Mannose

0.50

0.18

Dsdhc+DaceA

Glucose

0.91

0.38

Dsdhc+DaceA

Lactose

0.90

0.32

Dsdhc+DaceA

Galactose

0.48

0.18

Dsdhc+DaceA

Glycerol

0.61

0.40

Dsdhc+DaceA

Arabinose

0.82

0.39

Dsdhc+DaceA

Maltose

0.62

0.60

Dsdhc+DaceA

Mannose

0.50

0.62

The relationship between growth rate and FBP/αkg agreed with the mechanism
reported previously and provide more evidence for it that α-ketoacids were the
key for catabolites by independently inhibition of adenylate cyclase, which was a
crucial enzyme for the global regulator cAMP synthesis (Figure 3.13) [133].
Among several α-ketoacids, α-ketoglutarate is the most abundant one [8].
Therefore, it could be physiologically dominant. During carbon uptake titration,
with the carbon influx increasing by titrating, the FBP level raised as its sensing
the carbon influx. The αkg level also rose as a result of increased carbon influx
and activated the nitrogen assimilation to enlarge the nitrogen influx to balance
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the carbon and nitrogen demand. Furthermore, if the cell met nitrogen limitation,
when the nitrogen influx was increasing by titrating, there were more demands for
increasing the carbon influx to meet the requirement of carbon from more
nitrogen, thus the concentration of αkg was decreased to release the inhibition of
cAMP in order to activate the carbon influx. Moreover, the tuning of carbon and
nitrogen influx according to nutrition conditions resulted different rate of amino
acids and protein synthesis, which was the reason of different biomass synthesis
and growth rate resulted. This scenario revealed the mechanism of regulation
response to the nutrition conditions and reason of physiology changes.
Fascinatingly, α-ketoglutarate was both a key metabolite and a crucial regulator,
this role of α-ketoglutarate was evolutionarily conserved, and its functions in
humans were cofactor to enzymes that covalently modify DNA, transcription
factors, and histone proteins [134].

Figure 3.13 Regulation of carbon and nitrogen flux by α-ketoacids and cAMP
according to carbon and nitrogen availability.
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3.3.4 The different behaviors of glycolytic and TCA intermediates
between carbon and nitrogen limitation

Besides the two key regulators FBP and αkg, intracellular concentrations of other
intermediates in glycolysis and TCA cycle were also measured (Figure 3.14 to
Figure3.19). An interesting phenomenon was also observed that the relationship
between growth rate and intracellular concentrations of metabolites in TCA cycle
and glycolysis was different for carbon and nitrogen limitations. The
concentration of metabolites in the TCA cycle increased linearly with growth rate
increasing in carbon limitation, but showed no correlation with growth rate in
nitrogen limitation. In contrast, the trend of PEP in glycolysis was opposite, and
showed no correlation with growth rate in carbon limitation, however, positive
correlation with growth rate in carbon limitation. Thus, the results of other
intermediates also confirmed that cell utilize different strategy to coordinate the
carbon and nitrogen flux, which also reflect the catabolic and anabolic metabolism,
respectively. When carbon limitation was applied and slowed down the growth
rate, the need for carbon catabolic enzymes was increasing and for anabolic
enzymes was decreasing, because the biosynthesis was needed to be promoted and
carbon was used as a building block (Fig.3.13). The concentration of precursors
were needed to be decreased with the slowed growth, not only because lower
concentration of precursors could tune down the nitrogen influx to match the
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carbon influx, but also due to more precursors were consumed for building blocks.
Thus, although the carbon and nitrogen influx decreased when slowed the growth,
the intermediates in glycolysis could keep homeostasis. On the other hand, When
nitrogen limitation was applied and slowed down the growth rate, less demand for
carbon-catabolic enzymes and more demand for those involved in nitrogen
assimilation [133]. The concentration of αkg rose when growth rate decrease and
most part of produced αkg were enrolled the nitrogen assimilation. To keep the
homeostasis of other TCA intermediates, the concentration of glycolysis
metabolites decreased when growth rate slowed down, because the carbon influx
also decreased.

Thus, the picture of the mechanisms was clear: The nutrition conditions decided
the machinery rate of catabolic and anabolic. if carbon-catabolic machinery
exceeded the anabolic machinery, accumulation of α-ketoglutarate inhibited the
carbon-catabolic enzymes and tuned the carbon and nitrogen influx. In contrast, if
anabolic machinery was in excess, the concentration of α-ketoglutarate fell down
and carbon-catabolic enzymes were activated. The results collected from carbon
and nitrogen limitations and various carbons provided down-stream evidence for
the scenario.
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Figure 3.14 The intracellular concentration of succinate under carbon limitation.

Figure 3.15 The intracellular concentration of succinate under nitrogen limitation.
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Figure 3.16 The intracellular concentration of Malate under carbon limitation.

Figure 3.17 The intracellular concentration of malate under nitrogen limitation.
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Figure 3.18 The intracellular concentration of PEP under carbon limitation.

Figure 3.19 The intracellular concentration of PEP under nitrogen limitation.

75

3.4 Chapter Summary

In this chapter, the developed LC-MS based method was applied to investigate the
metabolic response to the nutrition stress. Intracellular concentration of central
carbon metabolites were measured under various carbon sources and
carbon/nitrogen uptake titration. The FBP concentration revealed the carbon
influx because it served as a sensor of glycolytic flux. The positive correlation
between FBP and growth rate was confirmed. The α-ketoglutarate served as a
coordinator of carbon and nitrogen flux response to the nutrient availabilities. The
α-ketoglutarate showed different dependence on growth rate between carbon
limitation and nitrogen limitation, indicated that the mechanism of regulation of
carbon and nitrogen limitations were different. The different behaviors of
glycolytic and TCA intermediates under carbon and nitrogen limitations
confirmed the observation. The scenario illustrated in Figure 3.13 that based on
previous report combined with the data of intracellular concentration of central
carbon metabolites provided a detailed mechanism of coordination of catabolism
and anabolism under various nutrient conditions. When sufficient carbon sources
were served or nitrogen was limited, carbon influx exceeds anabolic capability
and α-ketoacids (mainly α-ketoglutarate) accumulation inhibited cAMP so that the
carbon influx turned down. Conversely, when carbon was limited, α-ketoacids
levels fell down and cAMP increased to stimulate production of the required
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carbon-catabolic machinery to match up to the requirement of demands by
relatively larger anabolic machinery.
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Chapter 4 Application of LC-MS based proteomics for
acetate overflow in Escherichia coli

4.1 Introduction

As a most widely used model organism, Escherichia coli has not only been used
for molecular biology for investigating various mechanisms inside the cell, but
also for biotechnology applications such as producing recombinant proteins or
activated low molecular compounds with manipulated genome. Applications in
industrial biotechnology have attracted exceptional attention in the beginning of
this century, as the explosive progress of molecular biology techniques such as the
high-throughput genome sequencing. It raises the hope of revolution in related
areas like bio-pharmaceutical due to its low cost of manufacturing with renewable
resources [135, 136]. However, some problems which made the productivity
much lower than the ideal situation still exist. One of the major problems is the
overflow metabolism, which is a common phenomenon in many species. For
mammalian cells, it was called "the Warburg effect" that attracted more and more
attention of researchers in the area of cancer, since cancer cells predominantly
employ a high rate of glycolysis followed by lactic acid fermentation to produce
energy rather than using glycolysis followed by oxidation phosphorylation in
mitochondria for most normal cells [137-139]. For E. coli and most of the bacteria,
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the overflow metabolism also not only occurs under anaerobic circumstance, but
also aerobic cultivation at high growth rate with rich nutrition conditions.
Accumulated overflow metabolites (i.e. acetic acid for E. coli) affected the cell
behavior, including inhibition of growth and changing of distribution of metabolic
flux from biomass formation [140, 141]. The phenomenon of overflow
metabolism has been studied widely in recent years and the data has been
collected under carbon limited chemostats, the dependence of acetate excretion on
dilution rates was found in various organisms.Figure4.1 summarized the results
from previous studies [142-147] .

Several explanations also have been made in previous studies (e.g. energy
generation [149, 150], limited capacity in other energy production pathways
including the tricarboxylic acid (TCA) cycle [151, 152] and respiratory chain
[153-155], assessment of carbon availability/quality via cAMP [156], and the
necessity of acetate for coenzyme A replenishment [157]). In addition, various
genetic modifications of the acetate synthesis pathways were extensively studied
to diminish acetate production [158]. However, it not fully succeeded in avoiding
acetate accumulation together with increasing target product production yields and
rates. Moreover, studies focused on growth rate dependency of protein and gene
expression regulation related to the overflow metabolism were very rare. In this
chapter, proteomics approach were employed to combine with quantitative
79

physiological study to quantitatively describe the physiology of overflow
metabolism on multiple levels, which was the basis of systems biology. By
accumulation of quantitative data in gene expression, proteome allocation and
other related results, we are able to provide a new scope of quantitative
understanding of this long-standing mysterious phenomenon.

Figure 4.1 Acetate excretion data from previous chemostat studies. (A)
Glucose-limited Chemostat data based on the Figure 1 of the reference [148]. (B)
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Glucose-limited and pyruvate–limited Chemostat data from the Table 7 of the
reference [143]. (C) Glucose-limited Chemostat data based on the Figure 3 of the
reference [145]. Only data with dilution rate less than the apparent washout dilution
rate are plotted here. (D) Glucose-limited Chemostat data from the Table 1 of the
reference [147]. (E) Glucose-limited Chemostat data based on the Figure 4 of the
reference [146].

4.2 Materials and methods

4.2.1 Strains and growth of bacterial culture

The strains used in this study are derived from Escherichia coli K12 strain
NCM3722 [159] were summarized in Table 4.1.

Table 4.1 Genotype of strains used in this study
Strain #

Genotype

NQ2

E. coli K12 prototroph (wild type)

NQ381

attB::Plac (no CRP needed)-xylR lacZ- kan::Pu-lacY (Pu rbs)

NQ393

∆gdhA+plac-gltBD, attB(phage):lacIQ-tetR::Sp, ∆lacY

NQ399

attB::Ap:Plac (no CRP needed)-xylR, PglpFK::Kan-Pu

NQ1002

PglpFK::Pu, attB:AP-pl-xylR, PlacZ::kan-PsdhC
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NQ1003

PglpFK::Pu, attB:AP-pl-xylR, PlacZ::kan-PgapA

NQ1004

PglpFK::Pu, attB:AP-pl-xylR, PlacZ::kan-PfumA

NQ1005

PglpFK::Pu, attB:AP-pl-xylR, PlacZ::kan-PaceB

NQ1006

PlacZ::PsdhC

NQ1007

PlacZ::PgapA

NQ1008

PlacZ::PfumA

NQ1009

PlacZ::PaceB

NQ1116

∆sucC-km, PlacZ::PsdhC

NQ1117

∆aceA-km, PlacZ::PsdhC

NQ1119

∆sucC-km, PlacZ::PfumA

NQ1120

∆aceA-km, PlacZ::PfumA

NQ1122

∆sucC-km, PlacZ::PaceB

NQ1123

∆aceA-km, PlacZ::PaceB

NQ1124

∆pck-km, PlacZ::PaceB

NQ1127

∆sdhC-km

NQ1128

∆aceA, ∆sdhC-km

NQ1023

∆sucC

NQ1026

∆aceA

NQ1027

∆aceA, ∆sucC-kan

NQ1036

PglpFK::Pu, attB:AP-pl-xylR, ∆sucC

NQ1038

PglpFK::Pu, attB:AP-pl-xylR, ∆aceA

All growth media used in this study were based on the MOPS-buffered minimal
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medium used by Cayley et al. [160] with slight modifications. The base medium
contains 40 mM MOPS and 4 mM tricine (adjusted to pH 7.4 with KOH), 0.1 M
NaCl, 10 mM NH4Cl, 1.32 mM KH2PO4, 0.523 mM MgCl2, 0.276 Na2SO4, 0.1
mM FeSO4, and the trace micronutrients described in Neidhardt et al. [36].For
15

N-labeled media,

15

NH4Cl was used in place of

14

NH4Cl. For carbon and

nitrogen limitation, see chapter 3 for details of the growth conditions.

4.2.2 15N-labeled proteomic mass spectrometry

4.2.2.1 Sample collection and preparation

1.8 ml of cell culture at OD600=0.4~0.5 during the exponential phase of the
experimental culture (defined above) was collected by centrifugation. The cell
pellet was re-suspended in 0.2 ml water and fast frozen on dry ice.

Aliquot of the 15N reference cell sample (or labeled cell sample) was mixed with
each of the

14

N cell samples (or non-labeled cell samples), which contained the

same amount of proteins. Each aliquot of the 15N samples contained about 100 µg
of proteins. Each of the

14

N cell samples also contained about 100 µg proteins.

For each mode of growth limitation, a 15N reference cell sample was made in such
a way that it contained cell samples from both the fastest and slowest growth
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conditions under that growth limitation. The mixed reference is used to avoid the
composition of proteins in the reference cell sample be biased by a particular
growth medium.

Proteins were precipitated by adding 100% (w/v) trichloroacetic acid (TCA) to 25%
final concentration. Samples were let stand on ice for a minimum of 1 hour. The
protein precipitates were sped down by centrifugation at 16000 g for 10 min at
4oC. The supernatant was removed and the pellets were washed with cold acetone.
The pellets were dried in a Speed-Vac concentrator.

The pellets were dissolved in 80 µl 100 mM NH4HCO3 with 5% acetonitrile
(ACN). Then 8 µl of 50 mM dithiothreitol (DTT) was added to reduce the
disulfide bonds before the samples were incubated at 65oC for 10 min. Cysteine
residues were modified by the addition of 8 µl of 100 mM iodoacetamide (IAA)
followed by incubation at 30oC for 30 min in the dark. The proteolytic digestion
was carried out by the addition of 8 µl of 0.1 µg/µl trypsin (Sigma-Aldrich, St.
Louis, MO) with incubation overnight at 37oC.

The peptide solutions were cleaned by using the PepClean® C-18 spin columns
(Pierce, Rockford, IL). After drying in a Speed-Vac concentrator, the peptides
were dissolved into 10 µL sample buffer (5% ACN and 0.1% formic acid).
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4.2.2.2 Mass spectrometry

The peptide samples were analyzed on an AB SCIEX TripleTOF® 5600 system
(AB SCIEX, Framingham, MA) coupled to an Eksigent NanoLC Ultra® system
(Eksigent, Dublin, CA). The samples (2 µL) were injected using an auto-sampler.
The samples were first loaded onto a Nano cHiPLC Trap column 200µm x 0.5mm
ChromXP C18-CL 3µm 120Å (Eksigent) at a flow rate of 2 µL/min for 10
minutes. The peptides were then separated on a Nano cHiPLC column 75µm x
15cm ChromXP C18-CL 3µm 120Å (Eksigent) using a 120-min linear gradient of
5-35% ACN in 0.1% formic acid at a flow rate of 300 nL/min. MS1 settings: mass
range of m/z 400-1250 and accumulation time 0.5 seconds. MS2 settings: mass
range of m/z 100-1800, accumulation time 0.05 seconds, high sensitivity mode,
charge state 2 to 5, selecting anything over 100 cps, maximal number of
candidate/cycle 50, and excluding former targets for 12 seconds after each
occurrence.

4.2.2.3 Protein identification

The raw mass spectrometry data files generated by the AB SCIEX TripleTOF®
5600 system were converted to Mascot generic format (.mgf) files, which were
submitted to the Mascot database searching engine (Matrix Sciences, London, UK)
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against the E. coli SwissProt database to identify proteins. The following
parameters were used in the Mascot searches: maximum of two missed trypsin
cleavage, fixed carbamidomethyl modification, variable oxidation modification,
peptide tolerance ± 0.1 Da, MS/MS tolerance ± 0.1 Da, and 1+, 2+, and 3+
peptide charge. All peptides with scores less than the identity threshold (P=0.05)
were discarded.

4.2.2.4 Relative protein quantification

The raw mass spectrometry data files were converted to the .mzML and .mgf
formats using conversion tools provided by AB Sciex. The .mgf files were used to
identify sequencing events against the Mascot database. Finally, results of the
Mascot search were submitted with .mzML files to the quantification software
[160]. Briefly, intensity is collected for each peptide over a box in RT and m/z
space that encloses the envelope for the light and heavy peaks. The data is
collapsed in the RT dimension and the light and heavy peaks are fit to a
multinomial distribution (a function of the chemical formula of each peptide)
using a least squares Fourier transform convolution routine, which yields the
relative intensity of the light and heavy species. The ratio of the non-labeled to
labeled peaks was obtained for each peptide in each sample.
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The relative protein quantification data for each protein in each sample mixture
was then obtained as a ratio by taking the median of the ratios of its peptides. No
ratio (i.e., no data) was obtained if there was only one peptide for the protein. The
uncertainty for each ratio was defined as the two quartiles associated with the
median. To filter out data with poor quality, the ratio was removed for the protein
in that sample if at least one of its quartiles lied outside of 50% range of its
median; Furthermore, ratios were removed for a protein in all the sample mixtures
in a growth limitation if at least one of the ratios has one of its quartiles lying
outside of the 100% range of the median.

Since the ratios are all defined relative to the same reference sample, they
represent the relative change of the expression of the protein across all the
non-labeled cell samples, and are referred as "relative expression data".

4.2.2.5 Absolute protein quantification

The spectral counting data used for absolute protein quantification were extracted
from the Mascot search results. For our 15N and 14N mixture samples, only the 14N
spectra were counted. As described in the main text, the absolute abundance of a
protein was calculated by dividing the total number of spectra of all peptides for
that protein by the total number of 14N spectra in the sample.
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4.2.3 Total protein measurements

The Biuret method was used for total protein quantification [162]. Briefly, 1.8 ml
of cell culture at around OD600=0.5 during the exponential phase was collected by
centrifugation. The cell pellet was washed with water and re-suspended in 0.2 ml
water and fast frozen on dry ice. The cell pellet was then thawed in water bath at
room temperature. 0.1 ml 3M NaOH was added to the cell pellet and samples
were incubated at 100°C heat block for 5 min to hydrolyze proteins. Samples were
then cooled in water bath at RT for 5 min. The biuret reactions are carried out by
adding 0.1 ml 1.6% CuSO4 to above samples with thorough mixing at RT for 5
min. Samples were then centrifuged and the absorbance at 555 nm was measured
by a spectrophotometer. Same biuret reaction was also applied to a series of BSA
standards to get a standard curve. Protein amounts in the above samples were
determined by the BSA standard curve.

4.2.4 -Galactosidase Assay

Samples (0.2 ml cell culture) were collected, fast frozen on dry ice and stored at
-80°C prior to -Galactosidase assay. Four samples were collected for each
culture during exponential growth (for OD600=0.1~0.5). For each sample collected,
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-Galactosidase activity was measured at 37°C by the traditional Miller method
[163]. The activities obtained (in unit of U/ml=OD420/min/ml) were plotted
against the respective OD600, and the resulting slope from linear regression is
taken to be the "LacZ expression level" (in unit of U/ml OD600, or "Miller Unit").

4.3 Results and discussion

4.3.1 Growth rate and acetate excretion: the acetate line

Although some data had been collected on the dependence of acetate excretion on
growth rate, in order to gain a quantitative understanding of this phenomenon,
acetate excretion and growth rates measured in different conditions with a wide
range of growth rate. Figure 4.2 illustrate the acetate excretion at those conditions.
It was found that the rate of acetate excretion (in units of mM/OD600/hour)
exhibits a linear relationship with the growth rate when the growth rate is above a
critical value (~0.76/hr, or 55 minutes per doubling). The acetate excretion
disappears when the growth is faster than the critical value. This relation can be
expressed mathematically as:

 s (   0 )
Jac  
0

for   0
for   0

[4.1]
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Where Jac is the rate of acetate excretion and s≈10mM/OD600. This fitting
functional growth rate dependence is referred to as the "acetate line" (the red line
in Figure 4.2). A few exceptions to this rule are found for pyruvate and lactate,
due to gluconeogenic pathway dominated the utilization of them, as the glycolysis
pathway is reversed for growth on these substrates. Acetate excretion was also
observed for growth on glyconic acid, which is metabolized via the pentose
phosphate pathway (also called the Entner-Doudoroff pathway). Acetate excretion
was not observed for carbons metabolized via the tricarboxylic acid (TCA) cycle.
These results suggest that acetate overflow is an innate response to the degree of
carbon influx and not depended on the nature of carbon sources. Instead of
changing the carbon influx, we also characterized the effect of reducing the
metabolic demand for carbon on acetate excretion. This is done by supplementing
minimal medium with different carbon sources by amino acids which do not
support growth as sole carbon sources. The addition of these non-metabolizable
amino acids resulted in significantly enhanced growth rates, presumably by
relieving the demand for carbon precursors required to synthesize these amino
acids. The corresponding acetate excretion rates also followed the acetate line
(solid circle dots in Figure 4.2).
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Figure 4.2 The acetate line. Acetate excretion rate is a function of growth rate
under carbon limitation for various carbons, uptake titration with Pu-lacY, and its
mutants and with the addition of non-metabolizable amino acids to the growth
medium. Acetate excretion rates under different conditions and limitations exhibit
the same functional dependence on growth rate.
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Figure 4.3 Acetate excretion for cells grown on media with non-glycolytic
carbons. E. coli NCM3722 (wild type) strain was grown on minimal medium with
each of the five non-glycolytic carbons, which include two gluconeogenic carbons
(pyruvate and lactate), one carbon in the pentose phosphate pathway (gluconic
acid), and two carbons in the TCA pathway (succinate and fumarate).
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Table 4.2 The acetate excretion for cells grown in various carbon sources.
Growth rate λ

Acetate excretion

(hour-1)

(mM/OD600/hour)

0.2% (w/v) glucose

1.01

2.32

0.2% (w/v) lactose

1.03

2.84

0.2% (w/v) glycerol

0.72

0.07

0.2% (w/v) arabinose

0.99

2.67

0.2% (w/v) sorbitol

0.55

-0.01

0.2% (w/v) galactose

0.56

-0.01

0.2% (w/v) melibiose

0.69

0

0.2% (w/v) maltose

0.78

0.09

0.2% (w/v) fructose

0.72

0

0.2% (w/v) mannitol

0.93

1.44

0.2% (w/v) mannose

0.45

0

20 mM G6P

1.14

4.07

Carbon Source

Jac

Table 4.3 The acetate excretion for cells with reduced lactose uptake by titrating
the expressionof LacY.
3MBA (μM)

Growth rate λ (hour-1)

Acetate excretion Jac (mM/OD600/hour)

0

0.35

-0.01

25

0.55

-0.01

50

0.65

-0.01

100

0.76

-0.01

400

0.87

0.96

800

0.92

2.3
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Table 4.4 The acetate excretion for cells grown in media supplemented with 7
amino acids.
Carbon Source*

Growth rate λ (hour-1)

Acetate excretion Jac (mM/OD600/hour)

0.2% (w/v) glucose

1.09

3.78

0.2% (w/v) lactose

1.16

4.15

0.2% (w/v) glycerol

0.8

-0.01

0.2% (w/v) maltose

0.78

0.58

0.2% (w/v) mannitol

1.04

3.06

20 mM G6P

1.26

4.18

*: E. coli NQ2 strain was grown in minimal media with various carbon sources,
supplemented with 7 non-degradable amino acids with concentration specified in the
reference [36] : Histidine (0.2 mM), Isoleucine (0.4 mM), Leucine (0.8 mM), Lysine
(0.4 mM), Methionine (0.2 mM), Phenylalanine (0.4 mM), and Valine (0.6 mM).

4.3.2 Two energy-generating pathways

Most of the microbe cells have two alternative strategies to generate energy: the
fermentation pathway and oxidative phosphorylation pathway. Acetate excretion
is considered as an index of the carbon flux through the fermentation pathway to
generate energy molecules like ATP. Figure 4.4 and 4.5 illustrate the fermentation
pathways and the oxidative phosphorylation pathways, as well as intermediates
and enzymes enrolled. The simple and robust relationship described by Eq. [4.1]
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is reminiscent of other linear dependences of protein expression levels on the
growth rate established in recent studies [18, 133]. In this case, acetate excretion
is a measure of the carbon flux directed towards energy generation by
fermentation, mediated not only by glycolytic enzymes but also enzymes in the
oxidative phosphorylation system (Figure 4.4). Define the proteome fraction of
such enzymes used by the cells for fermentation as Φf .Similarly, respiration is
carried out by portions of glycolytic enzymes, TCA enzymes, and also enzymes in
the oxidative phosphorylation system (Figure 4.5) and define the proteome
fraction of such enzymes used by the cells for respiration as Φr .Both the
fermentation and respiratory proteins need to draw carbon away from biomass
synthesis, with fluxes JC,f and JC,r, respectively, to generate energy fluxes JE,f and
JE,r. Biomass synthesis itself is accomplished by the remaining part of the
proteome, denoted byΦx , which includes catabolism, anabolism, ribosome as
investigated previously [18]. There are two very different efficiencies: It is well
known that respiration has higher "carbon-efficiency", the energy flux generated
per carbon is larger for respiration than fermentation. On the other hand, if
respiration has higher protein cost, or lower "proteome-efficiency" than
fermentation, i.e., if the energy flux generated per proteome fraction devoted to a
pathway is much lower for respiration than fermentation, then a scenario may
explain the observed disappearance of acetate flux at slow growth rates. When
carbon is readily available and the cell has the potential to grow rapidly, it is
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advantageous to generate energy by the more proteome-efficient fermentation
pathway, so that more of the proteome can be directed towards biosynthesis.
Conversely, when carbon availability is poor, it is more advantageous to generate
energy by the more carbon-efficient respiration pathway.

Figure 4.4 The fermentation pathway. The pathway is based on EcoCyc [41].
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Abbreviations in rectangles indicate metabolites and abbreviations in blue are for
enzymes catalyzing the biochemical reactions, which are represented as
connecting lines. Compounds in the ellipse are the end metabolites of the
pathway.

Figure 4.5 The respiration pathway. The pathway is based on EcoCyc [41].
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Abbreviations in rectangles indicate metabolites and abbreviations in blue are for
enzymes catalyzing the biochemical reactions, which are represented as
connecting lines. Compounds in the ellipse are the end metabolites of the
pathway.

4.3.3 Gene expression and proteomics data for grown in various
carbons and titratable carbon influx

According to the conditions in the "acetate line", the data of gene expression level
and proteome were collected in various carbons and titratable carbon influx for
the wild type strain and its several mutants. The lacZ reporter of some TCA genes
(sdhC and fumA) and glyoxylate shunt genes (aceB) were inserted to related
strains. First, the wild type strain was cultured in various carbons at different
growth rates (G6P, glucose, glycerol and mannose). Figure 4.6 showed the result
of -galactosidase assay for determination of gene expression level.

98

Figure 4.6 The expression level of sdhC, fumA and aceB promoters in different
carbon sources (G6P, glucose, glycerol and mannose) from -galactosidase assay.

In order to exclude the carbon difference, titratable carbon uptake Pu-glpfk
(titratable glycerol uptake) were employed as lacZ reporter is not suitable for
Pu-lacY strain. The results were showed in Figure 4.7. Because of the growth rate
of titratable glycerol uptake at all inducer concentrations are lower than the
critical value of acetate line, so no acetate excretion for this series. The expression
level of TCA genes (sdhC and fumA) were relative stable, it indicated that the
level of TCA proteins also did not show a significant change when the growth rate
was slow enough so that the acetate excretion was disappeared. The similar trend
was also found in wild type strain grown at various carbons. The level of TCA
proteins had a difference between acetate excretion range and non-acetate
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excretion range, but no significant difference when the growth rate is lower than
the critical value of acetate line. In contrast, the expression level of glyoxlylate
shunt genes (aceB) showed a totally different trend: they almost behaved a linear
decrease when the growth rate is increased. This trend is also growth rate
dependence.

In order to draw a quantitative picture, besides the wild type strain, some mutants
were also tested. As the main difference between the two energy generating
strategies is to go through the TCA cycle or not, so some mutants of TCA genes
were selected to see what happens if the energy generating function of TCA was
limited. In addition, as the gene expression level of glyoxylate shunt showed
different trend comparing to TCA genes, mutant of aceB gene were also
employed . The results of gene expression level under various conditions were
illustrated in Figure 4.8. It was observed that the trends were consistent nearly in
all cases: when the carbon influx is low down, the sdhC and fumA expression do
not increase significantly but the aceB increases greatly. However, as absolute
amount of shunt proteins expressed compared to the increment in TCA proteins is
unknown, it cannot jump to the conclusion that the cell primarily uses shunt
(rather than TCA) at low carbon flux as TCA proteins are expressed in a large
amount already in fast carbons in order to generate precursors such as αkg and
succinate. More interestingly, the aceB expression level in the aceA mutant strain
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was much higher than that of other strains, even in the aceA and sucC double
mutant. The protein data also confirmed this phenomenon (Figure 4.9). The
protein level of aceB in aceA mutant showed about 6 fold comparing to other
group, the other genes in TCA cycle behaved a fluctuation within 20% between
different mutants grown in the same carbon source, the change between two
carbon sources (glucose and mannose, the fast and slow carbon) was close to the
results of -galactosidase assay.

Figure 4.7 The expression level of sdhC, fumA and aceB promoters for glycerol
titratable uptake from -galactosidase assay.
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Figure 4.8 The expression level of sdhC, fumA and aceB promoters in different
strains (wild type and mutants) grown with various carbon sources (G6P, glucose,
glycerol, Mannose) from -galactosidase assay.
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Figure 4.9 Relative TCA protein abundance for different stains grown in glucose
and mannose.

4.3.4 Gene expression proteome allocation under energy drained
conditions

To understand the regulations observed above, instead of directly perturbing the
carbon influx, the effect of altering the cell’s energy balance was also investigated.
There are two possible expected phenomena: 1) increased energy demand should
lead to a larger fraction of carbon uptake being used for respiration and a
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corresponding decrease in acetate excretion, in order to produce more energy from
the available carbon. Or 2) the increased energy demand forces the cell to shift to
the fermentation pathway that is more proteome-efficient, i.e. resulting in
increased acetate excretion. In order to drain the energy, 2,4-dinitrophenol (DNP)
was employed to destroy the proton ingredient which was required to generate
energy. The results in Figure 4.10 showed that the acetate excretion was increased
significantly after 1mM DNP was added. When DNP concentration in the medium
increased, the energy demand increased and the abundance of TCA protein
increased (Figure 4.11). It proved that when energy drained, the cell utilized the
more proteome-efficient fermentation pathway to match up the increased energy
demand and make up TCA protein at the same time. Thus a slower growth rate
was resulted to reduce the protein demand for biomass.

Figure 4.10 Growth rate (top) and acetate excretion rate (bottom) of wild type
strain grown in different carbon sources with/without DNP.
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Figure 4.11 Relative TCA protein abundance for different stains grown in glucose
with different concentration of DNP (0mM, 0.5mM, 1mM and 1.5mM, from left to
right).
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4.4 Chapter summary

In this chapter, a robust linear relation between acetate excretion rate and growth
rate was observed, when the status of carbon supply was varied including using
various carbon sources, titrating the carbon and nitrogen uptake, etc. Furthermore,
gene expression level and quantitative proteomics approach was employed under
perturbations such as mutants and increased energy demand (drained the energy
by DNP).

Two energy generating pathways, the fermentation pathway with higher proteome
efficiency and the respiring pathway with higher carbon efficiency were proved to
be utilized according to different carbon availability. Gene expression and
proteomics data were collected under different conditions to combine with the
extension of a coarse-grained resource allocation model [18] to reveal that acetate
overflow in E. coli results from the tradeoff between efficient utilization of carbon
resources by respiration and efficient utilization of proteome resources by
fermentation, and suggest optimal allocation of carbon and proteome resources as
a possible driving force for the occurrence of overflow metabolism in other
organisms.
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Chapter 5 Physiological and proteomics study of the role
of small RNA chaperon hfq

5.1 Introduction

One important discovery in recent years is that special RNA distributing in the
cell, they does not exist as the type of mRNA, tRNA or rRNA. They also play a
quite important role of some biological processes, including transcription
regulation, chromosome copy, RNA modification, the stability and translation of
mRNA, even the transportation and degradation of proteins. These non-coding
RNAs can be found in both prokaryotic and eukaryotic cells. They are named
sRNA (small RNA) in the bacteria [164]. In contrast, one kind of typical
non-coding RNA in the eukaryotic cell is called micro-RNA (miRNA) [165].
Chromosome coded sRNAs were found during studied on response to stress [166].
Most of them are conservative in evolution that implies their important functions
of regulations in the cell [167].

The sRNA in bacteria cells can regulate different kinds of functions. Such as 4.5S
RNA can affect the synthesis and excretion of protein simultaneously [168]. micF
is one of the earliest discovered gene for coding and regulating the sRNA. It tunes
the express of the high-abundance membrane protein OmpF [169]. Puerta and
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co-workers found a series of highly conservative sRNA sequence in the
Gram-positive bacteria [170]. It can help the cell produce some specific
membrane-related biochemical process [171]. Johansen and co-workers found that
in the strains which is lack of RybB and Hfq, the expression of ompC and ompW
which is induced by σE was silenced [172].

sRNA plays effect via various mechanisms. For example, RNA-RNA paired,
RNA-Protein interaction, and activity of intrinsic RNA enzymes. Most previous
studies focused on the interaction between transcription regulation and protein,
which are related to the post-translational regulation [173]. In recent years, a new
type of interaction that regulates the cell metabolism was observed: pairing of
sRNA and mRNA. For post-transcription regulation of gene expression, the
regulative ability of sRNA depends on the production rate compared with the
targeted mRNA. The appropriate ratio between them can make the single gene
which codes sRNA regulate multiple genes simultaneously. [174] Most of the
interactions between sRNA and mRNA require the assist of chaperon Hfq, which
is a crucial protein for RNA.

Hfq (also called HF-I) is a thermo-stable protein coding by the hfq gene. Its size is
various in different kinds of bacteria. In E. coli cells, the Hfq protein consists of
102 amino acids and has a molecular weight of 1.12  104. The interaction
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between Hfq and RNA is quite critical for many regulation processes [175]. The
earliest discovered effect of Hfq to the cell is to regulate the rpoS which is a sigma
factor that regulates the transcription [176]. Hfq is a global regulator, disfunction
of hfq gene may lead many phenotype and change the expression of a crowd of
proteins. The amino acids sequence analysis of Hfq shows that the N terminal is
highly conservative in many bacteria, it has the very similar Sm1 motif comparing
with Sm protein in the prokaryotic organism and Lsm protein in the archaea
[177].Hfq has a high abundance in some bacteria, for instance, there are 3-6  104
copies in E. coli cells and most of them are located in the ribosome [178].As a
member of bacteria RNA-binding protein Sm, Hfq is necessary for sRNA which
regulates the biological process via pairing with targeted mRNA [179]. Hfq has a
hexametric ring structure. It can bind with about 30% of known sRNA in E. coli.
cells. Hfq plays an important role in maintaining the stability of sRNA and
assisting the binding of sRNA to targeted RNA. The hfq null strains in bacteria
shows complicated phenotypes, including hard to adapt to environment stress,
slower growth, increased cell length, etc [180]. Hfq binds to many mRNAs and
sRNAs [181]. It is known to protect some sRNAs and mRNAs from rapid
degradation [182-184] and stimulate the interaction between various sRNAs
including OxyS [185, 186], RyhB [183], MicA [182], etc. These sRNAs have
common structural features, such as one or more target interaction regions
contained in a hairpin loop, an unstructured Hfq binding linker region, and a
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Rho-independent terminator at the 3′ end [164]. Many works has focused on
defining the interaction region of the sRNA [164, 187-189], extensive in vivo
characterization of sequence–function relation was performed on the repression of
ptsG mRNA by the sRNA SgrS in response to sugar phosphate stress [190, 191].
Scanning by single base substitution throughout the interaction region, a core
interaction region consisting of six bases was identified to be required for exerting
repression function [191], whereas replacement of bases flanking the core hardly
affected repression [190]. Recently, Hao et al

took a first step toward

quantifying the in vivo sequence–function relation, focusing on the regulation of
sodB expression by the sRNA RyhB in E. coli [192]. They constructed a truncated
RyhB mutant (RyhBt) by removing the entire linker region and the first hairpin
(Figure 5.1). The truncated RyhB without the Hfq-binding region was found to be
sufficient to repress targets of the wild-type RyhB, both in the presence and
absence of Hfq, proving that the Hfq is crucial for some sRNAs because of the
binding of their linker regions is necessary for its functions. However, more
information is preferred in order to find more targets of RyhB and collect more
information about the interaction between sRNAs and their targets. Thus, RyhB
and RhyB were employed in our study to investigate their effects on the
physiology of cells under different conditions. The results of sRNAs affecting the
physiology also drive us to discover the targets and the mechanism of interactions
between targets and sRNAs.
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Figure 5.1 The structure of sRNAs RyhB and RyhBt. (a) The structure of sRNA
RyhB and its binding region to the target sodB; (b) The structure of RyhBt, a
truncated RyhB mutant by removing the entire linker region and the first hairpin
[192].

5.2 Materials and methods

5.2.1 Bacterial strains and culture conditions

All growth media used in this study were based on the M9 minimal medium with
slight modifications. See Chapter 2 for the composition of the base medium. The
concentrations of carbon sources are indicated in the relevant tables. Also see
Chapter 2 for the protocol for growth measurements in water bath shaker. Strains
used in this study were listed in Table 5.1.
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Table 5.1 Bacterial strains used in this study.
Strain #

Species

Genotype

Plasmid

NQ2

E. coliNCM3722

E. coli K12 prototroph (wild type)

N/A

NQ593

E. coliNCM3722

attB::Spc-tetR-lacIQ

pZA31-RyhB

NQ594

E. coliNCM3722

attB::Spc-tetR-lacIQ

pZA31-RyhBt

NQ598

E. coliNCM3722

attB::Spc-tetR-lacIQ, ∆hfq-Km

pZA31-RyhB

NQ599

E. coliNCM3722

attB::Spc-tetR-lacIQ, ∆hfq-Km

pZA31-RyhBt

NQ642

E. coliNCM3722

attB::Spc-tetR-lacIQ

pZA31-RF

5.2.2 Strain construction

The small RNA (sRNA)-source plasmid was derived from the pZA31-lucNB
plasmid, which contained p15A replication ori and was marked by
chloramphenicol-resistance (2). The luc gene was driven by the synthetic PTet-O1
promoter inducible by chlor-tetracycline (cTc). The wild-type ryhB gene was
cloned directly from E. coli K-12 and ligated into the NdeI/BamHI sites to replace
the luc gene, yielding the wild-type RyhB-source plasmid (pZA31). The RyhB
and RyhB strains were constructed by moving the plasmid into the cell by P1
transduction [193].
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The truncated ryhB (ryhBt) was constructed by annealing oligonucleotides
directly. The "sense chain" (AAACATATGAAGCACGACATTGCTCACATTGC
TTAGCCAGCCGGGTGCTGGCTTTTTTTTTGGATCCTTT) with NdeI sites
and BamHI sites underlined and "anti-sense chain" (AAAGGATCCAAAAAAA
AAGCCAGCACCCGGCTGGCTAAGCAATGTGAGCAATGTCGTGCTTCATA
TGTTT) with BamHI sites and NdeI sites underlined were resuspended at the
same molar concentration of 2 OD/100 μl in "annealing buffer" (10 mM Tris (pH
8.0), 50 mM NaCl, 1 mM EDTA). The solutions were mixed with equal volumes
in a 1.5 ml tube to be placed at 94 °C for 5 min, then the tube was slowly cooled
down to room temperature (below 25 °C, for half an hour). After being stored at
4 °C for half an hour, the products were digested using NdeI and BamHI before
insertion into digested pZA31-lucNB.

5.2.3 Mass spectrometry-based quantitative proteomics

The proteomics approach was based on the platform we employed in Chapter 4.
See details in section 4.3.2. The flow chart was summarized in Figure 5.2.
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Figure 5.2 The flow chart of mass spectrometry based proteomics approach.

5.3 Results and discussion

5.3.1 Physiological behavior of different strains in different
conditions

As a crucial phenotype, physiology has largely taken a back seat to molecular
genetics and genomics. Recently, physiology-driven systems biology emerges as
new approach which is not only in finding the full scope of components occurring
in biological systems, but also in identifying the most functionally important ones.
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In this study, we firstly investigated the most important part of physiology-growth
rate of numerous strain we constructed in different nutrients(Table 5.2). Figure 5.3
showed that when RyhB and RyhBt were not expressed (no inducer added), there
was no growth defect compared to the control strain. However, when the inducer
cTc was added (100 ng/ml), the growth defect was observed in both trains (Figure
5.4). It indicated that both of two sRNA RyhB and RyhBt can affect the growth in
different nutrients. Figure 5.5 illustrated that the ratios of growth defect
with/without RyhB and RyhBt expression are also different. Thus, both of the
sRNA RyhB and RyhBt could affect the physiology of the cells, the influences
were different.

Figure 5.3 The growth rate of RyhB (left) and RyhBt (right) strain without
expression of RhyB and RyhBt compared to the control strain. The dots represents
the growth rate in various nutrients.
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Figure 5.4 The growth rate of RyhB (left) and RyhBt (right) strain without
expression of RhyB and RyhBt compared to that with expression of RhyB and
RyhBt.

Figure 5.5 Comparison of growth defect caused by RyhB and RyhBt.

To investigate the role of hfq for the sRNA RyhB and RyhBt, the growth rate of
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hfq mutant on both RyhB and RyhBt backgrounds were measured. The result in
Figure 5.6 and Figure 5.7 showed that when the hfq gene was knocked out, the
growth defects disappeared in the RyhB strain, but not in the RyhBt strain. It
indicated that the Hfq protein coded by hfq gene was necessary for the sRNA
RyhB to exercise its functions that can be reflected by physiology changes. In
contrast, when the linker region of RyhB was removed (RyhBt), even the hfq gene
was knocked out, the RyhBt could still maintain some functions and affect the
physiology. Thus, it was confirmed that hfq play its role as a chaperon of RyhB by
binding with the linker region at RyhB.

Figure 5.6 The growth rate of hfq mutant stain with/without RyB expression.
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Figure 5.7 The growth rate of hfq mutant stain with/without RyBt expression.

Table 5.2 The growth rate for strains used in this study in various carbon sources.
Growth rate
Strain No.

Genotype

Carbon source

Growth rate

cTc 0 ng/ml cTc 100 ng/ml
(hour-1)

(hour-1)

NQ2

Wild type

Lactose

1.04

-

NQ2

Wild type

Glucose

1.01

-

NQ2

Wild type

Arabinose

0.99

-

NQ2

Wild type

Glycerol

0.73

-

NQ2

Wild type

Mannose

0.45

-
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NQ2

Wild type

Gluconic acid

0.97

-

NQ2

Wild type

Melibiose

0.69

-

1.12

-

Glucose
NQ2

Wild type
6-phosphate

NQ2

Wild type

Maltose

0.80

-

NQ2

Wild type

Fructose

0.72

-

NQ2

Wild type

Mannitol

0.92

-

NQ2

Wild type

Succinate disodium

0.73

-

NQ2

Wild type

Sorbitol

0.55

-

NQ2

Wild type

Galactose

0.56

-

NQ2

Wild type

Pyruvate

0.77

-

NQ2

Wild type

Lactate

0.69

-

NQ2

Wild type

Fumarate

0.72

-

NQ593

Pcon-tetR, RyhB

Acetate

0.46

0.28

NQ593

Pcon-tetR, RyhB

Arabinose

0.93

0.76

NQ593

Pcon-tetR, RyhB

Fructose

0.62

0.53

NQ593

Pcon-tetR, RyhB

Fumarate

0.69

0.53

NQ593

Pcon-tetR, RyhB

Glucose

0.97

0.82

NQ593

Pcon-tetR, RyhB

Glycerol

0.66

0.61

NQ593

Pcon-tetR, RyhB

Lactate

0.62

0.53
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NQ593

Pcon-tetR, RyhB

Lactose

0.94

0.90

NQ593

Pcon-tetR, RyhB

Mannitol

0.90

0.76

NQ593

Pcon-tetR, RyhB

Mannose

0.44

0.32

NQ593

Pcon-tetR, RyhB

Pyruvate

0.65

0.55

NQ593

Pcon-tetR, RyhB

Sorbitol

0.57

0.46

NQ593

Pcon-tetR, RyhB

Succinate

0.72

0.44

1.22

1.23

1.13

0.97

Glucose+
NQ593

Pcon-tetR, RyhB
Casamino acids
Glycerol+

NQ593

Pcon-tetR, RyhB
Casamino acids

NQ593

Pcon-tetR, RyhB

Oxaloacetate

0.84

0.58

NQ594

Pcon-tetR, RyhBt

Acetate

0.43

0.41

NQ594

Pcon-tetR, RyhBt

Arabinose

0.88

0.80

NQ594

Pcon-tetR, RyhBt

Fructose

0.62

0.58

NQ594

Pcon-tetR, RyhBt

Fumarate

0.68

0.64

NQ594

Pcon-tetR,RyhBt

Glucose

0.99

0.88

NQ594

Pcon-tetR,RyhBt

Glycerol

0.68

0.65

NQ594

Pcon-tetR, RyhBt

Lactate

0.62

0.61

NQ594

Pcon-tetR,RyhBt

Lactose

0.93

0.69

NQ594

Pcon-tetR, RyhBt

Mannitol

0.90

0.80
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NQ594

Pcon-tetR, RyhBt

Mannose

0.44

0.36

NQ594

Pcon-tetR, RyhBt

Pyruvate

0.66

0.65

NQ594

Pcon-tetR, RyhBt

Sorbitol

0.59

0.40

NQ594

Pcon-tetR, RyhBt

Succinate

0.72

0.58

NQ598

Pcon-tetR, RyhB, ∆hfq

Acetate

0.36

0.35

NQ598

Pcon-tetR, RyhB, ∆hfq

Fructose

0.59

0.57

NQ598

Pcon-tetR, RyhB, ∆hfq

Fumarate

0.58

0.57

NQ598

Pcon-tetR, RyhB, ∆hfq

Glucose

0.80

0.78

NQ598

Pcon-tetR, RyhB, ∆hfq

Glycerol

0.54

0.53

NQ598

Pcon-tetR, RyhB, ∆hfq

Lactate

0.57

0.57

NQ598

Pcon-tetR,RyhB, ∆hfq

Lactose

0.92

0.90

NQ598

Pcon-tetR,RyhB, ∆hfq

Mannitol

0.85

0.84

NQ598

Pcon-tetR, RyhB, ∆hfq

Mannose

0.41

0.39

NQ598

Pcon-tetR, RyhB, ∆hfq

Pyruvate

0.55

0.54

NQ598

Pcon-tetR, RyhB, ∆hfq

Sorbitol

0.53

0.52

NQ598

Pcon-tetR, RyhB, ∆hfq

Succinate

0.60

0.59

NQ598

Pcon-tetR, RyhB, ∆hfq

Oxaloacetate

0.69

0.65

1.11

1.09

0.37

0.27

Glycerol+
NQ598

Pcon-tetR, RyhB, ∆hfq
Casamino acids

NQ599

Pcon-tetR, RyhBt, ∆hfq

Acetate
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NQ599

Pcon-tetR, RyhBt, ∆hfq

Fructose

0.54

0.53

NQ599

Pcon-tetR, RyhBt, ∆hfq

Fumarate

0.59

0.57

NQ599

Pcon-tetR, RyhBt, ∆hfq

Galactose

0.69

0.57

NQ599

Pcon-tetR, RyhBt, ∆hfq

Glucose

0.72

0.69

NQ599

Pcon-tetR, RyhBt, ∆hfq

Glycerol

0.54

0.46

NQ599

Pcon-tetR, RyhBt, ∆hfq

Lactate

0.54

0.52

NQ599

Pcon-tetR, RyhBt, ∆hfq

Lactose

0.80

0.73

NQ599

Pcon-tetR, RyhBt, ∆hfq

Mannitol

0.75

0.72

NQ599

Pcon-tetR, RyhBt, ∆hfq

Mannose

0.35

0.28

NQ599

Pcon-tetR, RyhBt, ∆hfq

Pyruvate

0.57

0.45

NQ599

Pcon-tetR, RyhBt, ∆hfq

Sorbitol

0.62

0.36

NQ599

Pcon-tetR, RyhBt, ∆hfq

Succinate

0.62

0.61

NQ599

Pcon-tetR, RyhBt, ∆hfq

Oxaloacetate

0.79

0.59

0.93

0.84

Glycerol+
NQ599

Pcon-tetR, RyhBt, ∆hfq
Casamino acids

NQ642

Pcon-tetR, RF

Lactose

1.04

1.01

NQ642

Pcon-tetR, RF

Glucose

1.01

0.94

NQ642

Pcon-tetR, RF

Arabinose

0.99

0.98

NQ642

Pcon-tetR, RF

Glycerol

0.73

0.75

NQ642

Pcon-tetR, RF

Mannose

0.45

0.45
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NQ642

Pcon-tetR, RF

Gluconic acid

0.97

0.97

NQ642

Pcon-tetR, RF

Melibiose

0.69

0.68

1.12

1.12

GlucoseNQ642

Pcon-tetR, RF
6-phosphate

NQ642

Pcon-tetR, RF

Maltose

0.80

0.80

NQ642

Pcon-tetR, RF

Fructose

0.72

0.74

NQ642

Pcon-tetR, RF

Mannitol

0.92

0.92

NQ642

Pcon-tetR, RF

Succinate

0.73

0.71

NQ642

Pcon-tetR, RF

Sorbitol

0.55

0.56

NQ642

Pcon-tetR, RF

Galactose

0.56

0.56

NQ642

Pcon-tetR, RF

Pyruvate

0.77

0.77

NQ642

Pcon-tetR, RF

Lactate

0.69

0.66

NQ642

Pcon-tetR, RF

Fumarate

0.72

0.70

5.3.2 Mass spectrometry based proteomics approach for RyhB and
RyhBt targets

The results of growth rate showed that the sRNA could affect the physiologies of
the cell, previous study also reported that RyhB or RyhBt had some target genes to
interact with [184-190], including sodB, fumA and sucA. In this study, the mass
spectrometry based quantitative proteomics approach was employed to find more
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targets of RyhB and RyhBt. Some targets located in the TCA cycle and nitrogen
assimilation pathway were observed. When the inducer cTc was added (0, 20, 40,
60, 80,100 ng/ml) , RyhB and RyhBt were expressed increasingly, the relative
level of proteins showed different changes. Figure 5.8 and 5.9 showed two TCA
proteins AcnB and SdhA were targets for both RyhB and RyhBt. RyhB and RyhBt
showed almost the same defect of AcnB, and RyhB turned down the SdhA level
more significantly than RyhBt.

Figure 5.8 The relative abundance of AcnB in ryhB and ryhBt strains titrated by
different cTc concentrations.
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Figure 5.9 The relative abundance of SdhA in ryhB and ryhBt strains titrated by
different cTc concentrations.

Moreover, for proteins took part in the nitrogen assimilation, RyhB and RyhBt
showed different effect to the targets. gdhA showed about 2-fold increases in
response to RyhB but not RyhBt, at the same time, gltB and gltD (GOGAT)
behaved about 2-fold decrease in response to RyhB but not RyhBt. It indicated
that important genes enrolled the nitrogen assimilation were the targets of RyhB
but not RyhBt. That may due to the removal of the entire linker region for RyhBt.
It was shown in Figure 5.1 that for known target of RyhB, sodB, the interaction
between the sRNA and the target was realized by binding one hair-pin regions
from each other. Thus, when the first hair-pin and linker region was depleted in
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RyhBt, it could not bind with some targets anymore, caused no effect of protein
level defects.

Figure 5.10 The relative abundance of GdhA in ryhB and ryhBt strains titrated by
different cTc concentrations.
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Figure 5.11 The relative abundance of GltB in ryhB and ryhBt strains titrated by
different cTc concentrations.

Figure 5.12 The relative abundance of GltD in ryhB and ryhBt strains titrated by
different cTc concentrations.
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5.4 Chapter summary

In this chapter, the physiology-driven approach was employed to investigate the
potential targets of sRNA RyhB and the function of chaperon hfq. Construction of
a truncated RyhB mutant (RyhBt) by removing the entire linker region and the
first hairpin was performed to confirm the necessity of hfq to RyhB. The
expression of RyhB and RyhBt can both slow down the growth rates. However,
after the deletion of hfq, the growth defects induced by RyhB were disappeared.
In contrast, the growth defects still existed in the RyhBt strain without Hfq. It
indicated that RyhB played its function by binding with Hfq at the special regions.
Mass spectrometry-based quantitative proteomics approach discovered some
target genes of RyhB and RyhBt in both TCA cycle and nitrogen assimilation
pathway. The relative abundance of proteins reflected that the ryhB and ryhBt
affected the target differently because they had different binding sites with
chaperons or targets. The targets observed in this study also provided valuable
information for revealing the inner mechanism of the physiology changes caused
by sRNAs.
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Chapter 6 Development and application of GC-MS
method for quantification of metabolites

6.1 Introduction

Gas chromatography-mass spectrometry (GC/MS) has been widely utilized for
global analysis or targeted quantification of metabolites in cells, tissues and
organisms [72-74]. The principle of GC-MS was introduced in Chapter1. The
flowchart of GC-MS based analytical platform for biological sample analysis is
summarized in Figure 6.1.

Figure 6.1 Schematic diagram of the GC-MS based analytical platform for
metabolites quantification.
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There are mainly four steps for GC-MS platform and different methods for each
step are available for various requirements. The extraction step provides the
isolation of the aimed metabolites from biological samples. To obtain a better
coverage, both aqueous and organic solvents are employed to extract the polar and
non-polar metabolites, respectively. The derivatization step is crucial because
most of the biological samples are non-volatile and need to be derivatized. Many
efforts have been done for derivatization method (reviewed in Chapter1). After
derivatization and data acquisition on GC-MS, The obtained spectrum of
metabolites was compared to the standard spectrum in the database such as NIST
for identification. Fortunately, the database for GC-MS is very mature and most of
the metabolites can be identified by database searching. The high sensitivity and
good reproducibility of GC-MS also make it suitable for quantitative analysis of
biological samples.

6.2 Materials and methods

6.2.1 Chemicals and reagents

Ethyl

chloroformate

-trifluoroacetamide

(ECF ， Fulka,

(MSTFA)

with

Japan),
1%

N-Methyl-N-(trimethylsilyl)

chloro-trimethylsilane

(TMCS),

methoxyamine hydrochloride, anhydrous ethanol, sodium hydroxide,, pyridine,
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chloroform, n-hexane, anhydrous sodium sulfate and other reagent of analytical
grade were purchased from Sigma-Aldrich Co. Ltd. L-4-chloro-phenylalanine and
ribitol was used as an internal standard for quality control. All of the standards
(Table 1) were prepared in Milli-Q water (Milli-Q system, Millipore, Billerica,
MA, USA) or methanol solution.

6.2.2 Bacterial strains and culture conditions.

All growth media used in this study were based on the M9 minimal medium with
slight modifications. See Chapter 2 for the composition of the base medium. The
concentrations of carbon sources are indicated in the relevant tables. Also see
Chapter 2 for the protocol for growth measurements in water bath shaker.

6.2.3 Sample preparation

The E. coli cell samples were collected during the exponential growth. The filter
membrane was pre-rinsed by pre-warmed Milli-Q water and culture medium, then
10 ml of culture with certain OD was quickly filtrated under vacuum(Common
filtration manifold, 25 mm diameter membrane with 0.45 μm pore size, Millipore).
2 ml of wash medium was pipetted onto the membrane once or twice if wash was
required. Then the membrane was immediately immersed in 3ml of acidic
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methanol/acetonitrile/water mixture solution (40:40:20 in volume, with 0.1M
formic acid) in a plastic tube. These two steps were finished within 30s. After 30s
vortex, the tube was frozen by liquid nitrogen for 1min and vortex for another 30s
vortex after its thawing. Then the tube was centrifuged, cell debris and filter were
discard and the supernatant was taken and frozen by liquid nitrogen. Then the
resulted solutions were centrifuged through a Millipore Amicon Ultra Filter at
3000g and 4°C for 20min for deproteinization. After centrifuge, 2 ml of
supernatant was taken and dried by nitrogen gas for derivatization.

6.2.4 Derivatization method

6.2.4.1 Ethyl chloroformate (ECF)derivatization method

The ECF derivatization was modified base on a previous report [194]. Briefly,
each 150μl aliquot of the sample was added to an eppendorf tube and combined
with 100 μl of L-2-chlorophenylalanine (0.1 mg/ml), 100 μl of anhydrous ethanol,
50 μl of pyridine and 50 μl of ECF for the first step of the derivatization reaction.
The resulting mixture was ultrasonicated at 20.0 °C and 40 kHz for 2min to
accelerate the reaction, and subsequently extracted with 200 μl of chloroform.
After chloroform added, pH value of the aqueous layer had been carefully
adjusted to 9–10 using 100 μl of 7mol/L NaOH, the second step of the ECF
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derivatization procedure was repeated by an additional 50 μl of ECF to the
solution. The resulted solution from the two consecutive derivatization step were
treated for a 60 s vortex and centrifuged for 5 min at 13200rpm. The aqueous
layer was discarded and appropriate anhydrous sodium sulfate was added to the
remaining organic layer. Centrifugation was repeated and 200μl of the supernatant
was transferring to the sample vial and waiting for GC/MS analysis.

6.2.4.2 MSTFA derivatization

The MSTFA derivatization was modified based on a previous report [80]. Briefly,
the dried samples was dissolved in 30μl of methoxamine hydrochloride (20 mg/ml
in pyridine) and incubated at 40°Cfor 90 min with continuous shaking. Then 50μl
of MSTFA (1% TMCS) was added to exchange acidic protons at 40°C for 40min.
At the same time, the dried residue without the addition methoxamine
hydrochloride (20 mg/ml in pyridine) were directly derivatized by 50μl of
MSTFA (1% TMCS) at 40°C for 40min as the contrast group. The derivatized
samples were diluted with 50ml hexane and stored at room temperature for 60
min before injection.

6.2.4.3 BSTFA derivatization
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The BSTFA derivatization was modified base on a previous report [195]. Briefly,
after the sample evaporated under a stream of N2 gas, 50 μl of BSTFA and 150 μl
pyridine was added to the dried residue and incubated at 40°Cand 70 °C for90
min, respectively. The derivatized samples were stored at room temperature for 60
min before injection.

6.2.5 Instrumental conditions

For ECF derivatization, Each 1μl aliquot of the analyte was injected in a split
mode (split ratio 5:1) into a Agilent 6890 gas chromatography system coupled to a
Agilent 5975 mass spectrometry (Agilent Technologies, Inc, CA, USA). A
HP-5MS capillary column (30 m×250 μm, i.d., 0.25μm film thickness; Agilent J
& W Scientific, Folsom, CA, USA) was used to separate the ECF derivatives. The
initial temperature of the oven temperature was held at 80 °C for 2 min, ramped to
280 °C at a rate of 10 °C/min, and then held at 280 °C for 3 min. Helium was used
as carrier gas at a constant flow rate of 1 ml/min through the column. The
temperatures of the ion source and injector were 150 °C and 230 °C, respectively.
The electron energy was 70 eV and mass data were collected in a full scan mode
(m/z 50– 650). The dwell time for each scan was set at 100 ms and the solvent
delay at 5 min.
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For MSTFA and BSTFA derivatization, each 1μl aliquot of the analyte was
injected in a splitless mode into Agilent 6890 gas chromatography system coupled
to a Agilent 5975 mass spectrometry (Agilent Technologies, Inc, CA, USA). The
initial temperature of the oven temperature was held at 80 °C for 3 min, ramped to
150°C at a rate of 10 °C/min, to 250 °C at a rate of 5 °C/min, to 300 °C at a rate of
8 °C/min, then held at 300 °C for 3 min. Rest conditions are the same as ECF
derivatization.

6.3 Results and discussion

6.3.1 Method optimization and validation

ECF, MSTFA and BSTFA derivatization methods were optimized by testing
different reaction temperatures, ratios of derivatization reagents, solvents and
other parameters. Derivatization reaction of MSTFA reqiured 1%TMCS added to
catalyze the reaction thought BSTFA doesn’t. In addition, they required different
reaction temperature, which was 40°C for MSTFA and 70°C for BSTFA. It was
worth to mention that MSTFA derivatization step required methoxamine
hydrochloride (20mg/ml in pyridine) added prior to MSTFA [80, 89].
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Figure 6.2 Mass spectrum of the internal standard (IS) ribitol by MSTFA
derivatization.

In this study, we attempted to derivatize the standard solutions with and without
methoxamine hydrochloride solution. When adding methoxamine hydrochloride
solution, only one intensive peak broadened was observed, with the derivative
compound missing. Inversely, satisfactory peaks of derivatized standards and
unknown compounds appeared in the absence of the methoxamine hydrochloride
solution. Although the methoxamine hydrochloride solution is reported to protect
the carbonyl group, satisfactory peaks of carbonyl group containing compound
were still obtained without the presence of methoxamine hydrochloride solution.
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Table 6.1 Results of amino acid and fatty acid by MSTFA and BSTFA
derivatization.
RT

LOD

Linear range

(min)

( μg/ml)

( μg/ml )

glutamine

13.2

0.5

glucuronic acid

15.1

serine

R2

RSD*(%)

5-500

0.9976

4.79

0.5

10-200

0.9944

6.23

7.3

0. 1

5-250

0.9928

2.99

asparagine

12.7

0. 1

1-250

0.9921

8.65

leucine

7.9

0.1

1-250

0.9979

1.99

valine

13.6

0. 5

5-250

0.9985

3.97

proline

8.3

0. 5

10-500

0.9947

5.24

tryptophan

25.1

0. 5

10-500

0.9983

2.91

citric acid

18.3

0.5

5-250

0.9952

7.28

iso citric acid

18.8

0.5

5-250

0.9939

4.92

fumaric acid

16.8

0.1

10-250

0.9963

3.68

succine acid

12.9

0.1

10-250

0.9980

3.29

malic acid

11.6

0.5

5-250

0.9991

2.16

iso-leucine

8.0

0.5

5-250

0.9933

5.21

glycine

12.4

0.5

10-250

0.9917

2.72

α-ketogluturic acid 17.2

0.5

10-250

0.9966

3.21

ribitol

11.5

0.1

5-250

0.9994

3.04

adenine

22.9

0.5

10-50

0.9959

3.72

Compound

RSD*: reproducibility test by n continuous of the same samples (n=6).
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Table 6.2 Results of amino acid and fatty acid by ECF derivatization.

Compound

MW

RT

EI mass

(min)

spectrum (m/z)

LOD Linear range

R2

( μg/ml) ( μg/ml )

RSD*
(%)

glutamic acid 147 19.5

128,230,202,156

0.1

10-250

0.9936

8.01

glutamine

146 21.4

173,156,128,84

0.1

10-250

0.9960

2.80

serine

105 20.1

56,102,142

0.5

5-250

0.9976

3.39

aspartic acid 133 15.6

188,116,70,142

0.5

5-250

0.9951

5.92

leucine

131 14.8

158,129,112,102

0.1

2.5-200

0.9996

1.45

valine

117 13.6

114,129,116, 98,72

0.1

2.5-200

0.9993

2.04

proline

115 15.4

142,114,98,70

0.5

10-250

0.9953

2.54

tryptophan

204 27.4

130,55,304

0.5

10-250

0.9987

3.39

citric acid

258 17.5

203,157,115

0.1

10-250

0.9937

9.08

iso-citric acid 258 17.9

201,212,156,

0.1

10-250

0.9960

7.96

fumaric acid 116 9.3

127,99,71,54

0.1

10-250

0.9943

4.55

succine acid 118 9.6

129,101,174

0.1

5-250

0.9946

4.97

palmitic acid 256 21.8

88,101,157,284

0.1

5-250

0.9921

4.95

stearic acid

284 24.3

88,101,157,269, 312

0.1

2.5-200

0.9929

5.75

alanine

89

9.8

102,116

0.2

5-250

0.9971

7.33

glycine

75

9.9

88,102

0.2

5-250

0.9892

3.84

aspartic acid 133 14.4

70,142

0.5

10-200

0.9977

6.99

asparagine

132 14.8

69,141

0.1

10-200

0.9923

7.84

histidine

155 24.4

81,154,224,254

0.2

5-250

0.9883

8.25

threonine

119 14.2

101,129

0.1

5-250

0.9946

4.39

RSD*: reproducibility test by n continuous of the same samples (n=6).
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6.3.2 Metabolites identification with MSTFA derivatization
method

Some crucial metabolites involved in metabolic pathways were identified by
MSTFA derivatization method. Figure 6.3 showed the total ion chromatography of
extracted E. coli metabolites, large amount of peaks were found. Because the
peaks mainly concentrated at 5-30 min, the chromatography from 5 min to 20 min
and 20 min to 30 min was selected to enlarge so that the details of the peak
numbers can be found. The mass spectrums for some identified metabolites were
showed in Figure 6.4.
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Figure 6.3 Total ion chromatography of E. coli cell samples with full scan mode.
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Table 6.3 Selected identified metabolites by MSTFA and BSTFA method with
full scan mode.
Identified metabolite

RT(min)

Related pathways or functions

fructose

19.937

fructose and mannose metabolism

butyric acid

10.597

carbohydrate digestion and absorption
glycerolipid

glycerol

metabolism,

glycerophospholipid

11,496
metabolism

asparagine

12.749

nitrogen metabolism

adenine

22.871

base excision repair
alanine, aspartate and glutamate metabolism

valine

13.552
valine, leucine and isoleucine biosynthesis

serine

7.298

glycine, serine and threonine metabolism

malic acid

11.602

TCA cycle

glutamate

11.999

D-glutamine and D-glutamate metabolism

glutamine

13.229

Nitrogen assimilation

fumaric acid

16.799

TCA cycle

galactitol

21.207

galactose metabolism

lysine

22.610

lysine degradation

pentanedioic acid

13.216

fatty acid metabolism

gluconic acid

22.037

pentose phosphate pathway

citric acid

18.268

TCA cycle

salutaridine

20.704

biosynthesis of secondary metabolites
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Figure 6.4 Selected mass spectrum of indentified metabolites. (a) Fructose; (b)
Glutamine; (c) Glycerol; (d) Glutamate; (e) Asparagine; (f) Malic acid; (g)
Fumaric acid; (h) Serine.
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As a frequently used derivatization method, trimethylsilylation derivatization
method has complete database such as NIST. In the step of metabolites
identification, we use NIST library search (NIST05), then compare the retention
time and mass spectrum in the same GC/MS conditions. Metabolites with well
matching of the three parameters will be selected (in NIST search, more than 90%
probability). Different from "soft ionization" such as ESI and APCI, EI was used
as the ion source in our GC/MS analysis. The fragmentation pathway is quite
different between them. For instance, EI have three mainstream kinds of
fracturing ways: α, i andσprocess. The advantages of using EI source is more
fragments obtained and easy to identify the analytes, the disadvantage is less
intensity of molecular ion, or have no molecular ion.

Figure 6.5 Proposed fragmentation pathway of asparagine derivitized with
MSTFA method.
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Figure 6.6 Proposed fragmentation pathway of malic acid derivitized with
MSTFA method.

Asparagine and malic acid were chosen as the representatives for amino acid and
fatty acid to analyze the fragmentation pathways in EI source. From the proposed
fragmentation pathways we could find that the H-atom rearrangement reaction
and other rearrangement occur frequently.

By exploring and matching the metabolic network of E. coli, the indentified
metabolites can be attributed to the related metabolic pathways. All of them
mainly focused on the central carbon metabolism, Such as TCA cycle and amino
acid synthesis. As we get the concentrations in the steady state, in order to
investigate the regulation of metabolism, perturbation should be given to the
system and the metabolomics data obtained before and after perturbations can be
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used to discover the regular pattern of metabolism of E. coli.

6.3.4 Metabolites identification by ECF derivatization method

In order to complement the trimethylsilylation derivatization method, we use ECF
derivatization method which can be operated in aqueous phase to derivatize the
compounds, such as fatty acids, amino acids and sugars and try to search the
differences and most suitable and applicable range of each method.

In the case of ECF method, many peaks of metabolites were found and three
metabolites (including two kinds of fatty acid (palmitic acid, stearic acid) and one
kind of amino acid, serine) were indentified. Due to the lack of spectrum in
database, standard solutions were used to compare and match the metabolites.
Meanwhile, as the extraction solution contains some percentages of aqueous
phase, these three metabolites were employed to investigate the influence of
different extraction solvents and differences between different bacteria strains.
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Figure 6.7 TIC of E. coli metabolites with identified compounds (20min to
25min). Sample derivatized with ECF. Peak indentified: 1.Serine; 2. Palmitic acid;
3. I.S. ; 4. Stearic acid.

Table 6.4 Selected identified metabolites by ECF method and quantification in
different samples.
Compound

RT (min)

EI mass spectrum(m/z)

Concentration (mg/ml)

serine

20.052

56, 102, 142

0.0223-0.1230

palmitic acid

21.796

88,101,157, 241, 284

0.0872-0.1657

stearic acid

24.295

88,125,160, 196, 216

0.0423-0.1863
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Figure 6.8 Mass spectrum of serine.
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Figure 6.9 Mass spectrum of palmitic acid.
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Figure 6.10 Mass spectrum of stearic acid.

Since palmitic acid is a long-chain fatty acid, its fragmentation pathway in EI
source is different from amino acids and short-chain fatty acids. For instance, the
molecular ion (m/z 284) was detected opposite to the compounds whose intensity
of molecular ion was quite low to be detected. The fragmentation pathway is also
simpler than that of amino acids and short-chain fatty acids (Figure 6.11).

Figure 6.11 Proposed fragmentation pathway of palmitic acid derivitized with
ECF method.
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6.3.5 Comparison of different derivatization methods

Each of three introduced derivitization methods had its own disadvantages and
disadvantages. For ECF method, no drying step was needed, therefore it could be
applied directly when dealing with water-containing sample. Moreover, it was less
time-consuming compared to MSTFA and BSTFA, since there was no such
long-time reaction. However, so far there was no database available for the
spectrum of ECF derivatized compounds, raising difficulties of identifying the
unknown metabolites, which to be the disadvantage. In contrast, the MSTFA and
BSTFA methods were more widely used, and had complete database to search for
unknown metabolite. Yet, some compounds still could not be determined by these
two methods such as arginine.

Figure 6.12 Peaks of probably metabolites from different derivatization method
by using the same sample preparation and extraction method.
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From Figure 6.12, we could realize that in the same condition, the efficiency of
different derivatization methods was very similar. The compounds that could not
be detected by one method yet could be detected by another method. They could
be supplemented to each other.

Since GC/MS was a powerful tool for analysis and identification of these
compounds with derivatization, metabolic profiling could be characterized.
Integrated analysis of EI-MS and NIST library was used for identifying features
of the key nodes in E. coli metabolic network. NIST library was a powerful tool to
indentify the metabolites derivatized by trimethylsilyl reagent such as MSTFA and
BSTFA. However, there were not enough data on metabolites which are
derivatized by ECF within this library. Thus, this task was by far the most
laborious part of any untargeted and targeted MS-based metabolomic study. As a
result, the significantly indentified metabolites of interest were summarized below
by different derivatization method.

6.3.6 Measurements of glutamine and glutamate pools in E.coli
cells by MSTFA method

Glutamine and glutamate played an important role in nitrogen assimilation and
interacted with α-ketoglutarate that coordianated the carbon and nitrogen flux
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response to numerous conditions (Figure 6.13). Thus, it is necessary to know pool
size of glutamine and glutamate inside the cell to collect more information for
investigating the regulation of nitrogen assimilation.

Figure 6.13 The nitrogen assimilation in E.coli, Transformation of glutamine and
glutamate.

In this study, the developed MSTFA derivatization method for GC-MS were
employed to measure the pool size of glutamine and glutamate in wild type stain
with various carbon sources and GOGAT- strain with different nitrogen supplies.
The results listed in Table 6.5. For wild type strain, the growth rate and pool size
of both glutamine and glutamate were relatively stable in the same carbon sources,
and with the growth rate changed due to different carbon source, the pool size of
glutamate and glutamine were also changed to balance the change of carbon flux.
On the other hand, for the GOGAT- strain, the growth rate decreased when the OD
was increasing. When the nitrogen supply was lower, the pool size of glutamate
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dropped dramatically and the glutamine was accumulated. This phenomenon was
not significant when the nitrogen supply was high enough. Because for the
GOGAT- strain, the GOGAT enzyme was deficiency, so glutamine was
accumulated. When nitrogen was limited, the pool size of glutamate dropped due
to the accumulation of end product and decreased influx as growth rate also
decreased.

Table 6.5 Glutamine and glutamate pools for wild type strain in different carbon
sources and GOGAT- stain in different nitrogen supplies.

Strain

C-Source

N-Source

OD600

Pools

Growth

(nmol/OD600/ml)

rate

Glu

Gln

(hour-1)

Wild Type

0.4% glycerol

10 mM NH4Cl

0.198

69.2

4.19

0.67

Wild Type

0.4% glycerol

10 mM NH4Cl

0.404

79.2

4.94

0.67

Wild Type

0.4% glycerol

10 mM NH4Cl

0.601

80.1

4.88

0.67

GOGAT-

0.4% glycerol

10 mM NH4Cl

0.202

69.4

8.32

0.64

GOGAT-

0.4% glycerol

10 mM NH4Cl

0.397

74.7

9.7

0.53

GOGAT-

0.4% glycerol

10 mM NH4Cl

0.574

68.9

9.6

0.48

GOGAT

0.4% glycerol

2 mM NH4Cl

0.212

45.2

18.7

1.29

GOGAT-

0.4% glycerol

2 mM NH4Cl

0.423

17.6

30.5

0.21
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Wild Type

0.4% glucose

10 mM NH4Cl

0.209

58.6

5.23

0.92

Wild Type

0.4% glucose

10 mM NH4Cl

0.396

64.3

5.44

0.92

Wild Type

0.4% glucose

10 mM NH4Cl

0.592

67.2

5.32

0.92

Wild Type

0.4% acetate

10 mM NH4Cl

0.207

47.6

4.77

0.457

Wild Type

0.4% acetate

10 mM NH4Cl

0.420

49.2

4.35

0.457

Wild Type

0.4% acetate

10 mM NH4Cl

0.584

49.8

4.41

0.457

6.4 Chapter summary

In this chapter, GC-MS method was developed to identify and quantify the
metabolites in E. coli cells. Three different derivatization methods for GC-MS
were compared and optimized. The MSTFA derivatization method was employed
to measure the pool size of glutamine and glutamate. The results obtained from
wild type strain and GOGAT- stain indicated that the pool size was stable in the
wild type strain at certain conditions but changed significantly in the GOGAT strain especially the nitrogen was limited. Thus, the MSTFA method can be
applied to investigate the mechanism of nitrogen assimilation and also for other
purpose which needed the measurements of pool size of metabolites. In addition,
the ECF could be considered as a complementary method because dehydration
was not required prior to derivatization step compared to MSTFA and BSTFA
method. The advantages and disadvantages of GC-MS and LC-MS method were
152

discussed. They can supplement each other and provide more reliable data for
study in the metabolism.
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