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ABSTRACT

An optimized method for the chiral resolution of enantiomers of amino acids in bacterial
supernatants is reported. This LC-MS/MS method is performed using a chiral
Teichoplanin LC column and does not require sample clean up or chemical derivitization.
This method allows for the determination of the relative amounts of the D and L
enantiomers of 20 proteinogenic amino acids. The detection limits and response factors
for the 20 amino acids were determined. Calibrations over three orders of magnitude
showed least squares coefficient values (R?) greater than 0.996 for eighty percent of the
amino acids and greater than 0.992 for the remainder.

The amino acids and their enantiomers were identified based on their retention times and
their unique Multiple Reaction Monitoring (MRM) transitions for each amino acid. L-
Aspartic acid-2,3,3-d; was used as the internal standard.

Cultures of Sinorhizobium meliloti (a nitrogen-fixing soil bacterium) were grown on
minimal media; thus, all amino acids were biosynthesized by the bacterium. After
centrifugation, supernatants were freeze dried, reconstituted in a small volume of
methanol/water with internal standard and injected onto the LC column. The amino acids
detected in the bacterial supernatant and the concentrations of the enantiomers were
reported as the L and D isomers respectively: arginine [L, 12.6 + 3.1 pug/L; D, 10.1 + 3.2
ng/L], serine [L, 7.2 = 1.16 pg/L; D, n.d.], threonine [L, n.d.; D, 11.2 £ 2.7 ug/L] and
valine [L, 15.5 + 4.3 pg/L; D, 11.3 £ 3.7 pg/L], where the term n.d. means below

detection limit.
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The limits for detection for all amino acids ranged from 1.3 pg/L - 5.1 pg/L. In
media with no added phosphate, the amino acid profiles changed somewhat under these
stress conditions. Arginine was no longer detected while alanine and proline were now
observed; the concentrations of the amino acids were: alanine [L, 7.7 = 1.2 pg/L; D, 13.4
+ 2.5 pg/L], proline [L, n.d.; D, 8.63 £ 1.3 ug/L], serine [L, 7.6 = 1.2 pg/L; D, n.d.],
threonine [L, n.d.; D, 10.2 + 3.2 ug/L] and valine [L, 11.6 + 2.3 pg/L; D, 10.1 + 3.1
ng/L]. These data represent the mean values of three independent bacterial growth
experiments conducted over a 3 month period; the data came from the analysis of five
separate aliquots from each growth experiment. The percent standard deviation for these
data ranged from 15% to 33% and averaged 24%.

Under both the normal and stressed growth conditions of S. meliloti produced the L
enantiomer of serine, the D enantiomer of threonine and racemic valine. While racemic
arginine was observed under normal growth conditions, levels were below detection
under stressed conditions; under stress conditions only the D enantiomer of proline was

observed while alanine was found in 1:2, L:D ratio.
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1. Introduction

Within the human body, there are an estimated 30,000 to 40,000 genes, 99.9% of
which are the same for every human being. However, the remaining 0.1% which is
different determines the genetic variations of that individual, allowing for the assessment
of a person’s predisposition to disease, drug treatment and disorders unique to them or
their family [1]. There are three main classifications under which research is done for a
more comprehensive understanding of genes and the factors related to them. These
classifications, all of which had their terms coined as a consequence of the Human
Genome Project, are proteomics; where the objective is primarily identifying abnormal
protein patterns, genomics, the study of an organism's entire genome including intensive
efforts to determine the entire DNA sequence of organisms. The field also includes
studies of intragenomic phenomena while metabolomics is aimed at the identification of
metabolites and their patterns [2].

Within the study of metabolomics, several different bioinformatics approaches are
utilized along with different analytical protocols which include techniques such as NMR,
mass spectrometry coupled to GC, HPLC, CE etc. Metabolic studies can be achieved by
measuring the biochemical constituents, excretion products, precursor-product
relationships, changes which occur as a result of nutrition by way of diet and inhalation;
sub-threshold changes of metabolic precursors etc [3]. These measurements allow for an
understanding of not only the composition of the metabolome but the effect of different

environments (chemical and physical) on these systems. These measurements allows for
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the identification of biomarkers and classifications for disease and disorders, functional
genomics, identification and understanding of the mechanism of disease and therefore

drug development coupled with personalized medicine and preventative nutrition [4, 5].

1.1 Overview

The intra and extra-cellular compositions of bacterial cells can be studied in a
multitude of ways, utilising a variety of biochemical and analytical techniques in order to
answer an invariable number of questions. One such bacterium is Sinorhizobium meliloti
(S. meliloti). S. meliloti is quite amenable to genomics research having a multipartite
genome with a size of approximately 6.6 Mb [6, 7].

The characteristic feature of S. meliloti is its ability to induce the formation of
nodules on the roots of leguminous plants, namely Medicago, Melilotus and Trigonella
sp. Inside of these nodules, bacteroids, which are differentiated bacteria fix atmospheric
nitrogen (i.e. reduces N, to form NH3) which is of significant benefit to the plants since it
can then be utilised to produce proteins. In return, the plants provide a carbon and energy
source for the bacteria. The bacterium enters the root tissue by way of infection threads
which then form growths (nodules) on the roots of these plants. There are a number of
host plants which enjoy this symbiotic relationship with S. meliloti, one of the more
popular ones being the diploid and autogamous lucerne Medicago truncatula [8]. By
harvesting this bacterium, it is possible to probe and examine the contents of its exo and

endo metabolome by investigating its extra and intracellular composition [5, 9].
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1.2 The Metabolome

The metabolome can be defined as a quantitative set of low molecular weight
metabolites or small molecule metabolites such as amino acids, sugars, lipids and
carbohydrates in the form of hormones, metabolic intermediates, signalling molecules etc.
which exist in a biological sample such as a single cell organism (the cell) under a given
set of physiological conditions. The metabolome is dynamic and undergoes continual
change with time [10,11].

Within this system, the genome gives rise to the transcriptome, which in turn
gives rise to the proteome which acts on the metabolome, comprising endogenous
(intracellular) and exogenous (extracellular) molecular subsets of an organism. Within
this system, there are feedback interactions at every different level. At all of these levels,
especially that of the metabolome, there are perturbations on account of many different
factors such as the environment, toxins, nutrition etc, which would give a representation

of the physiological status of the organism at that period [11, 12].

1.2.1 Metabolites

Metabolites are the products or intermediates of cellular metabolism and can be classified
as either primary metabolites, which are directly involved in growth, development and
reproduction, or secondary metabolites, which are indirectly involved in these processes.
There are an estimated 3000 identified metabolites which are vital in terms of growth,
development and reproduction while there remain thousands of unidentified secondary

metabolites which are important in forming defences against
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Figure 1.1 Genetics Research Schematic

A r\vlvh,«’m!iw: I
|
: Central dogma of molecular biology I : Substrate |
i |
1 |
| Gene —> mRNA—> Enzyme -y——> :
1R e MR e o 1 ! i
I Product 1
mmmmmmm ll

B  Positive and negative feedback control

V= X1z N ¥ \\\

Genome —> Transcriptome = Proteome =——> Metabolome > Funciion

¥

,', V . . Biochemical 4 ,
SNP Microarra 2D PAGE alvag Phenotypic
Aicroarr: g bl analyses :
array ¥ LC-MS" AL ohservations

{Table 1)

disease, stress and disorders, such as metabolic disorders, which lead to serious,
debilitating diseases which are extremely difficult to diagnose [13-15].

Monitoring the way in which metabolites change along with changes in their
concentrations can allow unique profiles or patterns to be identified. This can be used
directly for monitoring the profile changes that occur during disease, for diagnosis and

also during drug treatment [16].
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1.2.2 Metabolomics

Metabolomics therefore refers to the quantitative study of the dynamic multi-
parametric metabolic response of living systems to genetic modifications or
pathophysiological stimuli. In metabolomic studies, there are two main common research
characteristics. The first involves the characterization of the relationship which exists
between the metabolites, possibly within a certain group or class, while the second
involves profiling the metabolites without specific bias towards any particular group(s)
7,17, 18].

Research in metabolomics is therefore aimed presently at providing a description
of metabolic pathways and the ways in which they change. The concentration of
intermediary metabolites is a function of the enzymatic reactions which occur and are
dependant upon the available substrates, products and modifiers which are present at that
instance in time. Consequently, the metabolome is much more sensitive to perturbations
than the proteome, genome and transcriptome. Changes which occur in the metabolome
are transferred to and over-expressed in the genome, transcriptome and proteome thereby
allowing a picture of these three to be available upon the study of the metabolome only
[19].

The advantages associated with metabolic studies are of tremendous importance
with phenomenal applicability towards disease identification and monitoring as well as
for drug treatment and drug discovery. Early detection of diseases can be made possible
while the diagnosis of difficult disorders; metabolic disorders, can be effectively

identified. There can be a much greater degree of specificity associated with the use of
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certain drugs by target patients in order to maximise the benefits derived. Additionally,
assessment of treatment procedures can be done in order to understand their suitability

towards the patient [20, 21].

1.2.3 Metabolomic Fingerprinting (The Endo-Metabolome)

Metabolic processes can be affected by environmental conditions, mutations,
natural variations etc. Metabolite fingerprinting is an approach that attempts to answer
questions about what metabolites are present and in what concentration at the time of an
analysis. In order to analyse and understand the link between the characteristics of an
organism and the link between these intricate factors, there needs to be a large number of
analyses which can be achieved by any given technique [22].

Metabolic fingerprinting is based on technology which provides information from
the spectra obtained through a particular method, for the determination of total
composition and identity. Spectroscopy, NMR and other high throughput methods are
usually used. Metabolomic fingerprinting therefore is involved in sorting datasets into
categories so that questions about individual samples and their classifications can be
answered [12, 23].

Metabolomic fingerprinting analyses are done by examining the ‘intracellular’
composition of cells (usually bacterial samples such as E. coli, Sinorhizobium meliloti
etc.). Examining the components of the inside of the cell allows for an understanding of
the ‘metabolites’ present in the ‘metabolome’. The advantages of using fingerprinting

techniques include the ability for high-throughput, rapid analyses which allow attention to
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be focused on that area of the spectra of most relevance to the particular study [24].
However there are several disadvantages on account of the variability of the metabolic
composition of the samples. It is also often difficult or even impossible to identify the
metabolite(s) responsible for this variability [25].

Performing analyses for the monitoring and measurement of intracellular
metabolites can be time consuming and could require rapid quenching of the metabolism
as a result of rapid changes of the metabolism in the range of microseconds [26]. The
methods for these analyses therefore need to be capable of rapidly quantifying and
detecting a tremendous number of metabolites with widely differing concentrations [27].
There is an incredible turnover of metabolites and transformations within the intracellular

samples which can make their monitoring a challenge.

1.2.4 Metabolomic Footprinting (The Exo-Metabolome)

Subsequent to the utilization of metabolite fingerprinting techniques, another
novel approach, metabolite footprinting [28], was devised in an attempt to overcome the
difficulties associated with the rapid transformations within the sample matrix. This
approach is based on the measurement of metabolites through their secretion products
into their growth medium (extracellular supernatant or exometabolome) rather than by the
intracellular matrix [29-32]. This approach also allows for an investigation into the
functional analysis and characterization of cells by utilizing their metabolome. It allows
monitoring of the intracellular metabolites by ‘overflow’ metabolism in the medium of

choice, thus giving the capability to probe, inhibit and stress the organism as desired [27].
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The excretion of the metabolites can be probed in different ways, such as by
altering the available carbon source. This can assist in monitoring active metabolic
pathways and the resultant response to induced stress factors such as phosphate
starvation, or other additive increases or decreases in the growth medium [33]. Active
sites within metabolic pathways can be monitored by introducing inhibitors into the
medium while the mode of action and metabolite profiles can be determined for gene
knockout strains by the use of growth inhibitors [34]. There is a direct link between the
operational metabolic pathways and the changes which occur in the secretions in the
extracellular matrix. For the majority of metabolic footprints of organisms, having a
single gene knockout results in a marked difference in the profile of metabolites exhibited
in the extracellular medium. The function of genes with unknown functions can therefore
be inferred based upon calibrations of knockout genes of known, determined function
[35-37].

Metabolite footprinting therefore allows for physiological level characterization of
micro organisms which could be amenable to higher organisms. It provides a tool that can
be used to obtain reproducible, simple, high throughput analyses of different aspects of
the genome [38]. The methods which are usually used for monitoring the profiles and
changes in the exometabolome include CE-MS, LC-MS and GC-MS.

The main advantage which metabolite footprinting presents over metabolic
fingerprinting is the ability to examine the intracellular composition/metabolites without

having to quench the metabolism or separate the metabolites from the intracellular space.
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The technical problems of having rapid changes in the sample medium in the range of

milliseconds are also significantly minimised [36].

1.3 The Significance of Amino Acid Metabolites
Amino acids are divided into two classes depending on whether they can be
synthesised in the human body or whether they must be supplied in the diet. The former

group are referred to as non-essential and the latter group as essential [39].

Table 1-1: Table showing the essential and non essential amino acids in humans.

Non Essential Essential
Alanine Arginine
Aspartic Acid Histidine
Aspartate Isoleucine
Cysteine Leucine
Glycine Lysine
Glutamic Acid Methionine
Glutamine Phenylalanine
Proline Threonine
Serine Tryptophan
Tyrosine Valine

Most amino acids are chiral and the determination of the ratios of their
enantiomers have tremendously important roles in various areas such as metabolomic
studies (metabolomic fingerprinting, footprinting etc.), determination of gene functions,
pharmacolocy, protein/peptide analysis, geological dating, food chemistry and many other

areas [40].
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All amino acids found in proteins occur in the L-configuration about the chiral

carbon atom. An example of the stereochemistry of an amino acid is given, along with the

structures of the 20 proteinogenic amino acids [41]:

L-amino acid

D-amino acid

Figure 1-2: General L and D assignment of enantiomers of amino acids [80].
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Figure 1-3: Structure of 20 proteinogenic amino acids.
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Table 1-2: Table showing the short term, letter code and polarity of each amino acid.

Amino Acids Short Term | Letter Code Polarity
Alanine Ala A Neutral
Arginine Arg R Basic
Asparagine Asn N Neutral
Aspartic Acid Asp D Acidic
Cysteine Cys C Neutral
Glutamic Acid Glu E Acidic
Glutamine Gln Q Neutral
Glycine Gly G Neutral
Histidine His H Basic
Isoleucine Iso 1 Neural
Leucine Leu L Neutral
Lysine Lys K Neutral
Methionine Met M Neutral
Phenylalanine Phe F Neutral
Proline Pro P Neutral
Serine Ser S Neutral
Threonine Thr T Neutral
Tryptophan Tp W Neutral
Tyrosine Tyr Y Neutral
Valine Val \% Neutral

Amino acids form the basis for the structure of proteins. By the process of
translation, mRNA templates are formed, which are important for protein biosynthesis.
Non proteinogenic amino acids, which are formed by post translational modifications in
protein synthesis, are important for the efficient functioning of the proteins in processes
such as carboxylation of glutamate, the hydroxylation of proline etc [42].

With regards to the twenty proteinogenic amino acids, which encode the standard
genetic code, the L-enantiomer is the more abundant, naturally occurring species. The D-

amino acids are less common, with its existence being more dominant in exotic sea
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dwelling organisms and the peptidoglycan cell walls of bacterial. D-amino acids have
been considered as unnatural amino acids and it has been the common belief that D-
amino acids are not present in eukaryotes [43-45]. However, improvements and
developments of analytic methods over the past decades have clearly demonstrated that
the D enantiomer of amino acids are present in a considerable amount of eukaryotes and
even in humans (teeth cavities, brain tissue and gum tissue) [46]. Some of these D-amino

acids have even been shown to play essential roles in several physiological functions [47].

1.3.1 The Importance of Amino Acids

The utility and importance of a few amino acids is briefly discussed in order to
point towards the importance of having methods which would allow for accurate and
efficient identification and quantification of their enantiomers [46, 48].

Aspartic acid an endogenous amino acid present in vertebrates and invertebrates
plays an important role in the neuroendocrine system, as well as in the development of the
nervous system. During the embryonic stage of birds and the early postnatal life of
mammals, a transient high concentration of D-asp takes place in the brain and in the
retina. D-asp also acts as a neurotransmitter/neuromodulator. This amino acid has been
also detected in synaptosomes and in synaptic vesicles, where it is released after chemical
(K" ion, ionomycin) or electric stimuli. In the endocrine system, D-asp is involved in the
regulation of hormone synthesis and release. For example, in the rat hypothalamus, it
enhances gonadotropin-releasing hormone (GnRH) release and induces oxytocin and

vasopressin mRNA synthesis. In the pituitary gland, it stimulates the secretion of the
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following hormones: prolactin (PRL), luteinizing hormone (LH), and growth hormone
(GH) In the testes, it is present in Leydig cells and is involved in testosterone and
progesterone release. Thus, a hypothalamus—pituitary—gonads pathway, in which D-Asp
is involved, has been formulated [49].

Tyrosine is a precursor of the neurotransmitters Norepinephrine and Dopamine,
both of which regulate mood, cognition and behavior. This amino acid has been proposed
as a natural and safe treatment for various conditions in which mental function is
impaired or slowed down, such as chronic fatigue or depression [50].

L-tyrosine is known as the ‘antidepressant’ amino acid because it appears to have
a mild stimulatory effect on the central nervous system. It has a mild antioxidant effect,
binding up free radicals that can cause damage to the cells and tissues, and is useful in
smokers, or those exposed to chemicals and radiation. L-tryptophan aids in the functions
of the adrenal, thyroid and pituitary glands. This specific amino acid is easily converted
into thyroid hormone, or thyroxin, which plays an important role in controlling metabolic
rate, skin health, mental health, and growth rate. Tryptophan is specifically used to treat
depression because it is a precursor for those neurotransmitters that are responsible for
transmitting nerve impulses and essential for preventing depression [49].

The optimum amino acid balance in the body/mind is an essential and often
critical component of our mental health state. Neurotransmitters are ‘manufactured’ in the
brain from amino acids. A deficiency of any single nutrient can alter brain function and

lead to depression, anxiety, and other mental disorders.
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In the case of cancer, these cells perform two simultaneous tasks in order to
defend themselves while trying to establish a tumor. The cells take in the amino acid
which makes immune system cells unable to attack, and they also release a toxin which
kills immune system cells which come too close [51].

Over the past decade, there has been an increased level of applications utilising
tandem mass spectrometry in studying inborn errors of metabolism, including the study of
individual groups of these metabolites such as amino acids, organic acids, puridines,
pyrimidines and fatty acid (oxidation). With the screening of amino acids in their native
state, their chiral resolution could potentially allow for the identification of neonatal
disorders of inherited amino acid disruption. This direct screening approach has been
utilised and successfully applied to the diagnosis of phenylketonuria, maple syrup urine
disease, homocystinuria and a range of other diseases using metabolite markers such as

amino acid butyl esters [52].

1.4 Challenges of Metabolomic Studies

There are many challenges which exist in metabolomic studies which are far
outweighed by the potential benefits and usefulness of such research. One of the main
issues and difficulties is the nature of the sample itself. The stability and variability of the
sample plays a huge role in the analysis. The rapid turnover and susceptibility of the
metabolites within the sample to environmental factors, influences the way in which

analyses can be done and also the reproducibility associated [37, 53]. Additionally, the
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level of compléxity of biological samples is tremendously vast in the range of tens of
thousands [34, 54].

There is no current knowledge regarding the exact number of metabolites present
in any organism since there are amino acids, organic acids, lipids, fatty acids along with a
variety of other metabolites present at any given time in varying concentrations.
However, compared to the number of genes, mRNA species or proteins, these
endogenous molecules are of a significantly smaller number [55]. The fact that the
metabolome is one of the fastest systems to respond to changes or stimuli, could
potentially be a problem in terms of sample stability and reproducibility, but it can also be
seen from a positive point of view in that the most recent picture of the organism’s
activity can be obtained in a snap shot. Since the metabolome is the fastest system to react
to stimuli or to change it enables the most current view to be possible for the organism
[27, 56].

Sample clean up for metabolic studies also poses its own challenge since the
stability of the sample is low. All cleanup procedures need to be done either before
storage, or after storage, prior to analysis. This affords the sample sufficient exposure to
the environment to effect changes within the composition. High throughput
measurements and methods are therefore necessary for metabolic studies such as GC-MS,
LC-MS, CE-MS and NMR studies. Each analytical platform presents its own unique
advantages and challenges. Methods employing the use of GC-MS offer both high
throughput capability and automated analysis with quite good to moderate sensitivity

[57], but is limited to volatile samples. NMR offers non destructive analysis and the
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ability to look at intact tissue, while offering high throughput analyses. However, this
method suffers from poor sensitivity. HPLC offers high sensitivity and precision but may
be low throughput [58].

Capillary electrophoresis (CE) encompasses a family of related separation
techniques that use narrow-bore fused-silica capillaries to separate a complex array of
large and small molecules. High electric field strengths are used to separate molecules
based on differences in charge, size and hydrophobicity. Depending on the types of
capillary and electrolytes used, the technology of CE can be segmented into several
separation techniques.

In general, CE should be considered first when dealing with highly polar, charged
analytes. CE excels in the analysis of ions when rapid results are desired, and has become
the predominant technique for the analysis of both basic and chiral pharmaceuticals. The
advantages of using this technique include that the equipment needed is quite
inexpensive, while having the capacity to perform analyses on small samples in a rapid
automated way. It also provides high separation efficiency. However, it suffers from the
disadvantage of being unable to identify or analyse neutral compounds, have no shape
discrimination and also suffer from Joule Heating. The limits of detection tend to be quite
high compared to LC and GC methods [59].

HPLC is a universal separation technique that is capable of separating both
volatiles and non-volatiles without the need for derivatization [60].

Liquid chromatography (LC)-MS is the preferred technique for the separation and

detection of the large and often unique group of semi polar secondary metabolites in
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plants. Specifically, high resolution accurate mass MS enables the detection of large
numbers of parent ions present in a single extract and can provide valuable information on
the chemical composition and thus the putative identity of large numbers of metabolites
[61].

When analyzing samples which are polar and/or non volatile, the technique of
choice is usually LC-MS. Gas chromatography mass spectrometry (GC-MS) would
remain the choice method for the detection and quantification of pharmaceuticals and
samples of a volatile nature, and thus non volatiles naturally fit better with LC-MS
analysis. CE-MS may also be strongly considered for analyses of non volatile
compounds, as this technique is suited towards the analysis of highly polar, ionic
compounds. However, the poor sensitivity and lack of robustness in complex mixtures in
CE-MS allows LC-MS to be the method of choice for complex biological samples, such
as bacterial supernatant, and is not necessarily a valid substitute for LC-MS for
comparable or better results. Additionally, if this is coupled to tandem mass spectrometry
(MS/MS), there are the inherent advantages of increased sensitivity and selectivity along
with the advantages of being able to better identify and confirm the identity of analytes in

a sample [59].

1.4.1 Analytical Techniques used for the Identification and Resolution of
Enantiomers of Amino Acids.
In order to understand the diverse, vital nature of enantiomers of amino acids in

living organisms, it is necessary to separate them in order to make quantifications
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possible. The method by which we resolve these amino acids can be done either directly
or indirectly [62].

Direct methods involve using a chiral stationary phase (such as teichoplanin) or a
chiral mobile phase additive which would resolve the chiral moieties directly. Indirect
methods however involve derivatizing the mixture with a chiral agent to form the
diastereomers, then separating these diastereomers which would then be detected [63].

There are a variety of analytical techniques available for amino acid analysis and
their corresponding enantiomers in different matricies. These analyses require methods
which provide a high degree of sensitivity, selectivity and reproducibility coupled with

the capability of being robust and rapid.

1.5 Derivitization of Amino Acids

While the separation of amino acids can be achieved in a variety of ways, the
separation of their enantiomers is usually achieved by derivitization with any number of
available chiral derivitization agents to form diastereomers which are then subsequently
separated and detected. The derivitizations can be performed either on columnor pre
column and offer a high degree of selectivity and sensitivity. These derivitizations follow
either clean up techniques or are performed directly on native samples. The choice of the
derivitization agents is of crucial importance since it needs to fulfil a variety of
requirements. The agent needs to be stable, give rapid reaction in high yield at low

temperatures and be able to produce derivatives which are sufficiently stable [64].
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There are a tremendous number of such derivitization agents, each with its own
specifications and preferred method of detection.
A list of some of these reactions is provided in Figure 4 along with a schematic of the

formation of diastereomers using derivatizing agents in Figure 3 [64, 65].

(D,L)R-QH—< +  (#CR —>

(DL — Amino acids) {Chiral reagent)

I’;JH“CRb NH-C R(:)
(HDR-CH-< 4 (@-LR-CHL
OH OH

Figure 1-4: Reaction of amino acids to produce a pair of diastereomers.

Methods based on derivitization can often be confounded by reagent interferences,
derivative instability and are time consuming in terms of preparation and analysis [65,

66].

1.5.1 Direct Separation of Enantiomers
Direct enantiomeric separation techniques such as the use of chiral selectors can also be
employed. In this application, the chiral selector (such as crown ethers, cyclodextrins and

their derivatives, chiral polymers etc) is added to the background electrolyte (as in the

20



MSc Thesis- T. Persaud McMaster-Chemistry

case of CE) for interaction to occur between the chiral selector and the enantiomer. The
enantiomer and the complex then forms diastereomeric pairs which may have differing

stability constants and thus different effective mobilities for the two enantiomers.
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Figure 1-5: Examples of derivatizing agents and their derivatized products.
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The choice of chiral selector therefore is of great importance for the subsequent
separation of the diastereomers formed. For this application in HPLC, the chiral selector
may be used in either the mobile phase or as the stationary phase and conditions such as
pH may be altered for the effective separation of the resultant diastereomers. A number of
other separation techniques which could be employed include gas chromatography and
capillary electrophoresis. These can be coupled with a multitude of detection techniques
such as fluorescence, UV absorbance and mass spectrometry [64-66].

Direct methods are preferred to indirect methods not only because it is much more
rapid and less time consuming, but they also have advantages when there are
enantiomeric impurities, for kinetic discrimination, and for the minimization of
racemization issues. The errors associated with derivative instability, side reactions and
reagent interference are minimised [67].

The fastest and most efficient method available for the separation of amino acid
enantiomers is the use of chiral stationary phases via chiral columns. Since enantio-
recognition occurs directly between the enantiomers of the amino acids and the chiral
stationary phase, the step of forming diastereomers is eliminated and there is no need for

using derivatizing agents or chiral selectors [68].

1.6 Chiral LC-Stationary Phase
The use of chiral HPLC columns eliminates the need for derivitization of
enantiomers in order to produce the diastereomers which are then separated. Specific

columns are available tailored to the enantiomer resolution of different classes of
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compounds. The Chirobiotic T (Teichoplanin) column, developed by Astec, is designed
specifically for the separation of the enantiomers of amino acids. Teichoplanin is a
macrocyclic glycopeptide (antibiotic) which is naturally produced by the Actinoplanes
teicomycetus mildew with molecular weights ranging between 1500 and 1900. This
oligophenolic glycopeptide has been used to resolve a variety of neutral and negatively
charged compounds but specifically those of underivatized a, B, y or cyclic amino acids
[76]. Separations normally obtained on chiral crown ethers or ligand exchange phases are
also possible on the Chirobiotic T stationary phase.

There are several unique characteristics of the teichoplanin molecule that are
involved in the amino acid interactions. The first main feature of teichoplanin is the
aglycone ‘basket’ within the structure which has apolar character. The aglycone has the
form of a semi rigid basket with four fused macrocyclic rings. It has seven aromatic rings,
two of which have chlorosubstituents and four of which have phenolic moeties. The
aromatic rings are linked by six amido groups and three ether groups. Within the
aglycone basket, there is a single carboxylic acid group with cationic tendancies and a
single primary amine with anionic tendancies. This characteristic controls the
teichoplanin zwittweionic charge at pH values between 3 and 8. The central basket has
three carbohydrate moieties consisting of two D-glucose amines and one D-mannose [77].

These strong charge-charge interactions are responsible for the net behaviour of
the amino acids. Several factors can affect their resolution such as mobile phase pH. Also,
each R group of the amino acids affects the selectivity and the retention of each amino

acid.
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The chiral recognition of the amino acids on the teichoplanin stationary phase is based on
dipole-dipole interactions, hydrophobic interactions, ©n- 7 interactions, hydrogen bonding,
stearic repulsions and ionic or charge-charge interactions, though the exact mechanisms
of chiral recognition and resolution are yet to be formalised [78].

The structure of the teichoplanin is shown below with the active sites being

pointed at.

Pox OH
N7 & 5 OH \
/o

for e 8 CH0M Nty

SR - Q ?A{;}\
.
i Rl #
g s ! sugar 3 ’k ©
i i 4
i o Sy L N A 3
: T : on
HO L & on
kY . 1

Ed H
O, NH o4, o
T o N s ( OR
O,

~ Q,
apolar chain oH
] e o Yo
}J ¢ o oot
R PN A fi
P S CHOH o -
O O yOH o
sugar 2

(A} Feicoplanin (Chirolsistic T}

Figure 1-6: Structure of the Teichoplanin chiral stationary phase.

1.7 Mass Spectrometric Methods

The analytical technique of mass spectrometry utilises the mass to charge ratio of
charged particles of a compound or sample as the basis of its ability to identify the
chemical composition of that sample. After the sample is fragmented into charged
particles, they are separated via movement through an electric and magnetic field,
allowing for the measurement of the mass and charge of the charged particles. The basic

design of a mass spectrometer employs an ion source; in which the sample is converted
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into ionized fragments, a mass analyzer; in which electric and magnetic fields allow for
the separation based on mass and charge, and finally, the detector which detects the

resultant ions, and provides data for other processing [72].

1.7.1 Mass Spectrometers

After the sample is ionized, there are a range of mass spectrometers which could
be employed. These include sector instruments, quadrupole instruments, time of flight
instruments, quadrupole time of flight instruments; ion trap instruments and fourier
transform ion cyclotron resonance mass spectrometers. Sector instruments such as the
double focusing sector instrument offer the advantage of having high resolution (~60,000)
and a high degree of accuracy while providing a large dynamic range of about 10,000.
However, the sector instruments offer quite poor resolution unless interfaced with
multiple analysers which are very expensive. The greatest drawback of this instrument for
our purposes in particular, is the difficulty in interfacing with the electrospray ionisation
ion technique. On the other hand, the quadrupole ion trap can be easily interfaced with
ESI and is quite inexpensive [72-74].

The disadvantages associated with this instrument include low accuracy, low
resolution, low mass range, and mass shifts which may be caused by space charging. For
the time of flight instruments, the linear TOF suffers from similar disadvantages of
having low accuracy and resolution while providing a superior, high mass range with fast
scan times. One of the greatest drawbacks of this method for our purposes however is the

inability to perform MS/MS analyses. With the use of a reflectron, low resolution MS/MS
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can be performed with significant improvement on the resolution and accuracy. FT-ICR
instruments offer the ability to perform slow MS/MS analyses in one analyser. It offers
extremely high resolution and accuracy, but is very expensive and necessitates the use of
superconducting magnets [72].

With a quadrupole instrument, while easily interfaced with ESI and is relatively
inexpensive, has a low resolution, low accuracy, low mass range and scans slowly.
Interfacing a quadrupole with a time of flight as in a quadrupole time of flight instrument
allows for these disadvantages to be corrected to a large degree on account of the
advantages associated with the reflectron time of flight instrument. This instrument
allows for the analysis of polar compounds such as amino acids, since it’s easily
interfaced with electrospray ionisation. Performing LC-MS/MS analyses can be easily
done while offering high resolution, up to about 7000 and a high accuracy while still

being affordable [73-75].

1.7.2 Ion Source

Within the ion source the sample is ionized, before being sent to the mass
analyzer. There are many different techniques which are used for ionising the samples
and the particular ionisation source being chosen for any experiment will be determined
by the nature of the sample being analysed. For samples which are volatile, gaseous or are
vapours, the ionisation source of choice is usually either chemical ionisation or electron
ionisation [72, 73]. Samples which are polar, such as amino acids in biological fluids,

employ eletrospray ionisation. Another choice for such samples would be MALDI; matrix
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assisted laser desorption/ionisation. Other methods of ionisation also include atmospheric
pressure chemical ionisation, inductively coupled plasma, field desorption, fast atom

bombardment, thermospray, glow discharge and several others [73].

1.8 Literature Results based on Studies Done for Amino Acid Analysis by LC-
MS/MS.

Tabulated in Table 3 are the reported concentrations of amino acids which were
detected and quantified using LC-MS/MS analysis. The first two result columns represent
the reported ’concentrations in E. coli bacterial samples. The Der sample refers to the
derivatized bacterial sample whilst the Und. refers to the underivatized samples. The last
(4™ column shows the determined concentrations of the detected amino acids in human
blood plasma. The blood plasma samples were not derivatized but analysed directly by
LC-MS/MS.

The analysis of chiral amino acids in bacteria is not novel and has been done for
decades. However, within these studies, the primary focus is on the endo-metabolome of
bacteria, thus metabolomic fingerprinting studies. Metabolomic footprinting is however
significantly less common, with relatively few studies being published over the past
decade. The exo metabolome is hardly ever studies mainly because it contains the exuded
material of cellular metabolism and cellular processed. In our literature searches, we were
able to uncover not more than five reports which examined the exo metabolome of
bacterial cells [69, 70, 71, 77]. Of these reports, the first two dealt with E.coli in which

they measured the concentration of amino acids present after derivitization. No chiral
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analysis was done. In other cases, [75], Aspergillus Niger was examined both directly and
indirectly by LC-MS/MS analysis. While chiral analyses has been done in different
studies, with emphasis being placed on chiral resolution, to our knowledge, this research
is the very first which examines the chiral resolution of amino acids in the bacterial exo-

metabolome of Sinorhizobium meliloti.

Table 1-3: Conc. of amino acids found in bacterial and human samples by LC-MS/MS.

a,b: Relative abundance from literature based on similar studies utilizing microbial

Bacterial | Bacterial Plasma
(Der) (Und.) (Und)
Amino Acid | Rel. Ab.? | Rel Ab® Rel. Ab.°
(ugL)® | (gL)" | gL)"
Alanine 33.70 13.14 13.5
Arginine 17.21 30.04
Aspartic Acid 17.26 2.84
Cysteine -
Glu.- Acid -
Histidine 23.51 23.66
Isoleucine - 7.6
Leucine 14.20 6.06 12.3
Lysine 13.97 12.48
Methionine 19.05 2.26
Proline 11.88 1.44
Phenylalanine 23.4 22.42 8.7
Serine 13.26 2.16
Tryptophan 13.57 2.84
Threonine 15.16 5.03
Tyrosine 102.5 88.14
Valine 18.53 9.11

fermentation broths of E. coli

c: Relative abundance from literature based on similar studies utilizing human blood

plasma.
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1.9 Goals

The aims of this research project were to develop an analytical method with the following

targets:

1)

2)

3)

4)

5)

To develop a rapid LC-MS/MS method (less than 20 minutes) for the chiral
analysis of amino acid metabolites in a complex biological mixture.

To have resolve and quantify the D and L enantiomers of amino acids directly.

To compare amino acid profiles in the exo-metabolome of Sinorhizobium meliloti
with that of its endo-metabolome.

To investigate the effect of different stimuli on the production of amino acids in
bacteria (S. meliloti).

Identify pathways responsible for the production/suppression of the metabolites of

interest.
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2.0 Experimental
2.1 Chemicals

Almost all of the reagents and chemicals were purchased from Sigma-Aldrich
(Milwaukee, WI, USA).The L and D forms of each of the amino acids listed were
purchased as a ‘kit: aspartic acid, arganine, alanine, asparagine, cysteine, glycine,
glutamine, glutamic acid, histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
proline, serine, tryptophan, tyrosine, threonine, valine. L-aspartic acid-2,3,3-ds;, was

purchased from Cambridge Isotopes, Woburn, MA, USA.

2.2 Gases and Solvents

High purity nitrogen carrier (>99.999%) was purchased from VitalAire (Hamilton,
ON, Canada); HPLC grade solvents were purchased from Caledon Laboratories Ltd.
(Georgetown, ON, Canada). A Milli-Q water purification system (Millipore Corporation,

Bedford, MA, USA) was used for the purification of deionised water.

2.3 Samples for Analysis

All bacterial samples were obtained from Dr. Rahat Zaheer (Department of
Biology, McMaster University). The samples used for analysis was the extracellular
supernatant (supernatant) of the wild type of Sinorhizobium meliloti.

The bacterium was cultured on three different media and allowed to reach their
stationary phase. The purpose of growing the bacteria on three separate cultures was to

investigate the effect of each of the three different growth media on the production of
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enantiomeric amino acids. For the first growth medium, in addition to a standard
chemical composition listed in Table 2-1, this medium contained 40 mM of phosphate.
Based on this, it is referred to by the term P40 medium, the P representing phosphate
(KH,PO4) while the number 40 represents the concentration in mM of phosphate in the
sample. Similarly, the second growth medium, referred to as P2, there is 2 mM of
phosphate present in the growth medium. This media is also referred to as minimal
growth media, since it contains the minimum amount of nutrients needed for bacterial
growth. The third growth media contains no phosphate (referred to by the term PO
medium) or is referred to as phosphate starved media. This causes the bacteria to be
stressed in order to survive and perform metabolic processes without phosphate. The
samples were thus identical in every respect except for their concentration of phosphate in
the form of KH,PO4,

The standard chemical composition of the growth medium is shown in Table 2-1.

Table 2-1: Composition of the growth media

MOPS Growth Concentration in
Medium media (mM)
MOPS 40
Succinic Acid 15
MgSO,4 2
CaClz 1.2
NH;Cl1 20
NaCl 100
KH;PO;4 0,2 or 40
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After inoculation and incubation of Sinorhizobium meliloti onto the respective
growth media for a 48 hour period, the bacteria was then harvested and centrifuged. In
order to separate the bacterial cells from the supernatant, the cells were aliquoted into
centrifuge tubes and then spun for separation. The supernatant which remained above
these cells was then decanted. Aliquots of 10 mL of the decanted supernatant was then
transferred to 10 mL eppendorf vials, lyophilized overnight for approximately 12 hours to
remove any traces of moisture and then stored at -80°C until they were to be analysed.

The three growth media described in Table 2-1; (0 mM (P0), 2 mM (P2) and 40
mM (P40) phosphate) were prepared in excess in order to collect 10 mL aliquots of the
growth media, which were then lyophilized in the same manner as the bacterial
supernatant for comparison purposes. These were also stored at -80°C, until analysis, at
which time they were run alongside the bacterial samples. Each 10 mL aliquot of
lyophilized bacterial supernatant corresponded to approximately 18.5 mg dry weight of
sample, while a 10 mL aliquot of lyophilised growth medium was approximately 15.5 mg

dry weight.

2.3.1 Preparation of Sample for Analysis

Lyophilized samples of growth media and bacterial extracellular material, stored
in 10 mL vials at -80°C were removed from the freezer and placed in dry ice. The
samples were then transferred to individual glass vials prior to analysis, weighed and
reconstituted with a 70:30 mixture of methanol/water. The volume of solution which was

used for reconstituting the lyophilised samples depended on which of the three the growth
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media (PO, P2 or P40) which was used for the bacterial culture. An example of actual
dissolution volumes is given in Tables 2-2 and 2-3.

After lyophilisation and subsequent reconstitution, the sample was effectively
concentrated. Hence, the total composition of the growth medium was concentrated by
the same factor. Tables 2-2 and 2-3 demonstrate an example of the factor by which the
samples were concentrated since they were reconstituted with a minimum volume of
mobile phase. This allows for all of the constituents presenting this supernatant sample to
be concentrated by a certain amount. This ‘certain amount’ by which the original samples
were concentrated could be calculated accurately in order to assign a concentration factor.

By calculating the concentration factor relative to the original supernatant solution
prior to lyophilization, we could back calculate the actual concentration of amino acids
present in the original supernatant samples. This value would be a true representation of

the enantiomeric amino acids present in the extracellular supernatant of S. meliloti.

Table 2-2: Dry Weight, Reconstitution Volume and Concentration Factor of Growth
Media.

Sample: Dry Weight Volume of Concentration
Growth (mg) Methanol/Water Factor
Medium (nL)

P40 17.85 250 40

P2 17.85 100 100

PO 18.10 82.5 121
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Table 2-3: Dry Weight of 10ml growth medium, Volume of MeOH/H,0 and volume of

internal standard added prior to LC-MS/MS analysis

Sample: Dry Weight Volume of Volume LS. Concentration
Bacterial (mg) MeOH/Water | solution added | of L.S. added
Supernatant (uL) (uL) (pg/uL)
P40 15.57 900 270 20
P2 15.14 250 75 20
PO 15.73 200 60 20
Upon reconstitution, each sample was then kept at -10°C between

infusions/injections in a mini-refrigerator and on dry ice between individual runs. The
reconstitution volumes for the samples containing growth media versus the samples
containing bacterial cells and growth medium were different on account of the increased
level of compounds present in the bacterial sample possibly due to the production of

metabolic products, substrates and intermediates.

2.4 Enantiomer Resolution: Infusions Vs Injections.

Infusion of sample refers to the direct introduction of the sample into the
electrospray ion source of the mass spectrometer by way of an external Harvard syringe
pump. No chromatography is performed on the sample before entering the ionisation
source (ESI) of the MS for detection. A 500 pL syringe was used to infuse the sample
directly into the ion source at a flow rate of 5 pL/min. The mass spectra were collected
for a one minute period and these spectra (~100 spectra) were averaged. An injection
refers to the direct introduction of the sample onto the LC column (Chirobiotic T) for
chromatographic separation by way of a manual 1puL Rheodyne injection system directly

coupled to the ESI-MS/MS.
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Sample vial containing lyophilised bacterial
supernatant (from 10ml aliquot)

l Add methanol/water (v/v 50/50) (See Table 2-3)

Reconstituted Bacterial Sample

l Add aspartic acid-2,3,3-d; as .S.(See Table 2-3)

Reconstituted Bacterial Sample with Internal Standard

Inject 1uL of sample onto LC column

LC-MS/MS Analysis

Scheme 1-1: The protocol followed for sample preparation prior to analysis by LC-

MS/MS.

2.5 Internal Standards

A single deuterated amino acid, L-aspartic acid-2,3,3-d;, was used as an internal
standard. The internal standard was added to samples in a 10:1 ratio of sample/internal
standard. The internal standard was prepared by dissolving a weighted amount of L-
aspartic acid-2,3,3-ds in deionised, distilled water to make a stock solution of 120 pg/uL.
Dilutions of the stock solutions were then made with a solution of 50:50 (v/v) of
methanol/water. After removing the lyophilized bacteria samples from storage at -80°C
they were reconstituted with a solution of methanol /water (Scheme 1). The diluted

solution of concentration 20 pg/uL of the internal standard was then injected into the
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reconstituted bacterial sample as shown in Scheme 1. These samples were then subject to
either injection or infusion. Scheme 1 illustrates the preparation of the sample, and

introduction of the internal standard into the sample.

2.6 Calibration Data

Calibration curves were obtained for the enantiomers of the 20 amino acids.
Along with the calibration of the enantiomeric amino acids, calibrations were also
performed of the internal standard L-aspartic acid-2,3,3-ds;. This data gave the linear
range of the enantiomeric amino acids, the detection limits and response factors. The
calibrations were performed over the range of 50-00 pg/pL in order to determine the

linear range of the amino acids. (Figures 3-3, 3-4)

2.6.1 Detection Limits
The detection limit was defined in this research as that amount which gives a signal to
noise ratio (S/N) of 3.

There were two main factors that needed to be determined with respect to
detection limits. The first was the actual detection limit of each enantiomer of each amino
acid of interest. The second was the minimum ratio of one enantiomer that can be
resolved and quantified relative to the presence of the other enantiomer.

Amino acid standard solutions of concentrations between 50 pg/uL to 100 pg/uL
were prepared in order to test not only the single amino acid detection limits but also their

detection limits when being targeted as a group by Full scan and also Multiple Reaction
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Monitoring programs. Amino acid standards were prepared singly and then combined into
several different groups for comparison purposes.

The first group (Group 1) started with a minimum of 2 amino acids and increased
in multiples of 2 up to a maximum of 20 amino acids; a total of 10 sub-groups of Group
1. Group 2 started with a minimum of 3 amino acids and increased in multiples of 3; a
total of 7 sub groups. Group 3 contained the six amino acids of primary interest for

bacterial analysis; threonine, arginine, valine, serine, proline and alanine (Table 3-6, 3-7).

2.6.2 Response Factors

Solutions consisting 6 amino acids were prepared. From each stock solution of 6
amino acids, aliquots were combined to give a total of 20 amino acids. The samples were
diluted with a solution of 50:50 methanol/water. Analysis of the samples was done by
LC/MS/MS utilizing the MRM program mode (2.6.3). The total response was the peak
area of each amino acid. The peak of each amino acid standard was plotted against the
mass of the internal standard injected (ng); L-aspartic acid-2,3,3-d;. Using Excel, a linear
least square line of best fit was drawn through the data points, hence determining the
value of R? for each amino acid.

The response factor was determined by the ratio of the best fit line of the slope of
the internal standard to the slope of the amino acid standards. The following formula
gives the relative response factors reported in this study.

Response Factor (RF) = (Acal std/Mcal std)/ (A[s/M[s);
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where Aga «q is the area of the calibration standard, M.y 4 is the mass (ng) of the
calibration standard injected, Ajs is the area of the internal standard injected and Mg is

the mass of the internal standard injected.

2.6.3 Quantitation

In order to quantify the amino acids identified in the samples, the peak areas of the
enantiomers were compared against the area of the internal standard peak (L-aspartic
acid-2,3,3-d;) of known concentration. The internal standard, L-aspartic acid-2,3,3-d; was
injected into the sample in a 10:1 ratio. The internal standard was therefore approximately
10 times less in concentration than the sample. For the purpose of quantification, the mass

of the analytes were calculated by the following formula:

M analyte = (A analyte X M lS) / (RF X A IS)

where Manaiyte is the mass (ng) of the analyte, the peak area of the enantiomers of the
amino acid analyte is Aanatyie. Mis represents the mass (ng) of the internal standard while

Ajs is the peak area of the L-aspartic acid-2,3,3-d;.

2.7 LC-MS/MS Analysis: Instrumentation
In order to detect and quantify the amino acids present in the extracellular
bacterial supernatant of S. melilot, a Waters/Micromass liquid chromatography tandem

mass spectrometry system consisting of a Waters 2795 LC directly coupled to a
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Micromass Quattro Ultima triple quadrupole mass spectrometer was used. LC separations
were carried out on an Advanced Separation Technologies chiral Chirobiotic T column at
room temperature. For the protection of the chiral Chirobiotic T column, a chiral
Chirobiotic T guard column was used in conjunction with the LC column. The attachment
of the guard column facilitated no mobile phase accumulation between the column and
the guard column as a result of the specifications of the joints which were designed to
accommodate this.

The parameters of the ESI-MS-MS system were obtained from literature. The
method was tested and a few of the parameters were altered in order to be optimal for our
purpose. The LC-MS/MS analysis was carried out in positive ion mode, under multiple
reactions monitoring mode (MRM) (section 2.4). The column specifications along with

the guard column specifications are given in Table 2-4.

Table 2-4: Chiral column properties used for chiral separation of enantiomeric amino
acids in the supernatant of S. meliloti.

Column Properties
Column Type Astec (Chiral) Chirobiotic T
Stationary Phase Teicoplanin glycopeptide bonded toSum
spherical silica gel
Column Length (cm) 150 x 2.1mm
Guard Column Length 2cm x 2.0mm
(cm)
Column LD. (cm) 2.0mm
Curtain Gas Nitrogen
Elution Mode Isocratic: 50% MeOH.H,O
Flow Rate 200puL/min
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2.7.1 Analysis Programs
For analysis by the LC-MS/MS method described, two modes of analysis were
utilised. Full scan analysis, monitoring all of the ions present within a selected range

along with the multiple reaction monitoring mode (MRM).

2.7.2 Full Scan Method

Since the molecular masses of all of the compounds of interest (primary amino
acids) were below 200, the full scan mode was programmed to scan between 80 and 300
amu. The composition of the growth media also constituted masses less than 200amu, and
hence there was no need for monitoring any ions above this range.

Within this range, using the full scan mode allowed for the identification of all of
the amino acids of interest at the detection limits specified (Table 3-5, 3-6). This mode is
of critical importance for the identification of unknown compounds or for those
metabolites which do not have any established or determinable unique transitions by

which they can be identified from the other components of the sample matrix.

2.7.3 MRM Programs

When a compound is injected or infused into the electrospray of a mass
spectrometer, it will fragment to produce ions. The protonated molecular ion, of the
notation [M+H]", referred to as the parent ion, will fragment based on the collision energy

chosen to produce a serried of ions of lower m/z ratios, referred to as the daughter ions.
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For analysis of amino acids, it was found in literature reports [36-42] that each amino acid
affords a unique ‘transition’, which is a parent-daughter ion pair, which is used to
uniquely identify each amino acid.

These literature results were experimentally verified through parent-
daughter/precursor ion scans confirming that each amino acid does indeed undergo
fragmentation to afford ions which are unique in the positive ion mode of electrospray
ionisation. An exception to this is leucine and isoleucine which would have the same
MRM transition for identification. Using these verified transitions shown in Table 2-5,
the unique MRM transitions formed the basis for subsequent MRM transition programs

created.
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Table 2-5: Mass Spectral Transitions for 20 amino acids.

Amino Acid Transition
Alanine 90-44
Arginine 175-116
Asparagine 133-87
Aspartic Acid 134-88
Cysteine 122-76
Glycine 76-30
Glutamine 146-102
Glutamic Acid 148-102
Histidine 156-110
Isoleucine 132-86
Leucine 132-86
Lysine 134-60
Methionine 150-104
Proline 116-70
Phenylalanine 166-120
Serine 106-60
Tryptophan 205-146
Threonine 120-74
Tyrosine 182-136
Valine 118-72

In deciding on the type of MRM programs to be used for this research, an
evaluation of the sensitivity of each program was tested before deciding on the ‘best’
method by which analyses could be performed. Different combinations of amino acid
transitions were grouped into single MRM programs in order to compare the sensitivity
difference for each amino acid. For example, an MRM program seeking to identify only
one amino acid would have the advantage of performing more scans per second for that

amino acid compared to an MRM program seeking to identify 6 amino acids.
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2.7.4 Deconvolution of Co-eluting peaks

The co-elution of peaks is usually a considerable issue for identification and
quantification of analytes in any sample. In this research, the analytes being identified and
quantified were all known amino acid enantiomeric pairs, whose retention times were
determined by our initial experiments. By using standard solutions, the retention times of
each amino acid enantiomer had been determined under optimal experimental LC

conditions.

2.7.5 Monitoring Column Performance

The chiral HPLC column used for all analyses was a Chirobiotic T column (15 x
2.1 cm, Astec, Teichoplanin, bonded glycopeptide.). The manufacturer recommended that
a test standard be run to establish the performance of the column. The test standard, 2,4-
dimethylphenylhydantoin was injected in 50:50 methanol:water and retention times and
peak shapes of the two enantiomers indicated that the column was in excellent condition
and performing according to the manufacturer’s specifications. Column performance
changed over time depending on the level of usage, the conditions under which the
column was being used and also the nature of the sample being introduced onto the
column. By using a guard column, the lifetime of the column can be lengthened and
damage to the column can also be prevented and/or minimised. Thus, a guard column
(2cm x 4.0mm) was used in all analyses. Column performance changed with usage and

therefore needed to be monitored routinely. This is discussed in detail in section 4.2.2.
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2.7.6 Ion Suppression Factors

For the determination of detection limits and ion suppression factors for the amino
acids, twenty amino acid enantiomer pair standards were prepared. This gave a total of 40
sets of calibrations; 20 D-amino acid enantiomers and 20 L-amino acid enantiomers.

These calibrations are shown in Appendix 1.

2.7.7 Ion Suppression

The extracellular supernatant of Sinorhizobium meliloti is very ‘dirty’ and
consists of the excreted waste products, the growth medium and a combination of cellular
metabolites that travelled across the cell wall of the bacteria. In this research, we chose
not to use any clean up procedure prior to analysis in order to develop an unbiased
analytical method that could be used directly for extracellular supernatants.

In the present work, Sinorhizobium meliloti, were grown on minimal growth
media consisting of 100 mM of sodium and either 0 mM, 2 mM or 40 mM of phosphate
(Refer to Table 2-1). After sampling, the medium was freeze dried, transferred to 10 mL
eppendorf vials and reconstituted in a small volume prior to analysis by MRM. The
concentration factor was between 40 to 150 fold. (Refer to Tables 2-3, 2-4). The
evaluation of ion suppression was done by comparing the instrument response of the
calibration standards in methanol/water solutions to that of the same calibration standards
prepared in reconstituted growth media which were previously freeze dried and hence,
concentrated, as per the analytical method. Since the growth media were concentrated,

they will be referred to as POuo), P2(100) and P40(j2), with the subscripts representing the
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concentration factor. The amino acid standard was added as a ‘spike’ to the reconstituted
media. This allowed for the evaluation of the effect of the sample matrix on the MS
response thereby providing an insight into the magnitude of the ion suppression. Since
there was no extraction or derivitization protocol followed, ion suppression in this case
was solely based on the actual sample matrix. Three sets of 20 amino acid enantiomer
pairs’ standards were prepared individually as P40, P2 and PO amino acid standards stock
solutions. The total number of standards produced was 120; 3 sets of 20 amino acids,
each of which contained the D and L enantiomer of each amino acid. A separate set of the
same combination of amino acid standards were prepared using methanol/water
(50:50(v/v)) as the solution instead of the growth medium solutions.

Two different groups of calibration evaluations were then performed using LC-
MS/MS. The first group of calibration standards to be run comprised of the 20 amino
acids (D/L enantiomer pairs) which were prepared using methanol/water as the solvent.
The second group of calibrations was done in three separate phases. The first involved
running the calibration standards of the 20 amino acids (D/L enantiomer pairs of each
amino acid) which were prepared by using the P40;21), growth medium as the solvent.
The second and third phases involved running calibrations of the 20 amino acids (D/L
enantiomer pairs of each of the 20 amino acids) which were prepared using the P20,
growth medium and the POy growth medium as the solvent respectively. The elution
time of phosphate and sodium using our method was also checked to verify whether there

would be co-elution of these salts and the amino acids of interest.

45



MSc Thesis- T. Persaud McMaster-Chemistry

2.8 Optimised Methodology
After experimenting with the LC and MS/MS experimental conditions and
parameters, the optimal methodology for the LC-MS/MS was decided upon. This is

described in this section.

LC Parameters on chiral Chirobiotic T column. (Injections)

Flow Rate: 200 pL/min

Injection Volume: 1puL (manual Rheodyne Injection system)

Mobile Phase Composition: 50:50 Methanol/Water acidified with 0.25% Acetic Acid.
Infusions

Flow Rate: 5 pL/min

Injection System: Harvard syringe pump equipped with a 250 uL syringe
MRM Program

MRM Program C (2.4.2)

Mass Spectrometric Parameters

[on Mode: Positive ion

Ionisation: (ESI")

Collision Energy: 12V

Interscan Delay: 0.02/sec

Interchannel Delay: 0.03/sec

Dwell Time: 2.4 sec

Capillary: 3.5V
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Cone: 20V

Hex: 1

Aperture: 1V

Hex 2: 0V, Multiplier 650
Source Temperature: 100°C
Desolvation Temperature: 350C
Desolvation Gas: 500L/h

Cone Gas: 40L/h

Low Mass Resolution (Q1): 12.0
High Mass Resolution (Q2): 12.0
Ion Energy: 0.2

Entrance: -5V

Low Mass Resolution (Q2): 15.0
High Mass Resolution (Q2): 15.0

Ion Energy (Q2): 0.5
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3.0 Analytical Method Development

The aim of this project was to develop a method which would be capable of chiral
separation of amino acids in the exo-metabolome of S.meliloti by way of a direct method

which by-passed sample clean up protocol. In this chapter, we discuss

1) The verification of multiple reaction monitoring transitions obtained from
literature.

2) The development of MRM programs which increase the sensitivity and selectivity
of analyses

3) The determination of the retention characteristics and the reproducibility
associated with these characteristics.

4) Determination of the elution mode and composition to be used for analyses.

5) The determination of calibration curves, response factors and detection limits for
the enantiomers of each amino acid.

6) Fragmentation mechanisms of amino acids by electrospray ionisation.
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3.1 Infusion of Samples

Infusions are performed by introducing the sample directly into the mass spectrometer

without having any chromatographic separation of a column and monitoring the ions

under full scan. The infusion of a bacterial sample is illustrated below. The infusion was

done by introducing a concentrated sample of S.meliloti, reconstituted with a 50:50

solution of methanol:water, directly into the mass spectrometer and run under full scan

mode within the range of 1 and 1000.
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Fig 3-1: Full Scan infusion of S.meliloti grown in PO medium.

By infusing the sample under a full scan method, all of the ions within this range are

monitored. However, the amino acid ions of interest are under 200 amu. On taking a
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closer look at the infusions of sample within this region, we try to identify the amino

acids directly, without any chromatography.
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Fig 3-2: Full Scan mass spectrum of infusion of P0 media over the mass
range of 50-200 Da.

Utilising infusion experiments, we were only able to identify serine (106) and valine
(118) .in the bacterial samples (identified in Fig 3-2). We weren’t able to identify any
other amino acids in the bacterial sample by this methodology. For this reason, all
subsequent experiments were performed by LC-MS/MS. Infusion experiments were
therefore not performed beyond this point. Further to this point, all experiments were

done to optimize the LC method which would be used for subsequent analyses.
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3.2 LC-MS/MS Analytical Conditions

Parent-Daughter Ion Scan: Determination of Optimum Collision Energy

A fixed precursor ion scan was conducted for all of the amino acids by first selecting the
protonated molecular ion of each amino acid and bombarding it with different collision
energies, until the optimum value for the collision energy was determined. The amino
acid standards were <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>