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Abstract

Metabolomics, one of the branches of systems biology, is the
comprehensive measurement of all the endogenous metabolites in a biological
system. It can be applied in the areas of biomarker discovery and diagnosis of
critical diseases and disorders, and can significantly increase our understanding of
the pathophysiology involved in development of acute diseases. For
metabolomics to reach its true potential, there are many key areas that need to be
addressed. This thesis focuses on the development and application of new mass
spectrometric techniques aimed at improving several areas in metabolomics
research: 1) detection and identification of compound classes, 2) enhancing the
electrospray response and improving the chromatographic behavior of
metabolites, 3) increasing sample throughput, 4) accurate quantification of
endogenous metabolites and 5) expanding current databases used in metabolite
identification. The initial work, the comprehensive analysis of acylglycines in
human urine, illustrates the analytical challenges of detection and identification of
trace levels of metabolites in urine. Mass spectrometric methods were optimized
using fragmentation patterns and breakdown graphs, and putative identifications
were made using a combination of diagnostic neutral losses. This method was
successful in detecting and putatively identifying 43 new acylglycines.
Quantification of these metabolites in human urine and plasma was performed
using a new labeling strategy. Chemical modification was advantageous as it
enhanced the electrospray response of these polar metabolites and provided a way

to incorporate a stable isotope onto the molecule. Quantification using a new



“surrogate matrix” strategy was also developed. A new fast LC method was
developed for the analysis of several analytes in the vitamin B;, pathway in less
than 36 seconds. This method was very useful in improving high-throughput and
in the discovery of the role of ABC protein transporters in B;, metabolism.
Finally, a web-based software called MyCompoundID was developed to expand
the metabolome coverage of an existing database (HMBD) by generating
metabolic products derived from 76 common biotransformations. This served to

increase the number of entries from 8000 to more than 10 million.
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Chapter 1. Introduction

1.1 Metabolomics

Metabolomics, defined as the study of all metabolites in a biological
system, has been emerging as a new field of study in analytical biochemistry® 2
and is considered to be the final stage of the “omics” cascade (see Figure 1-1). In
genomics, the complete genome is sequenced in order to understand the function
of single genes. In the study of transcriptomics, the analysis of gene expression is
studied through mRNA, and comprehensive protein analysis or proteomics is
studied in an attempt to understand the function of all proteins. Metabolites are
the end products of enzymes and cellular processes. When combined with
genomics, transcriptomics and proteomics, metabolomics can provide additional
understanding and elucidation of many complex biological processes. Together,
these four “omics” form a collective approach known as systems biology. Thus
the information flows from gene to transcript to protein to metabolite.
Metabolomics is therefore an excellent tool for diagnosing diseases, disorder or

for studying the effects of drugs or toxicants.

1.1.1 Terminology

Metabolomics, as we know it, started in the early 1970s when Pauling et
al. used gas-liquid chromatography to analyze the content of urine and breath.’
The name metabolome was first coined in the late 1990s by Oliver et al. in the
context of functional genomics* and later used by Tweeddale et al. in studying E.
coli metabolism.® The term “metabolome” was defined by these two groups as the
total complement of metabolites in a cell in a particular physiological or
developmental state. Since then, there has been some debate in the research
community over the exact definitions of the terms used in the field of

metabolomics and these terms are constantly evolving.
1
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Figure 1-1 Overview of the “omics” cascade and systems biology

One of the major questions is whether to use the term “metabolomics” or
“metabonomics” when describing the global measurement of small molecules in
any biological system. Fiehn® first gave a more detailed definition of the term
metabolomics and Nicholson’ first introduced the term metabonomics. Both terms
overlap to a great degree, especially when studying human diseases.® Table 1-1
lists the definitions of the terms used in metabolomics studies, initially by Fiehn
and Nicholson, and adapted by other authors. Because of the various definitions
found in the literature today, describing approaches used in small molecule
research can be quite confusing. Despite the confusion, the term metabolomics is
used most commonly and two distinct analytical approaches are used most often
in many research laboratories: non-targeted and targeted approaches. The non-
targeted approach focuses on the qualitative and quantitative analysis of all small

2



molecules in a system within a certain mass range. It is, in general, a step above
metabolite fingerprinting and is often referred to as metabolite profiling.? In the
targeted approach, efforts tend to center on the analysis of selected or individual
classes of compounds,” ranging in number from dozens to hundreds of

metabolites.

Table 1-1 Definition of terminology used in metabolite studies

Term Definition

Bio-active small molecule, with molecular mass less than
Metabolite 1000 Da, which is involved in biological networks and
pathways.™

Total complement of all metabolites present in a biological

Metabolome System_lo.lz

Non-biased identification, quantitative and comprehensive

Metabolomics . i L
analysis of the metabolome under certain conditions.® ***

Quantitative measurement of the dynamic multi-parametric
metabolic response of living systems to genetic modification,
physiological stimuli or biochemical perturbations caused by
disease, drugs or toxins.’

Metabonomics

Quantitative analysis of groups of metabolites that are

Metabolite associated with a particular biological pathway or belong to a
profiling ce_rtair61 ﬁlass of compounds, e.g. carbohydrates, lipids, organic
acids.”
Metabolite A global, high-throughput analysis of the metabolome to
] o provide sample discrimination and classification based on
fingerprinting their biological status or origin.** **

Quantitative analysis restricted to one or several metabolites

Targeted analysis related to a specific reaction or a particular enzyme system.® **




1.1.2 Sampling

The most popular types of samples used in metabolomics studies are urine,
plasma, serum, saliva, tissue and cerebral spinal fluid (CSF). Breath and broncho-
alveolar lavage fluid (BALF) analyses are also fairly common. The most common
tissue samples used are liver, brain and muscle samples. Urine, plasma, serum and
saliva are non-invasively obtained and are therefore more readily available,

making them the sample matrices of choice.

1.1.3 Measuring the Metabolome

The metabolome, being the downstream product of the genome, reflects
the functional level of the cell and changes to the metabolome are expected to be
greatly amplified relative to the genome, transcriptome and the proteome.
Measuring the metabolome is also reflective of environmental stresses on the
system. The metabolome consists of compounds that vary widely in chemical
structures and properties'® (summarized in Table 1-2). The heterogeneity of
metabolites makes it virtually impossible to determine the complete metabolome
using one analytical technique. To add to that, many of the metabolites are present
in a wide range of concentrations and there are very high fluxes throughout the
metabolic pools. The main challenges are therefore the chemical complexity, the
dynamic range of the instrument used and the extraction techniques. Ideally, the
analysis technique should be unbiased, able to efficiently separate and detect each

individual metabolite and capable of identifying and quantifying the metabolites.

The expanding field of metabolomics has benefited from advances in the

analytical techniques of high resolution nuclear magnetic resonance (NMR)*"#

and mass spectrometry (MS).%#2°

NMR spectroscopy generates valuable
structural information of metabolites, generally from biological fluids requiring
little or no sample preparation. Compared with MS, NMR methods are lower in
sensitivity, generally with limits of detection in the nanomolar to micromolar

range. However, NMR is highly quantitative, reproducible, and its sensitivity does
4



not depend on metabolite chemical properties such as hydrophobicity or pKa.

These qualities are

measurements using multivariate statistical methods.

Table 1-2

Chemical diversity of metabolites in biological fluids

important when doing comprehensive metabolome

Chemical Classes of Metabolites in Biological Fluids

Indoles &
Acyl phosphates Biotin & derivatives derivatives Porphyrins
Acylglycines Carbohydrates Inorganic ions Prostanoids
Alcohol phosphates Carnitines Ketoacids Pterins
Catecholamines & Purines &
Alcohols & polyols derivatives Ketones derivatives
Cobalamin & Pyridoxals &
Aldehydes derivatives Leukotrienes derivatives
Coenzyme A & Lipoamides & Pyrimidines &
Alkanes/Alkenes derivatives derivatives derivatives
Amino acid Minerals & Quinones &
phosphates Cyclic amines elements derivatives
Amino acids Dicarboxylic acids Nucleosides Retinoids
Amino alcohols Fatty acids Nucleotides Sphingolipids
Steroids &
Amino ketones Glycerolipids Peptides derivatives
Aromatic acids Glycolipids Polyamines Sugar phosphates

The high sensitivity of MS detection, with detection limits in the high
femtogram to low picogram range, makes it a very useful tool for measuring
metabolites, especially in complex biological systems. Combining MS with a
separation technique can offer further information on the chemical properties of

metabolites and provide separation of isobaric species whilst reducing the
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complexity of the mass spectra. Current popular methods include mass
spectrometry coupled to gas chromatography (GC)?" %, liquid chromatography
(LC)® or capillary electrophoresis (CE)***°. Since GC analysis is limited to
volatile compounds, non-volatile, polar metabolites often need to be derivatized
before they can be separated on a GC column. LC-MS plays an important role in
quantitative metabolome analysis,®” with LC evolving to include sub 2 pm
particle columns in ultra-performance liquid chromatography (UPLC). CE is
particularly suited to separating polar, charged metabolites on the basis of charge-
to-mass ratio. Because the separation mechanism of CE is different from LC, it
can provide complementary information on the metabolome of a biological
sample. Based on the coupling technique and ionization methods used, there may
be a bias towards or against certain compound classes. Therefore, analytical
platforms, for example GC-MS and LC-MS should be used in parallel in order to
comprehensively study the metabolome. Whether GC-MS, LC-MS or CE-MS is
used, comprehensive metabolomic analyses comprise many steps. For both the
non-targeted and targeted approaches, the workflow is similar: an extraction step,
followed by derivatization if needed, subsequent separation of the analytes and
then analysis by mass spectrometry and data analysis. However, in the non-
targeted more global approach, in order to quantify or even detect all the
compounds in an unbiased way, integration of data from various techniques and
instrumentation is needed. Merging all the data can be quite a challenge, because
although many data analysis packages exist for organizing meta-data on genes
and proteins, these are still lacking for metabolites. Another difficult task is the
identification of unknown metabolites that can be detected using this
methodology. Although there are disadvantages with this approach, one major
advantage is that this method enables the discovery of novel biomarkers. A
typical LC-MS-based metabolomics workflow is represented in Figure 1-2. It
begins with a non-targeted approach to screen potential metabolites of interest

that were significantly altered when comparing biological groups. A targeted



approach is then applied to these metabolites for identification, verification,
quantification and biological interpretation.

Fundamental Experimental Sample Collection Metabolite

Biological Question Design (sample collection, Extraction
(biomarker discovery, (sample type, storage, metabolic (extraction method:
etc.) analytical workflow) quenching) SPE, LLE, SLE, etc.)

LC-MS Platforms Data Acquisition Data Preprocessing Statistical Analysis
> [ e
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s . : i B
Samples ——» saensiiig ;I
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Identification Verification Quantification Interpretation &
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| Biological Interpretation |

Figure 1-2 A typical LC-MS/MS workflow of a metabolomics study. This figure is

adapted from ref. 37



1.1.3.1 NMR-based Metabolomics

NMR spectroscopy is based on the net absorption of energy in the
radiofrequency region of the spectrum by the nuclei of elements that have spin
angular momentum and a magnetic moment. The absorption, resonant frequencies
and other spectral features for the nuclei of an element provide useful information
on the identity and molecular structure. Chemical shifts in the NMR spectrum
depend on the effect of shielding by the electrons orbiting the nucleus and signal
intensity depends on the number of identical nuclei. Active nuclei used for the
study of biological samples include 'H, **C, N, and *'P.*® The most widely used
is '"H NMR, and as the majority of metabolites possess hydrogen atoms, the
technique is non-biased. Sensitivity is based on the natural abundance of the atom
studied, the strength of the magnetic field, analysis time and use of cryogenic

probes.

In metabolomics, NMR spectroscopy is often used as a high throughput
fingerprinting technique.®® *° Crude samples can be simply dissolved in solvent
(D,O for 'H NMR), placed into a probe, inserted into the instrument and
analyzed. An alternative method is flow injection NMR, which sequentially loads
each sample into the NMR spectrometer and analyzes each sample.* NMR has

been used extensively in many applications of small molecule analysis, namely

44-47 48, 49

clinical** ** and pharmaceutical analysis, toxicology studies, plant
chemistry,>*°? disease biomarkers, and even the study of intact cells and tissues.>*
> The main obstacles in biological studies are water suppression and signal
contribution from protein and other high molecular weight compounds. A range
of pulse sequences can serve to improve spectral information and minimize the
effects of large amounts of other components. This includes the application of
water suppression pulse sequences to minimize peak broadening,*® and the use of
spin-echo and diffusion edited sequences to enhance detection of small molecules

and macromolecules.>®



The advantages of NMR in metabolomics are many®: it can provide both
qualitative and quantitative information, is non-selective, non-destructive,
requires little sample preparation, needs no chemical derivatization, is useful for
analysis of intact tissues, and is highly amenable to the analysis of compounds not
suitable for LC-MS or GC-MS analyses. Despite its disadvantages, namely
sensitivity and complex spectra containing thousands of signals from biological
samples, NMR can provide complementary information to MS techniques and is

an invaluable tool in metabolite analysis.

1.1.3.2 GC-MS based Metabolomics

The application of GC-MS in metabolite analysis has been in use for
decades.”” GC is however limited to the analysis of molecules that are volatile,
thermally stable and have a low molecular weight. Volatile, small molecules can
be sampled, prepared and subsequently analyzed directly. However, many of the
compounds in metabolomic studies are polar, non-volatile compounds (amino
acids, organic acids, alcohols, sugars, amines and many others) and require
chemical derivatization. Because of the wide range in chemical functional groups
of metabolites, derivatization is done in two stages.”” *® First, carbonyl groups are
converted to oximes using O-alkylhydroxylamine solutions to eliminate a slow
and reversible reaction of silylation reagents with the carbonyl group. Second,
trimethylsilyl (TMS) esters are formed using silylating reagents to replace the
exchangeable protons in the molecules. Therefore the polar active hydrogens are
replaced by the less polar TMS group that increases volatility by reducing dipole-
dipole interactions. Silylation is a reversible reaction in the presence of water and
so samples must be fully dry before reaction. However, extensive sample drying
can result in a loss of volatile metabolites, for example some ketones, aldehydes
and lactic acid. Other derivatization techniques exist for other functional groups
in targeted analysis.?” *® Sample stability depends on sample and environmental

conditions and care must be taken to ensure no sample degradation. Metabolite
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identification is performed by matching retention time or retention index and
mass spectrum with that of a pure compound analyzed under the same conditions.
Mass spectral searches against commercially available libraries such as NIST are
very useful but these databases do not contain all the metabolites that are expected
to be found in metabolic pathways. The mass spectrometer employed can depend
on the type of application. Quadrupoles are useful for single ion monitoring
(SIM), which enhances sensitivity, time-of-flight (TOF) instruments are valuable
for full mass scans with high mass accuracy while ion traps are highly sensitive

instruments.

As GC-MS is such a mature analytical technique, its application is wide

ranging in metabolomics. In the pharmaceutical field, GC-MS was applied before

1 More recent

2
d6,63

HPLC-MS for targeted drug and metabolite profiling.®

applications include profiling urine and blood samples for organic aci and

64, 65

acylglycines in detecting the inborn errors of metabolism of organic

acidemias and fatty acid oxidation disorders. Other applications include plant

6, 66-68 |69 70,71

metabolomics, clinical®™ and microbial metabolomics, and many others.

Biological samples, being very complex, can contain hundreds to
thousands of metabolites and no single GC or HPLC experiment can separate all
these compounds. Such a separation can be successfully performed using 2D-
chromatography in which orthogonal mechanisms of separation are employed
either by using different column chemistries or different mobile phases.
Comprehensive 2D-GC (GC x GC), first introduced in 1991 by Liu and Phillips,
is an online method where, described in simple terms, compounds elute from the
first column, are trapped and sampled periodically by a modulator, which then
injects the eluates of the first column onto the second column at regular intervals.
The two columns must be orthogonal in selectivity and fractions are separated
quickly on the second column before the elution of subsequent fractions from the
first column (typically 2 — 6 seconds). Such a technique is an invaluable tool in
metabolomics and has application in plasma metabolome”, biomedical studies,?®

plant metabolomics™ and yeast metabolomics.” "
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1.1.3.3 CE-MS-based Metabolomics

CE-MS is a sensitive analytical technique that is suitable for analyzing
charged, neutral, and polar compounds; therefore it is a useful tool in both
targeted and untargeted metabolomics.®® However, it has not been used as
extensively in metabolomics studies as HPLC and GC techniques. CE offers
several advantages over HPLC, namely higher resolution, faster speeds, smaller
sample volumes in the nanoliter range and very little organic solvent usage.®
Because of the low sample volumes used, sensitivity is low when using UV/Vis as
the mode of detection. However, with the coupling of CE-MS, nanospray
ionization can be used for enhanced sensitivity.”’ Recently, there has been an

increase in the use of CE-MS in targeted and non-targeted approaches for clinical

78-80 |82

and biomedical applications, plant® and bacterial®* metabolomics and

metabolic fingerprinting.®

1.2 Challenges in MS-based Metabolomics

Current challenges being faced in MS-based metabolomics include
optimized sample handling and preparation, reducing matrix effects that account
for irreproducible signals, certain compound classes that are more amenable to
different ionization techniques, identification of unknown metabolites, validated

quantification methods and standardization of the methodologies.

1.2.1 Sample Preparation

Due to heterogeneity in the physical and chemical nature of metabolites,
there is no one extraction technique that can extract “all” metabolites. Therefore
extraction conditions need to be optimized to extract as many metabolites as
possible.2* Concentration ranges also make sample preparation difficult. With the

advent of more sensitive mass spectrometers, some samples have to be diluted
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because of the high concentration of some of the metabolites, for example
hippuric acid and citric acid in urine. On the other hand, most metabolites of
interest are present in much lower concentrations, so finding an appropriate

sample volume/concentration often poses quite a challenge.

1.2.2 Matrix Effects

Matrix effects (ME) play a major role in atmospheric pressure ionization
mass spectrometry. ME are defined as the influence exerted by components of the
matrix in which the analyte is present which affect the signal being measured.®
More on the subject of ME is discussed in Section 1.4.2. ME become a problem in
metabolomics if two or more co-eluting compounds have different surface
activities or proton affinities, especially if one of the compounds is in high
concentration. The analysis is, therefore, biased, with each analyte having the
potential to influence the response of other co-eluting analytes. In order to achieve
accurate and precise results, ME must be eliminated or minimized. This can be
accomplished by improving sample clean-up, optimizing sample preparation,
chromatographic conditions, mass spectrometry parameters, and using internal
standards, in particular, stable-isotope labeled internal standards (SIL-1S).% The
use of SIL-IS is considered ideal because the standard possesses identical physical
and chemical properties with the analyte and can therefore co-elute with the
analyte in LC-MS. It is assumed that the SIL-IS and the analyte are subject to
identical ME, thus eliminating the effects of ME on the accuracy and precision of

the measurements.

1.2.3 Method Validation/Biomarker Validation

While method validation experiments for exogenous compounds in drug
analysis, for example, are regulated by FDA guidelines,®” there are no such

regulations for methods measuring endogenous compounds. There is a need for
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an adopted procedure guideline for regulation of quantification of endogenous
metabolites. The main challenge is that there are no “true” blanks where the
analytes of interest are absent, making validation more difficult. Regulation
should include definition of the sample blanks to be used for calibrators and

quality control. More on this topic will be discussed in Section 1.7.2.

1.2.4 Metabolite Identification

One of the major bottlenecks in metabolomics currently is the
identification of metabolites of interest. The general approach for metabolite
identification is as follows: 1) statistical methods are used to choose m/z values
that can distinguish diseased samples from control samples; 2) the m/z value of
the analyte of interest is searched against an accurate mass database, within a
specific mass range and these query m/z values are retrieved as putative
identifications; 3) tandem MS scans are performed to generate fragmentation
spectra; 4) the MS/MS spectrum is compared to hypothetical spectra (through in
silico methods) or to previously obtained spectra of compounds compiled into a
spectral library; 5) retention times, m/z values and fragmentation data are used to
elucidate structural information.®® Challenges exist at each step of the
identification process. Searches of just one m/z value can result in hundreds of
putative identifications and matching the retention time of MS/MS spectra of each
of the searches can be very time-consuming and arduous. Successful
identification of metabolites requires high quality MS/MS data. Differences in
instrumentation type and experimental conditions such as collision energies, often
affect the quality of the MS/MS spectra. In silico fragmentation prediction can be
based on fragmentation rules or by a combinatorial disconnect of chemical bonds
based on bond energies. Missing fragmentation rules in the program can cause
missed or incorrect matches, thus generated matches need to be checked with
caution.?® Matching spectra using spectral libraries can also be problematic

because the data are usually generated from different instruments and there is
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generally limited coverage of the existing spectral libraries. Information on
previously identified metabolites are often scattered in many different literature
sources and analyzed under many different conditions, making comparison and
identification very difficult. More information on metabolite identification can be

found in Section 1.6.

1.3 Liquid Chromatography

Most analytical platforms in metabolomics studies involve the use of a
separation technique before performing mass spectrometric analyses. The most
common method used is the coupling of high performance liquid chromatography
(HLPC) to mass spectrometry. HPLC allows the separation of a wide range of
compounds ranging in polarity and molecular masses. Good chromatographic
separation can reduce sample complexity, lower background noise, minimize

matrix effects during ionization and improve sensitivity in detection.

1.3.1 High Performance Liquid Chromatography (HPLC)

In HPLC-MS, reversed-phase columns (most commonly Cig columns) are
often the columns of choice in small molecule analysis. Reversed-phase columns
are very efficient at separating a range of non-polar to semi-polar compounds
such as alkaloids, steroids, etc. More recently, the emergence of more polar
columns like hydrophilic interaction liquid chromatography (HILIC) allows the
separation of polar compounds, for example amino acids, sugars, carboxylic
acids, etc. HILIC separation, although quite similar to normal-phase separation,

uses polar organic mobile phases that are more compatible with ESI-MS.2°

With the sheer number and complexity of biological samples used in
metabolomics studies, many researchers are searching for more efficient

approaches to the separation as well as “fast” LC separation to speed up the
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analyses. Measures to improve efficiency as well as speed include using shorter
columns, employing faster flow rates and increased temperatures.”® However, in
HPLC, columns with particle sizes of 3-5 um are generally used and limitations in
efficiency, resolution and pressure are soon reached. This is illustrated in the van

91, 92

Deemter equation, which is an empirical formula describing the relationship

between linear velocity (flow rate) and plate height (H).
H=A+B/u+Cu

where A, B and C are constant for a particular solute, column and experimental
conditions and u is the linear velocity of the mobile phase. A plot of the van
Deemter curve (plate height vs. linear velocity) can be observed in Figure 1-3 (A).
The “A” term represents eddy diffusion and it does not vary with flow rate. It is
dependent on the arrangement and size of the particles in the column. The “B”
term represents longitudinal diffusion, which is time dependent. This effect
decreases at higher flow rates because the analyte spends less time on the column.
The “C” term which is mass transfer between and within the mobile phase and
stationary phase is flow dependent. As the flow rate of the mobile phase
increases, the more an analyte molecule interacting with the stationary phase will
tend to lag behind the analyte molecules in the faster moving mobile phase. This
results in incomplete transfer and causes band broadening. A plot of the
combination of all three terms is known as the van Deemter plot (Figure 1-3 (A)).
Since the C term is proportional to particle size, a van Deemter curve can be used
to examine and compare chromatographic performance between different
columns. However, as illustrated by Figure 1-3 (B), as the column particle size
decreases to below 2 um, there is a significant increase in efficiency (and thus
resolution), which is not affected by flow rate. By decreasing particle size,
efficient fast LC separations can be achieved, without sacrificing resolution. This

technique became known as Ultra Performance Liquid Chromatography (UPLC).
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1.3.2 Ultra Performance Liquid Chromatography (UPLC)

In order for UPLC to be successful and fully take advantage of the speed,
resolution and sensitivity offered by sub 2 um particles, the instrumentation must
be capable of handling the speed and high pressure requirements. To minimize the
effects of frictional heating, which occurs at high pressures, columns with smaller
diameters, typically in the range of 1.0 — 2.1 mm are used for UPLC. With
particle sizes of 1.7 um, peak widths (at half height) of 1 second or even less can
be achieved. Therefore, the detector sampling rate must be high enough to obtain
enough data points across the peak to integrate the peak accurately and
reproducibly. One of the first commercially available UPLC system to
successfully meet these requirements was the Waters Acquity UPLC™ System,

which became available in 2004.

As mentioned above, mass spectrometry coupled to liquid
chromatography is a commonly accepted analytical tool for qualitative and
quantitative analysis of metabolites. In order to be compatible with the very
narrow peaks produced by UPLC, MS instrumentation with faster scan rates for
improved peak definition has been developed. The use of UPLC-MS as a tool for
the analysis of metabolites has been fully investigated and many papers have been
published on the topic.”®® In many cases, the technique has been particularly
useful in the separation of metabolite isomers,®® that are otherwise
undifferentiated in HPLC-MS. Using UPLC, one can take full advantage of the
principles of chromatography to do analyses using shorter column and higher
flow rates and still maintain superior efficiency, resolution and sensitivity. The
advantages of using UPLC are many and are listed in Table 1-3, along with some
disadvantages.”> In analyzing the complex mixtures found in metabolomics,
UPLC can provide a great improvement over HPLC in that many more analytes

can be detected.
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Table 1-3 A list of the advantages and disadvantages of UPLC over HPLC

Advantages Disadvantages

Higher cost of instruments, parts and

Better resolution
columns

Detector and data collection system may

Higher separation efficiency not be able to cope with sharper peaks

Faster chromatography Only binary pump systems available
Better sensitivity or signal to noise ratio Number of stationary phases still limited
(sharper and taller peaks) compared to HPLC.

Less solvent usage

Increased sample throughput

Lower ion suppression

1.3.3 Ultra-High Performance Liquid Chromatography (UHPLC)

The terms UPLC and UHPLC are often confused and used
interchangeably. UPLC is a trademark of Waters Corporation and is used to
describe their instrumentation, but the generic term used to describe the technique
is UHPLC (Ultra High Performance Liquid Chromatography). In 2003, one year
before the Waters Acquity UPLC™ system debuted, Agilent produced the 1200
series UHPLC system that used 1.8 um particle columns. This section briefly
describes the UHPLC system that was used for metabolite quantification studies
in this thesis work. The Agilent 1290 UHPLC system was equipped with two
binary pumps, along with an autosampler and a thermostatted column
compartment.®” Usually, in a typical LC run, after injection, the analytes are
separated in a gradient run (typically 10 — 30 minutes in metabolomics), followed
by a column wash to remove strongly bound hydrophobic compounds and then
the column is equilibrated to initial mobile phase conditions. These steps are

performed sequentially before the next analysis can begin. Generally the column
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wash and equilibration steps can often take up to 50% of the analysis time (and
sometimes can be even longer than the gradient run in “fast” LC analyses). Figure
1-4 (A) illustrates a sequential workflow in a typical LC run using one binary
pump system. By using two identical columns and a second binary gradient pump,
a procedure known as alternating column regeneration can be employed. This
workflow is demonstrated in Figure 1-4 (B). In this procedure, the two columns
can be switched between the eluent (or analytical) pump and the regeneration
pump, using a 2-position valve. The column wash step and the equilibration step
can be performed in column 2 by the regeneration pump simultaneously, while
the analytical run is carried out in column 1 by the eluent pump. This procedure
can reduce the cycle time by as much as 50%, improving sample through-put
significantly. The 1-minute rinse procedure is used to rinse the volume between
the eluent pump and the switching valve port. The mobile phase at the end of the
previous analytical run is usually a high percentage organic solvent and that
remains in the volume between the eluent pump and the switching valve port, and
if pumped onto the equilibrated column in the subsequent run it can cause
unpredictable chromatographic results.?® It is therefore advantageous to rinse out
this volume of high organic solvent with the mobile phase composition used in
the equilibration step to ensure reproducible chromatographic separation. The
alternating column regeneration procedure was used to develop the UHPLC

methods in Chapters 3 and 4 of this thesis.
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Figure 1-4 Typical LC analysis workflow: (A) Sequential workflow using a single

binary pump and a single column, (B) Alternating column regeneration
workflow using two binary pumps and two identical columns.
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1.4 Mass Spectrometry

There has been great progress in mass spectrometry for metabolomics in
recent years, with the number of annual publications exceeding NMR-based
metabolomics publications. In coupling LC and CE to a mass spectrometer,
ionization may be achieved using electrospray (ESI) or atmospheric pressure
chemical ionization (APCI). Choices in mass spectrometry analyzers include
quadrupoles and ion traps, which offer excellent sensitivity but lower resolution,
time-of-flight (TOF) instruments, which offer higher resolution and high speeds,
orbitrap and Fourier transform ion cyclotron resonance (FTICR), which offer very
high resolution and mass accuracy, typically < 1ppm. Similar analyzers can be
arranged in a tandem-in-space configuration for example, triple quadrupole mass
spectrometer or different analyzers can be combined to form a hybrid instrument
for e.g. quadrupole-TOF, ion trap-orbitrap and quadrupole-linear ion trap. Current
platforms that involve the use of high resolution or newer hybrid mass
spectrometers, capable of tandem MS measurements, are becoming more popular.
These instruments allow for improved structural elucidations and rapid

quantification of many metabolites in a wide dynamic concentration range.

The focus of this thesis is the study of metabolites using liquid
chromatography coupled to electrospray ionization mass spectrometry. The mass
spectrometers used extensively in this study were a hybrid triple quadrupole-
linear ion trap and a time-of flight instrument. The following sections will focus

primarily on the aforementioned ionization technique and mass spectrometers.

1.4.1 Electrospray lonization

As the name suggests, electrospray is a process whereby a fine spray of
charged droplets is produced under the influence of an electric field. A simplified

view of the components of an electrospray source is illustrated in Figure 1-5
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Figure 1-5 Basic components of an electrospray ionization source

A dilute sample solution, usually the effluent of an LC run, is pumped
continuously through a stainless steel capillary at a low flow rate (0.1 — 10
uL/min). For stable operation at higher flow rates, a heated gas is used to assist in
the fine droplet formation and the desolvation process. The tip of the capillary is
held at a high voltage, generally 2-5 kV, with respect to a metal plate or counter-
electrode. This potential is sufficiently high to generate a fine mist of charged
droplets from the flowing solution. The solvent in these droplets then evaporate
converting the charged droplet to gas-phase ions. These ions are then transported
from the atmospheric pressure region of the instrument to the high vacuum region

of the analyzers via a series of pressure-reduction stages.
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Despite the widespread use of ESI-MS, the mechanism of ESI is still not
fully understood and is a highly debated topic. It is proposed that there are four

main steps in the production of gas-phase ions from solution.*****

1) Charged droplet formation at the tip of the capillary. A detailed
diagram of the droplet formation is given in Figure 1-6. The voltage applied to the
capillary can be either positive or negative, depending on the application and the
analytes of interest. For the purpose of simplicity, only positive ionization will be
explained further and illustrated in Figure 1-6. As a voltage of about 2-5 kV is
applied to the capillary and the capillary is about 1 mm in diameter and located 1
— 3 cm from the counter-electrode, the resulting electric field is very high (about
10° V/m). The electric field, which is essentially inversely proportional to the
capillary outer radius, will penetrate the solution and will be highest near the
capillary tip. In the positive mode, cations concentrate at the capillary tip and
migrate towards the counter-electrode. Anions migrate away from the tip. This
will cause an enrichment of cations at the surface of the liquid meniscus. The
migration of ions resisted by the surface tension of the liquid causes a distortion
of the meniscus forming a Taylor cone, which is shown in Figure 1-6. Under a
sufficiently high electric field, the tip of the cone becomes unstable and breaks
into a fine jet, which emerges at the tip. The jet breaks into small charged droplets
due to repulsive charges at the surface. As the positively charged droplets are
carried off, there is a requirement for charge balance. In the positive ion mode,
oxidation occurs in the solution at the metal surface and reduction occurs at the

counter-electrode.

2) Evaporation of charged droplets. The initial charge and size of the
droplets are influenced by a number of factors, namely applied potential, solvent
flow rate, capillary diameter, and solvent characteristics. Evaporation of the
solvent is carried out using a flow of a dry gas, usually nitrogen, which may be
heated.
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Figure 1-6 Schematic of the electrospray ionization process in positive ion mode

3) Droplet shrinkage and fission. The charged droplets shrink due to
solvent evaporation, while the charge remains constant. This leads to an increase
in the charge density on the surface. At a certain radius, the Rayleigh instability
limit is reached where the repulsive forces of the charges exceed the droplet
surface tension. Further evaporation leads to further instability, called Coulomb
fission, which leads to fission of the droplet into small charged progeny droplets.
The resulting fission is uneven with the offspring droplets possessing 20% of the
parents’ mass and 15% of the charge. About 20 progeny droplets are created with

each repeated fission.”

4) Formation of gas-phase ions. Two mechanisms have been proposed to
explain the formation of gas-phase ions from the charged droplets (now very
small and very highly charged): the charged residue model (CRM) and the ion
evaporation model (IEM). CRM was first proposed by Dole in 1968.1%* According
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to this model, which was used for the analysis of macromolecules, solvent
evaporation and droplet fission occurs repeatedly until the droplet size is so small
that it only contains one analyte molecule. As the solvent completely evaporates,
it leads to a gas-phase analyte ion, which retains the charge of the droplet. It is
believed that the model applies to proteins and other macromolecules. IEM was
first proposed by Iribarne and Thomson in 1976.® The IEM proposal relies on
the repeated evaporation and fission process. lon expulsion from the droplet
occurs at a droplet radius of about 10 nm, when the electric field is sufficiently
high but less than the Rayleigh limit. The expelled ion is repelled by the other
charges on the droplet (Coulomb repulsion) but can still be attracted to the droplet
by polarization at a close distance. At further distances from the droplet, the
repulsive force overcomes the attractive forces and will facilitate the escape of the
ion into the gas phase. The process is called ion evaporation and replaces
Coulomb fission. It is assumed that the evaporating ion is one of the ions with

significant surface activity. IEM applies to small organic and inorganic ions.

The ESI response of an analyte can depend on the chemical nature of the
analyte, presence and concentration of electrolytes in the liquid,'® volatility of the

solvent®, surface activity in the droplet,'®

presence of non-volatile
components,® flow rate of the LC eluent,'®® concentration of other ionizable
species'® and competition of gas-phase ion transfer reactions between analytes

and other ions.% 17

1.4.2 Matrix Effects

Matrix effects are considered the “Achilles heel” of electrospray
ionization. According to the FDA guidelines for bioanalytical validation®”, matrix
effects can be defined as “the direct or indirect alteration or interference in
response due to the presence of unintended analytes (for analysis) or other
interfering substances in the sample.” This definition includes effects due to ion

enhancements or ion suppression. Matrix effects can cause significant errors in
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reproducibility, accuracy and precision when there is a differential suppression or
enhancement between and within calibration samples and biological samples. The
mechanism involved in matrix effects is not fully understood, simply because it is
related to the mechanism of the electrospray process, which is also not fully
established. It is well known that one of the most important factors that influences
ESI response is the physical and chemical nature of the analyte. In general the
basicity, charge density and hydrophobicity of the analyte affect the response —
basicity guarantees protonation, while charge density and non-polarity determine
how likely the analyte ions are to stay on the surface of the droplet.'® Surface
activity is closely related to the hydrophobicity of the analyte; higher
hydrophobicity generally leads to higher surface activity.

Since ion suppression is more common and problematic than ion
enhancement, only suppression will be discussed further in this section. There are
several causes and mechanisms for ion suppression, as shown schematically in

Figure 1-7.
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The first possible mechanism to explain ion suppression of the analyte can
be competition for limited surface excess charge.'® The excess charge on an ESI
droplet is fixed and controlled by the applied voltage and the flow rate. In
addition, because excess charges all reside on the droplet surface, competition for
charge and surface space both occur. Matrix components with higher surface

105 nolymers'® and lipophilic

activity and charge density (for example surfactants
components) are expected to out-compete analytes with lower surface activity and
charge. In the fission process, these matrix components will occupy the droplet
surface in each subsequent offspring droplet. Analytes will then be left in the

interior of the preceding droplet and remain undetected.

Another possible mechanism is incomplete evaporation of the droplet.'%

lons generated in the droplet can only be detected once they are ejected into the

gas phase so droplet evaporation is essential. Nonvolatile components in the
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droplet can alter the viscosity, volatility and conductivity of the solution. This can
cause incomplete evaporation and affect Taylor cone formation, resulting in a
hindrance to the fission and lowering the efficiency of gas phase ion formation.'®
The number of analytes converted to the gas phase is therefore reduced and thus

the ESI response is decreased.

Many ions can undergo reactions in the gas phase after they are emitted
from the droplet due to the fact that their gas phase basicities can be different
from their solution phase basicities. Gas phase reactions such as charge
neutralization, charge stripping and charge transfer can occur and have a
significant effect on the ESI response.’®” If the matrix components are stronger
gas phase bases, they will compete with the analyte gas phase ions for protons and
suppress the ESI response of the analytes.™™ lon suppression can also be caused
by strong acids such as trifluoroacetic acid (TFA), which causes strong ion
pairing with basic analytes."™* This ion pairing process keeps the analytes in the
more neutral interior of the droplet and prevents the analyte from partitioning into

the surface phase; therefore the analyte cannot be released into the gas phase.

Matrix effects can come from exogenous sources, for example, plasticizers
from plastic vials and anticoagulants such as Li-heparin,**? or from endogenous
sources, and these can range from polar components that elute early on a
reversed-phase column to hydrophobic components such as lipids. There are
several strategies for overcoming matrix effects and they include: (a) decreasing
the injection volume, which decreases the amount of matrix that enters the ion

113

source at the same time as the analyte,” (b) using a divert valve, which diverts

the unwanted early portion of the LC run, (c) avoiding exogenous matrices by
using the same brand of tubes for processing and storing standards and samples,

(d) use of stable isotope-labeled internal standards, which is based on the rationale

that the internal standard will experience the same matrix effects as the analyte,***

(e) by using the same matrix as the samples to prepare calibration standards

(blank matrix) to eliminate the matrix difference between the calibration standards

113

and the samples,” (f) by using extensive sample clean-up and purification to
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separate the analytes from the matrices,** *°

(9) by employing the standard
addition method to correct for matrix effects, if sample preparation and using an
appropriate internal standard is too time-consuming or difficult,**® and finally (h)
by reducing the ESI flow rate to nL/min, which is well known for increasing

desolvation, ionization and ion-transfer efficiency.**’

1.4.3 Triple-Quadrupole Linear lon Trap (QTRAP®)

The most important role of a quadrupole, historically, has been as a mass

analyzer. The quadrupole’®*

is constructed from four parallel rods in which a two-
dimensional hyperbolic field is established (see Figure 1-8). The rods are

generally 4-10 mm in diameter and 10-30 cm long. An applied potential of
(U + V cos (wt))

is applied to two opposite rods and a potential of
- (U +V cos (wt))

is applied to the other two opposite rods, with the RF components of the rods
being 180° out of phase. Simply put, the filtering role of the quadrupole is
achieved by the application of a combination of time-independent DC and a time-
dependent AC voltage. For a given DC and AC voltage, only ions of a certain m/z
value have stable paths, all other ions are not transmitted. In practice, the DC
potential is held at a fixed fraction of the RF potential. A mass spectrum is
obtained by sweeping the RF and DC voltages in a systematic way to allow ions
of increasing or decreasing m/z values to reach the detector. In the RF-only mode,
the DC component is set to zero and ions of a wide range of m/z values have
stable trajectories and are transmitted through the quadrupole.
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Figure 1-8 Schematic of a quadrupole mass analyzer

The advantages of a quadrupole mass filter are many. It is mechanically
simple, can produce spectra with a linear mass range, has high scan speeds and
transmission, is not dependent on the initial energy distribution of ions and is well
suited for selected reaction monitoring. It is also more tolerant of high pressures
than a TOF instrument, which is an advantage in the hybrid QTRAP® instrument.

One of the newer additions to the family of mass spectrometers is the
quadrupole linear ion trap (LIT).®® The construction of the LIT analyzer is
fundamentally identical to the quadrupole mass analyzer. It consists of four
parallel rods and uses RF and DC voltages for mass analysis. The rods are
arranged in the x/y plane and two entrance and exit aperture lenses in the z-axis.
A schematic of a LIT analyzer is represented in Figure 1-9.
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Figure 1-9 Schematic of the LIT mass analyzer, with axial ion ejection, used in the
QTRAP® 4000

lons are trapped in the LIT by the RF voltage applied to the rods and by
the DC voltage applied to the aperture plates. lons can be ejected from the LIT
either radially (through slits in the x-rods) or axially (through the exit lens). In this
section, only axial ejection will be further explained, as this is the physical design
of the QTRAP® instrument. In the LIT, ions move in a radial (x/y plane) direction
and in an axial direction (z plane). The potential in the hyperbolic field is the
same as that of the quadrupole and is only valid well within the rods, sufficiently
far away from the end lens. At the ends of the rods, the field terminates due to the
presence of the lenses. This fringing field distorts the ideal quadrupole field at the
entrance and exit of the LIT and the effects can couple the radial and axial motion
of the ion. Prior to ejection, the ions can be excited by application of a
supplementary AC voltage to the quadrupoles (or in a few cases to the exit lens).

When the frequency of the ion matches that of the auxiliary AC, an increase in the
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radial displacement occurs. If the ions are near the exit lens, the fringing field
effect is highest and the ions can have sufficient kinetic energy gained from the
fringing field to be ejected. By changing the frequency and the amplitude of the
auxiliary AC voltage, ions of different m/z can be ejected to produce a mass

spectrum.

Advantages of the LIT over a 3D ion trap include improved trapping
efficiency, increased ion storage capacity due to the larger volume of the LIT and
reduced space charge effects due to radial confinements of ions in a line rather
than in a point as in 3D ion traps.

The QTRAP® 4000 instrument used in the thesis work is based on a triple
quadrupole platform, where Q3 can be operated in either the normal quadrupole
mode or the LIT mode.™® Changes in Q3 from a conventional quadrupole to a
LIT analyzer can occur in less than 1 ms. A schematic of the instrument is shown
in Figure 1-10. lons are generated by an electrospray ion source (pneumatically
assisted) and they enter into an RF-only quadrupole ion guide (QO) through an
orifice plate and a skimmer. The QO vacuum chamber is maintained at about 6 x
10° Torr. The QO chamber is separated from the analyzer chamber by a
differential pumping aperture called 1Q1. The collision cell (g2) is an enclosed
LINAC quadrupole and has two lenses, 1Q2 and 1Q3, located at either end.
Nitrogen is used as the collision gas and pressure is maintained at approximately
5 x 10 Torr. The quadrupoles Q1 and Q3 are mechanically identical and the
typical pressure in Q3 is approximately 3 x 10® Torr. Two aperture lenses are
located at the exit of Q3 and ions are detected using a dynode electron multiplier.
Auxiliary AC voltage can be applied to Q3 and is ramped proportionate to mass.
The trapped ions are then mass selectively axially ejected. The LIT analyzer can
be operated in three scan speeds: 250, 1000 and 4000 amu/s. The scan functions
of the instrument are represented in Table 1-4. All the typical scan modes of the

triple quadrupole are maintained, with the addition of the trap scan modes.
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Table 1-4 Scan modes used in the QTRAP® 4000 (Ref. 119)

Mode of Operation Q1 Q2 Q3
Triple Quad Scans
Q1 Scan Resolving (Scan) RF-only RF-only
Q3 Scan RF-only RF-only Resolving (Scan)
Product lon Scan Resolving (Fixed) Fragment Resolving (Scan)
Precursor lon Scan Resolving (Scan) Fragment Resolving (Fixed)
Neutral Loss Scan Resolving (Scan) Fragment Reso(l)\g;lgt()Scan
i/lecl)erﬁi(e;?irlfg?\(/:lggg Resolving (Fixed) Fragment Resolving (Fixed)
Triple Quad in combination with LIT scans
Enhanced Q3 Single MS RF-only No Fragment Trap/scan
EnhancecSiCF;rnoduct lon Resolving (Fixed) Fragment Trap/scan
Isolation/frag
MS3 Resolving (Fixed) Fragment Traplscan
Time delayed

fragmentation Resolving (Fixed)  Trap/No frag Frag/trap/scan

Enhanced Resolution Q3

Single MS RF-only No Fragment Trap/scan
Enhanced Multiply ]
Charged RF-only No Fragment Trap/scan
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1.4.4 Scan Modes

For the purpose of brevity, only the scan modes discussed in later chapters
of this thesis will be explained here. Figure 1-11 shows a graphical representation
of these scan modes. Fragmentation in the QTRAP® can be performed either in
the LIT analyzer by resonance excitation or in the collision cell, g2 as in triple
quadrupole instruments.*® In the enhanced product ion (EP1) mode, selection of a
precursor ion is done in Q1 using RF/DC mode isolation at any of three different
resolutions: low, high or open resolution. The ions are fragmented via collision
induced dissociation (CID) in the collision cell, g2 and the fragment ions are
trapped in Q3 operating in the LIT mode. The ions are then mass-selectively
axially scanned out to create a mass spectrum. The term “enhanced” is used
whenever Q3 is operated in the LIT mode because of the enhanced sensitivity
when compared to Q3 operated in the conventional quadrupole mode. The
advantage to generating fragments in g2 rather than in the LIT mode is that in g2,
ions can undergo multiple collisions. However, in a LIT analyzer, fragmentation
occurs by resonance excitation of the precursor ion and in many cases the product
ions are too cool to fragment further. As a result, CID conducted outside the LIT
generates triple quadrupole fragmentation patterns, which typically yield a richer
product ion spectrum than those obtained via resonance excitation. Another
reason is that the duty cycle is enhanced because the precursor ion isolation and
fragmentation generation steps are spatially separated. Also, there is no inherent

low mass cut-off as in ion trap MS/MS spectra.
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The triple quadrupole scans, precursor ion (PC), neutral loss (NL) and
selected reaction monitoring (SRM) scans are typically the same as for a

101 \When an ion loses a

conventional triple quadrupole mass spectrometer.
diagnostic fragment as a charged fragment or a neutral fragment, it can be
detected using PC or NL scans respectively. In PC scans, Q1 is used as a
resolving RF/DC transmission quadrupole to scan across a mass range. lons are
fragmented via CID in g2 and Q3 is set as an RF/DC quadrupole mass filter to
only transmit the fragment ion of interest. Only ions that are transmitted through

Q1 that fragment to generate the diagnostic fragment will be detected.

In NL scans, Q1 is used in the same way as in PC scans, in a resolving
RF/DC mode across a mass range and the ions fragment in g2. Q3 is set in the
resolving mode as well, scanning across a similar mass range that is offset by the
mass of the neutral fragment. Only the ions passing through Q1, which lose a
neutral fragment of the defined mass will then be transmitted through Q3 and be
detected.

In SRM mode, Q1 is set in the resolving RF/DC mode to select the
precursor ion of interest and Q3 is set to select a specific fragment of interest. The
collision energy used in g2 to fragment the precursor ion is optimized to generate
an abundance of the diagnostic fragment ion. Only ions with the exact transition
of precursor to product ion will be detected. This type of scan has the highest duty
cycle of the scans. Many SRM scans can be combined together (known as
multiple reaction monitoring or MRM) in one single LC-MS run to detect the
presence of as many known metabolites as possible in a complex biological
matrix. PC and NL scans are very useful in identifying metabolites, especially
those belonging to a family or class of compounds that share diagnostic fragment
ions or neutral losses in their fragmentation patterns. Despite the relatively low
duty cycles of these scans, they are very selective and much more sensitive than

full MS scans, although not as sensitive as MRM scans.
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1.4.5 Information-Dependent Acquisition (IDA) Scans

The use of IDA scans has become very useful in increasing throughput
and generally requires no foreknowledge of the analytes. This procedure
combines two or more different scan modes sequentially in a single LC-MS or
LC-MS/MS run. The first scan is known as the survey scan and the data is
processed “on the fly” to determine the masses of interest based on pre-defined
selection criteria. Once the criteria are met, then a second data-dependent scan is
performed. Depending on the cycle time of the experiment, several data-
dependent scans can be performed. In most LC-MS experiments, a typical IDA
experiment would include a full MS scan as a survey scan followed by an EPI
scan as a dependent scan. In this thesis work, the most common IDA experiments
used were an MRM survey scan followed by one to four dependent EPI scans.
This IDA scan also offered a way to perform quantitative and qualitative analyses
in one run. PC and NL scans were also used as survey scans. IDA has the

potential to offer a wealth of information in just one run.

1.4.6 Orthogonal Acceleration — Time-of-Flight (oa-TOF)

The TOF mass analyzer consist of a long field-free tube about 100 cm in
length. A schematic of an oa-TOF mass spectrometer is represented in Figure
1-12. The flight tube is a vacuum enclosure between the ion source and detector.
The basic principle of the TOF is as follows: ions are separated on the basis of
their differences in velocities. A short pulse of ions having defined kinetic energy

is dispersed in time when it travels down the long flight tube.
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Figure 1-12 Schematics of an orthogonal acceleration time-of-flight mass analyzer

39



The velocities of the ions can be defined as:

V= 2eV
m

where V is voltage, m is the mass of the ion and e is the charge of the ion. The

velocity of an ion is inversely proportional to its m/z value, so lower m/z ions
travel faster and reach the detector earlier. The time an ion takes to get to the

detector is given by:

m
2eV

=L oL
V

where L is the length of the flight tube. Timing circuits are used to coordinate the
start time with the initial pulse of the ions or other events in the experiment. The
measured arrival times of the ions can be converted to a mass spectrum by the
calibration of the instrument. In a TOF mass spectrometer, resolution is related to
the temporal width of the ion packet when it reaches the detector. The main
factors contributing to resolution are the initial kinetic energy spread of the ions
as well as the spatial distribution, owing to ions of the same mass being ionized at
different locations in the source. A device used to correct for the spatial and
energy spread is a reflectron. The reflectron is an electrostatic mirror with a series
of grids and electrodes in a decelerating or retarding field. The reflectron is placed
at the end of the flight tube. lons from the flight tube enter the grid of the
reflectron, which is generally at the flight tube potential and as they pass through
the series of electrodes, they are slowed down by the retarding field until they
stop. The same electrical field that slowed the ions down on entering the
reflectron will now accelerate them as their direction is reversed and they leave
the reflectron. The principle is that when ions with the same mass enter the
reflectron, those with more energy will travel faster and arrive sooner but will
penetrate deeper and spend more time in the field than a slower ion. As a result,

ions with the same m/z value will arrive simultaneously at the detector, which is
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placed at the other end of the tube. The added length in the flight path also

contributes to resolution.

Because of the start-stop timing that is essential to TOF operation, the
instruments are optimally combined with pulsed-mode ion sources such as matrix-
assisted laser desorption ionization (MALDI). Alternatively, using an oa-TOF
mass spectrometer can accommodate a pulsed-ion beam from a continuous ion
beam source such as ESI. The ion beam enters an ion acceleration region at a
perpendicular direction to the main axis of the TOF instrument, illustrated in
Figure 1-12. At regular time intervals, a short pulse of an orthogonal accelerating
field is applied to ions in a section of the beam, and their Kinetic energy is
increased. The beam fills the acceleration region in about the same time it takes
for a TOF scan to be completed after orthogonal acceleration. In the “fill-up
mode” the first stage of the acceleration region is field-free. Once the acceleration
region is filled, a field is generated rapidly by applying a voltage pulse to one or
more of the electrodes. This is referred to as the “push-out” mode and the ions are
accelerated orthogonally relative to their velocities in the ion beam. The pulse is
generally used to start the timing electronics. This approach reduces spatial and
energy spreads and provides high efficiencies to gate ions from an external
continuous source. Coupling the ion source with the oa-TOF is generally achieved
using an RF-only quadrupole, or a LIT. These have the added advantage of
focusing the ion beam, minimizing divergence and increasing ion-transport

efficiency.

1.5 Chemical Derivatization in LC-ESI-MS

There are many derivatization reactions used in LC-MS applications.™® 12

There are a range of compounds that are weakly acidic or basic and display poor
sensitivity with ESI-MS, such as sugars, alcohols, amino acids, and vitamins. To

address this shortcoming, several derivatization strategies have been developed to
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improve the sensitivity of these analytes. Most published approaches focus on
making small modifications to the analyte to improve ESI response. No matter
what the functional group is or the strategy used, the ideal reagents and the
reaction should have the following characteristics: inexpensive, simple synthesis
steps, high yield, non-toxic reagents, stable over long periods of time, reaction
should proceed under mild conditions, with minimal side products, reaction
mixture should be compatible with the LC-MS systems and not require too much

cleanup.

Chemical derivatization of the analyte is often used to enhance the ESI
response by either adding a chargeable functional group®! or by increasing its
surface activity.'?> Chargeable functional groups facilitate ion formation through
protonation or sodium adduct formation. Another method is to facilitate charging
by adding electrochemically reactive functional groups. lonization can then be
accomplished through electrochemical oxidation or reduction.*? Derivatization
can be used to modify hydrophilic compounds to improve their surface activity as
they tend to reside in the droplet interior. Not only are their ESI responses
dramatically improved but also their retention on a reversed-phase HPLC column.
Increasing the retention time also avoids the pitfalls associated with suppression
due to salts and other early-eluting compounds. In addition, derivatization of the
analyte may shift the mass of the derivatized product out of the low-mass region
of the mass spectrum, which is usually complicated by the presence of solvent
clusters and contaminants. Derivatization can also be used to generate fragments
efficiently during collision induced dissociation (CID) in tandem MS and produce
intense fragment ions that can be valuable in selected reaction monitoring (SRM)
quantification methods. It is important to note that the ESI response can be
increased exponentially by using a derivatizing agent that increases both the
proton affinity and the hydrophobicity of the analyte.'** Derivatization can also
improve quantitative analysis by using stable isotope labeled reagents.*® The
“light” isotope reagent can be used to label the analyte and the “heavy” isotope

reagent can be used to label the standard to be used as the internal standard. The
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advantage to this method is that an internal standard can be produced for each
analyte. The purchase or synthesis of an internal standard for each analyte is

therefore not required, lowering the cost of the experiment.

1.6 Metabolite Identification by LC-MS

One of the major bottlenecks in metabolomic studies is the accurate
identification of small molecules or metabolites. Unlike such biopolymers as
DNA and proteins, the diversity in the chemical and physical properties of
metabolites makes the task very difficult. Because of the vast number of
publications in the field of metabolite identification, each employing very
different levels of evidence, the Metabolomics Standard Initiative (MSI)
published several guidelines for the publication of metabolomics experiments.
One of these publications discusses the reporting standards for chemical analysis
and defines the confidence levels for identifying non-novel metabolites, ranging
from level 1 to 4.1%° It states that the minimum standards for identifying a non-
novel metabolite is by analyzing the metabolite using two independent and
orthogonal data sets relative to an authentic compound analyzed under identical
experimental conditions, for example retention time and mass spectra, accurate
mass and tandem mass spectrometry. Identification of novel compounds usually
requires extraction, purification, accurate mass measurement, elemental analysis,
fragmentation patterns and the use of other analytical techniques beyond mass
spectrometry: NMR, IR or chemical derivatization. Typically, MS-based
metabolite identification in untargeted metabolomics is mainly achieved through
integration of LC-MS and LC-MS/MS data. This includes ion annotation, an
accurate mass search to obtain elemental composition, isotopic pattern evaluation,

mass spectral interpretation and spectral matching.
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1.6.1 lon Annotation and Accurate Mass Measurements

lon annotation is the procedure whereby a group of ions likely to originate
from the same compound are identified. In LC-MS, one compound can be
represented by multiple peaks with different m/z values at similar retention times.
These peaks are due to the presence of isotopes, adducts, charge states, and
neutral loss fragments. The solvent and buffer composition, pH, pKa, organic
modifier and analyte concentration can influence the formation of adducts and the
occurrence of multiply charged species. The correct adduct ion must be
determined in order to obtain the accurate mass of the neutral molecule. Also
different adducts can alter the fragmentation pathways. Usually, [M+H]" ions are
preferable for fragmentation because they yield more informative spectra at
common collision energies of 10 — 50 eV. Mass spectrometry software from many
vendors that has charge state determination included can help detect adduct ions.

After successfully annotating the ions, their monoisotopic exact masses
can be deduced based on the difference in the mass of the adduct and charge state
deconvolution. These masses can then be queried against a metabolite database
such as HMDB,'®* METLIN'*® or MassBank.'*” Accurate mass is generally
measured on an FTICR-MS (less than 1 ppm accuracy), magnetic sector (less than
1 ppm accuracy), TOF or quadrupole-TOF (5-10 ppm accuracy) or orbitrap (less
than 1 ppm accuracy). The aim of the library search is to obtain a hit containing
the correct structure of a compound in the library or partial insights on structure
based on compounds that almost match. Identification based on accurate mass
seldom results in unique identification of these compounds. The monoisotopic
mass of a compound is not usually sufficient to determine its elemental
composition, even for mass accuracies in the sub ppm range.*?® Therefore both
accurate mass and isotope patterns are required and many algorithms depend on
both.
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1.6.2 Mass Spectral Interpretation and Spectral Matching

Spectral interpretation of tandem mass spectra obtained using LC-MS
derived its beginnings from fragmentation interpretation of electron ionization
spectra. It involves deducing the possible structure of a compound through
predicting fragmentation by in silico methods or by diagnostic cleavages. Because
the fragmentation is a gas-phase reaction, cleavage sites on a molecule can be
estimated and described with fragmentation rules. A list of common neutral losses
that occur during CID fragmentation and common fragmentations typical in
atmospheric pressure ionization sources have been published to assist analysts in
interpreting mass spectra.’? There are also many commercially available software
sources that differ in their approaches that can be employed by the mass
spectrometrist to help in spectral interpretation. The Advanced Chemistry
Development (ACD) Fragmenter software is such a tool that uses a database of
fragmentation rules. HighChem MassFrontier (www.highchem.com) possesses a
large library of fragmentation schemes extracted from the literature and in-house
spectral libraries. Other in silico tools use a different rationale to predict structure,
where a list of fragments is generated through combinatorial disconnection of the
chemical bonds in the compound. Such examples are Fragment Identifier (FiD)**
and MetFrag*®. The bond energies are calculated and low-energy cleavages are
preferred over high-energy cleavages. After hypothetical fragments are predicted,
they are then assigned a similarity score when compared against the experimental

spectrum.

Another approach uses diagnostic neutral losses and fragment ions to
predict and interpret the fragmentation of compounds belonging to the same
chemical class. Bourcier and Hoppilliard used characteristic neutral losses to
identify tyrosine derivatives.™® It is well known that compounds with similar
structures can share similar spectral characteristics. The fragmentation of
compounds belonging to the same chemical class can be studied and
fragmentation reactions and pathways deduced using existing fragmentation rules.

Under identical experimental conditions, the MS/MS spectra of unknown samples
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can be generated and compared for putative identification of the compound class.
Using a well known list of common neutral losses can also assist in interpretation
of unknown mass spectra. If logical losses can be assigned, then parts of the
unknown metabolite can be identified. Intelligent deduction of the putative
identity of the unknown metabolite can be made based on LC retention time,
fragmentation of similar standards, known fragmentation patterns and literature
searches. This form of interpretation is level 3 of the MSI and is termed the

putatively characterized compound class.'®

Spectral matching is the verification of metabolite identification by
comparing the MS/MS spectrum of the unknown with the MS/MS spectrum of
authentic standards assembled in a spectral library. There are several spectral
libraries that are available to the general public.*®® 2" To measure the similarity
between the unknown and authentic spectra, an appropriate scoring function is
important for any spectral matching algorithm. The most common scoring
function calculates the similarity of the query spectrum and the library spectrum
by treating the two spectra as vectors and determining their dot product, as in, for
example, MassBank.'?” Spectral libraries can be limited in their coverage and one
way of expanding the coverage is by allowing metabolites of similar structure or

substructure to be matched, as in MassFrontier.

The above computational methods assist in reducing the search space and
prioritizing putative identifications, especially since the number of available
standards is limited. It is important to remember that for confirmation of the
identity of an unknown, the authentic standards still need to be obtained and
analyzed under identical conditions of the unknown sample to compare retention
times and MS/MS spectra.
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1.7 Quantification of the Metabolome by LC-MS
1.7.1 Calibration Techniques

As in other analytical techniques, quantification using LC-MS is based on
the comparison of the intensity of analyte response (measuring either peak height
or area) in a sample with the intensity of known amounts of the authentic analyte
or a chemical analog, measured under identical conditions. There are three
common procedures for comparison with these standards, namely external
calibration method, standard addition method and the internal calibration
method.™*® External calibration is the simplest method of the three and involves an
external standard or known material, which is prepared separate or external to the
unknown material or sample. In this method, a series of such external standards
containing known amounts of the analytes of interest is prepared. Ideally, at least
five of these solutions are needed to create a reliable calibration. The intensity of
the analyte signal is plotted as a function of the known analyte concentration and
a calibration curve is created by fitting the plot using the method of least squares.
It is important to fit the correct form of the curve to the calibration data. Samples
are then prepared and analyzed in an identical fashion and the concentration of the
analyte in a sample is calculated from the calibration curve. It should be noted
that external calibration does not take into account any matrix effects or sample

losses due to storage or preparation.

Standard addition method can be used to address matrix effects and is
often used to determine the concentration of analytes in complex matrices such as
biological fluids or tissues. The rationale is to add analyte in known
concentrations to the unknown sample matrix and the increase in response after
analysis is thought to be due only to the change in analyte concentration and not
to any other interfering species. The procedure of standard addition is to add the
analyte in increasing concentrations to equal aliquots of the sample. Ideally, at
least five added concentrations should be used. The detector response of the

standard addition solutions is then plotted against the added concentrations. The
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calibration curve is fitted using linear regression and the concentration of the
analyte in the original solution calculated by extrapolation of this curve to
intercept the x-axis. This is illustrated in Figure 1-13. Although this method takes
into account matrix effects, it does not account for sample losses due to sample
handling and preparation. This approach is also time-consuming and impractical
if the number of samples is high or sample volumes are limited as a series of
“spiked” samples must be prepared and analyzed for each unknown sample. For

these reasons, this method has limited use in metabolomics.
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Figure 1-13 Standard addition curve
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The internal standard method can be employed to overcome both matrix
effects and losses due to sample handling. The procedure involves the comparison
of the instrument response from the analyte in the sample to the response of an
internal standard added to the sample early in the analytical process (preferably
before sample preparation). This internal standard is a suitably selected compound
that closely resembles the analyte in physical and chemical properties. A constant
and equal amount of the internal standard is added to all unknown samples. The
same amount is added to calibration standards, prepared with increasing
concentrations of the analyte. Intensity signals from both the analyte and the
internal standard are measured in the standards and the samples. The ratio of the
two signals is then used to generate the calibration curve and determine the
concentration of analyte in the samples. If the choice of internal standard is
appropriate, losses in the analyte will be mirrored by the losses in the internal
standard and the matrix effects experienced by both would be, in theory, identical.
In this way, it also compensates for variation in sample preparation, injection
volumes and chromatographic separation. An ideal choice in internal standard is
the use of the stable isotope-labeled analog of the analyte. A stable isotope-
labeled internal standard (SIL-IS) has the same chemical formula and structure as
the analyte but differs in the isotopes, 'H, *2C, N or **0, which are usually
replaced by 2H, °C, >N or *®0. The SIL-IS, therefore exhibits identical behavior
with the target analytes. Using SIL-IS is therefore preferred over using a
structural analog, but they can be quite expensive and in the study of
metabolomics, a limited number of SIL-IS are available commercially. Deuterated
SIL-IS are the least expensive and are most commonly used; however, they tend
to suffer from isotope effects in the chromatographic separation, when using a
reversed-phase column. Isotope effect is generally observed as deuterated
compounds elute earlier than their protiated counterparts. The zero point energy,
lowest energy of a system, is dependent on the reduced mass of the atom; the
heavier the atom the lower the frequency of vibration and the smaller the zero
point energy. The reverse is true and lighter atoms have a greater frequency of

vibration and a higher zero point energy. Since deuterium is heavier than
49



hydrogen, it has a lower zero point energy, resulting in different bond dissociation
energies for C-H and C-D. The nature of isotope effects is due to a large extent on
vibrational frequencies, which is dependent on the mass of the nuclei. The smaller
amplitude of vibrations for the C-D bond results in a more compact electron
distribution and a decrease in polarizability and molecular volume for the C-D
bond.’* ¥ Therefore there will be less interaction between the deuterated
compound and the hydrophobic stationary phase than for the protiated isotopomer
and the deuterated compound elutes earlier. This effect becomes more
pronounced as the number of deuterium atoms in the molecule increases and the
effect on polarity is altered depending on the proximity of a heteroatom to the
substituted deuterium.™® For accurate quantification, co-elution of the analyte
and SIL-IS is preferred. In short, the use of deuterated internal standard is not
always the optimal choice. SIL-IS containing isotopes *3C, °N or 20 are often a
better choice as they do not exhibit isotope effects; however these isotopomers
tend to be very expensive and even fewer compounds are commercially available.

Of these isotopomers, *C-SIL-IS are most often used.

1.7.2 Validation of Quantitative Methods

In small molecule analysis, after choosing an appropriate calibration
technique and creating an LC-MS method, optimizing separation and detection of
the metabolites, it is important to validate the quantitative method. Well-
characterized and fully validated analytical methods are essential to generate
reproducible and reliable data that can be used to accurately evaluate and interpret
the biological findings. The U.S. Food and Drug Administration (FDA)®’ provides
guidance for bioanalytical method validation of drugs and their metabolites in
biological fluids and these procedures are adopted in quantitative metabolomics.
This guide defines the essential parameters used in method validation — namely
accuracy, precision, selectivity, reproducibility, limits of detection and

quantification and stability — and addresses how to assess and determine these
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parameters.  Evaluation of these parameters in drug analysis is very
straightforward and relies on the use of calibration standards, which are known
amounts of the analytes spiked into the biological sample matrix and quality
control samples, which are spiked sample matrix (with known quantities of
analyte) used to assess the integrity and validity of the results of the unknown
samples. These investigations are straightforward because the drug and

metabolites to be tested are exogenous to the sample matrix.

However, as biomarkers have become increasingly important as indicators
of the pharmacodynamic effect of drug treatment, safety and mechanism of drug
action, the application of method validation has become complicated. One of the
major reasons for this is because biomarkers tend to be proteins (used as surrogate
endpoints) and small molecules (which aid in understanding the biology of the
disease), which are endogenous in nature. Metabolomics is often used in
biomarker discovery and an integration of proteomic and genomic approaches can
provide a more comprehensive understanding of the biology of the disease.
Validation of an analytical method used in the measurement of endogenous
compounds is more complex than those used conventionally to measure
xenobiotic drugs and challenges the existing guidelines which are still in use by
many researchers doing metabolomics studies. Lee et al proposed a fit-for
purpose method for the validation of a bioanalytical method for biomarker

measurement, which can be adapted for metabolomic studies.**®

A challenge exists because of the presence of the analyte in the control or
blank matrix, which is used to prepare calibration and quality control standards.
The presence of the analyte also presents added difficulties when evaluating
selectivity, recovery (the extraction efficiency of a known amount of analyte from
the sample matrix), matrix effects, and limits of detection and quantification. It is
often difficult, if not impossible, to obtain analyte-free authentic biological matrix
or matrix with known analyte concentration for preparation of the reference
standards. Occasionally, sample matrix with negligible concentration of the

analytes can be used. It must be noted that it is essential to consider a proper
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approach for constructing the calibration curve as it is the key to the success of
the method. Ideally, the use of standard addition methods can be used to
circumvent this problem. The advantage of using this approach is that matrix
effects are minimized and an accurate determination of the analyte in the
unknown sample can be determined. This approach, however, requires more
sample volume and analysis time than other conventional methods, which may
not be practical in metabolomics where sample volumes can be small (microliter
amounts) and sample numbers high (hundreds). Another disadvantage is that if
the endogenous concentration of the analyte is high in the control matrix, addition
of relatively small concentrations of analyte may not be distinguishable or
alternatively, result in saturation of the detector. Extrapolation of the calibration
curve may lead to erroneous results. Furthermore, it is more difficult to determine

the limits of detection and quantification using this approach.**": 1%

Another approach is to use authentic analytes but use a “surrogate” matrix
in an attempt to perform matrix-matching.**’ A surrogate matrix could be an
artificial or synthetic matrix, a modified matrix or matrix from another species. In
its simplest form, surrogates can be water or a buffer such as phosphate buffered
saline at pH 7.4. Synthetic urine and cerebral spinal fluid can also be prepared and
used.*® Synthetic urine, plasma and serum are also available commercially. An
alternative to using the authentic biological matrix is to treat the matrix to remove

the analyte. Examples include oxidation of the analyte,**°

, stripping by activated
carbon,'*! or by affinity chromatography. Disadvantages to this approach include
irreproducibility in preparing the synthetic matrices, and the fact that the analyte
solubility and extraction from the synthetic matrix may differ in the authentic
matrix.*** Alternatively, in some cases, another species can be used as a surrogate
matrix."* Some analytes may occur in higher concentrations in human plasma,
than in rat, rabbit, pig or other mammalian species or are absent. Thus the use of
these other biological matrices as a surrogate may be appropriate. The
disadvantage of using the surrogate matrix approach is that it may not correct for

matrix effects. One way to determine the suitability of this approach is to prepare
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the calibration standards in the surrogate and the authentic matrices and determine
the slopes of both calibration curves. Similar slopes indicate a similarity of the
matrices and suggest that this matrix can be used. If there is significant deviation

in the slopes, an alternative matrix should be used."®

A third and interesting approach is the use of authentic matrix and
“surrogate” analyte.’*® 3 A surrogate analyte is an analyte that does not occur
naturally in the matrix but is similar to the authentic analyte in its physical and
chemical properties. For LC-MS analysis, an isotope-labeled analyte standard
that differs only in mass is the best choice for the surrogate analyte. The surrogate
analyte is used to prepare calibration standards and a third compound, either a
non-endogenous chemical analog or preferably another isotope-labeled form of
the analyte is used as the internal standard. To test suitability of this approach, the
response of the authentic and surrogate analytes must be determined and
theoretically be equal. Their response must also be constant over time and over
the concentration range tested.™® The disadvantages to this approach are that it
can only be used for methods involving MS detection and the use of many
isotope-labeled compounds can be very expensive.

It is important to remember that method validation is performed to ensure
the reliability and quality of the results of the authentic analyte in the authentic
matrix. For that purpose, surrogate analyte or matrix should only be used when
preparing calibration standards and for determinations of limits of detection and
quantification. All validation parameters should be determined in authentic matrix
using authentic analytes. Precision, accuracy, and stability studies are performed
using spiked or un-spiked authentic matrix calculated from the surrogate
calibration curve. Variability limits, often measured as coefficient of variation, is
the same as stated in the FDA guidelines,®’ less than 15% or 20% at the LLOQ.
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1.8 Inborn Errors of Metabolism (IEM) — Study of Acylglycines

Analysis of glycine conjugates (acylglycines) has become important in the
investigation of several inborn errors of metabolism (IEM) known collectively as
mitochondrial fatty acid oxidation disorders and organic acidurias. Fatty acids are
an important source of energy in humans and may come from different sources:
diet, released from adipose tissue or synthesized de novo. For energy production,

fatty acids undergo B-oxidation in the mitochondria,*** *°

although a small
portion is oxidized in the peroxisomes as well. Once released, fatty acids are
rapidly activated to form a Coenzyme-A (CoA) ester by a variety of different
acyl-CoA synthases. The oxidation, which occurs in both the mitochondria and
peroxisomes, consists of four enzymatic steps, in which an acyl-CoA ester
undergoes subsequent steps of dehydrogenation, hydration, another
dehydrogenation and finally a thiolytic cleavage.*** Each dehydrogenation step
yields electrons, which are transported via electron transferring flavoprotein
(ETF) and electron transferring flavoprotein dehydrogenase (ETF-DH) to the
respiratory chain. Each cycle of p-oxidation produces one acetyl-CoA molecule,
which is converted to acetoacetate in the hydroxymethylglutaryl cycle. This
oxidation is illustrated in Figure 1-14. Acyl-CoA esters can react with glycine in
the mitochondrion and leave the cell in the form of acylglycines. A similar
process can occur with carnitine to form acylcarnitines. The reaction of acyl-CoA
with glycine is catalyzed by the enzyme glycine-N-acylase and this enzyme is
found to be specific for certain acyl groups.**® Defects in the mitochondrial -
oxidation system can result in an elevation of acyl-CoA, which is then conjugated
to either glycine or carnitine. In fact, most of the currently identified
mitochondrial B-oxidation deficiencies are associated with distinct acylcarnitine
or acylglycine profiles. Excess acyl-CoA may be also be subjected to w-oxidation
to yield dicarboxylic acids, which can then be conjugated to glycine™*’ or
carnitine. Therefore acylglycines are used to diagnose defects in the fatty acid

oxidation process.
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Acylglycines are also biomarkers for organic acidurias (OA), also known
as organic acidemias.**® ** The term “organic acidurias” or “organic acidemias”
is used to describe a group of disorders that result from a dysfunction, usually an
enzyme deficiency, in a specific step in amino acid catabolism. These disorders
are usually characterized by elevated levels of non-amino organic acids,
acylglycines and acylcarnitine in the urine. The majority of OA are caused by
abnormal catabolism of the branched chain amino acids and lysine. The organic
acids that are elevated due to a block in that pathway give the name to that
condition. Figure 1-15 demonstrates the catabolism of amino acids and the
enzyme defects that can result. Table 1-5 summarizes the fatty acid disorders,
organic acidurias and the acylglycines used in the diagnosis.*® There are many
other organic acidurias and fatty acid oxidation disorders that are characterized by
organic acids and acylcarnitines in plasma but for relevancy are not discussed

here.
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Figure 1-15 Pathways of branched-chain amino acids. Enzymes: (1) isovaleryl-
coenzyme A-CoA dehydrogenase, (2) 3-methylcrotonyl-CoA
carboxylase, (3) 3-hydroxy-3-methylglutaryl-CoA lyase, (4) 2-
methylbutyryl-CoA-dehydrogenase, (5) 2-methyl3-hydroxybutyryl-CoA-
dehydrogenase, (6) 2-methylacetoacetyl-CoA thiolase, (7) propionyl-
CoA carboxylase. Black bars indicate enzyme deficiencies and the
corresponding disorders can be found in Table 1-5.
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Table 1-5 Acylglycine profile in metabolic disorders. Deficient enzyme in brackets.

Disorders

Urinary Acylglycines

Organic Acidurias

Isovaleric acidemia (Enzyme 1)

Isovalerylglycine

(Enzyme 2)

3-Methylcrotonyl-CoA carboxylase deficiency

3-Methycrotonylglycine

of all biotin-dependent carboxylases)

Multiple carboxylase deficiency ( Enzyme 2, deficiency

3-Methycrotonylglycine

3-Hydroxy-3-methylglutaric aciduria (Enzyme 3)

3-Methycrotonylglycine

3-Ketothiolase deficiency (Enzyme 6)

Tiglylglycine

4)

2-Methylbutyryl-CoA dehydrogenase deficiency (Enzyme

2-Methylbutyrylglycine

deficiency (Enzyme 5)

2-Methyl-3-hydroxybutyryl-CoA-dehydrogenase

2-Methylbutyrylglycine

Propionic acidemia (Enzyme 7)

Propionylglycine
Tiglylglycine

B-oxidation fatty acid defects

Glutaric aciduria type 1l

flavoprotein)

(Deficiency in enzyme called electron transfer

Isovalerylglycine
Isobutyrylglycine
2-Methylbutyrylglycine

Short chain acyl-CoA dehydrogenase deficiency

(Deficiency in acyl-CoA dehydrogenase for short chains )

Butyrylglycine

chains)

Medium chain acyl-CoA dehydrogenase deficiency

(Deficiency in acyl-CoA dehydrogenase for medium

Hexanoylglycine
Phenylpropionylglycine
Suberylglycine
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Collectively, fatty acid disorders and organic acidurias are part of the
newborn screening program in all provinces across Canada.’®® Newborn
Screening (NBS) is a process in which infants are screened shortly after birth for a
list of metabolic disorders that are treatable but not easily clinically detected. The
interval between birth and first sign of symptoms may range from hours to weeks,
dependent on the defect, and it is believed to coincide with the catabolism of
carbohydrate, proteins and fats. The signs of the disorder are poor feeding,
drowsiness, recurrent hypoglycemia, cardiomyopathy, cardiac arrhythmias, easily
fatigued, muscle weakness and pain, after which the newborn sinks into an
unexplained progressive coma. The goals of treatment for fatty acid oxidation
disorders are to (1) control endogenous lipolysis, (2) enhance gluconeogenesis,
(3) ensure availability of Co-enzyme A within the mitochondrion, and (4) provide
adequate and appropriate substrate for ATP synthesis.’** Therefore, limiting
dietary lipids and administering glucose intravenously are necessary. The buildup
of excessive toxic CoA-esters limits the availability of free CoA for other
pathways. Therefore, providing supplementary L-carnitine can cause the
conversion of the toxic CoA-esters to acylcarnitine, releasing the CoA. Providing
a substrate depends on the disorder. If the disorder is a long chain fatty acid
oxidation defect, providing medium chain triglyceride formula would be
appropriate since there would be no dependence on the long chain enzymes. In the
case of OA, early removal of the toxic acids is required and this is generally done
by administering a blood exchange transfusion.®? This is followed by a stringent
protein-restricted diet consisting of an amino acid mixture, free of the amino acid
for which there is a disorder. The absent amino acid is then gradually introduced
into the diet. Oral glycine and intravenous L-carnitine administration are also

effective treatments.

Organic acids and acylglycines are often analyzed together in NBS
laboratories.**® To date, there are about 250 compounds (mainly acids and about
10-15 acylglycines) that can be identified in the urine of a normal individual.
There are also 70 IEMs that are known to give characteristic organic acid and
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acylglycine profiles, although most of those disorders are currently characterized
by organic acids. Urine is the main biofluid used to test for acylglycines and in
many laboratories today they are analyzed by GC-MS.** **® The main steps used
are (1) extraction using liquid-liquid extraction, solid-phase extraction or ion
exchange chromatography, (2) derivatization, usually silylation and (3) analysis
by GC-MS. Although urine is almost always used, dried blood spots have also
been analyzed for acylglycines.®® Dried blood spots (DBS) are obtained by
pricking the heel of the newborn and spotting the blood on special filter papers
known as Guthrie cards. DBS are conveniently used in the NBS programs
because they are easy to obtain, do not require much storage space, can be stored
at room temperature and ship easily. More recently, tandem MS methods are
increasingly being used for acylglycine detection, using stable isotope dilution.**®
1% Although these methods are attractive because they are fast, requiring only a
few minutes for the analysis, they lack the specificity to distinguish between
isomers and are therefore limited in diagnosing some IEMs. To that end, several
LC-MS methods were published, using HPLC and UHPLC alike to attempt to
separate the isomers and employ tandem MS to perform accurate

quantification. 9 15> 1%

1.9 Overview of Thesis

The main objective of this work is to address some of the challenges faced
in MS-based metabolomics, namely metabolite identification and quantification in
biological fluids. This thesis focuses on the development of liquid
chromatography tandem mass spectrometric methods for these qualitative and
quantitative studies. Chapter 2 explains a strategy, developed for the putative
identification of novel acylglycines in human urine, based on fragmentation
patterns and diagnostic neutral losses. Microsome incubations were also used to
generate hydroxylated standards to assist in the identification process and

breakdown graphs were constructed to determine trends in the fragmentation.
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Chapters 3 and 4 focus on the development of LC-MS methods for the
quantification of endogenous acylglycines in human urine and plasma,
respectively, using a surrogate matrix approach. Chapter 5 describes the
development of a fast LC-MS method for the analysis of homocysteine, succinic
acid and methylmalonic acid, which are products of the vitamin By, pathway.
Chapter 6 describes the creation of software design for metabolite identification,
which expands an existing database. Finally, Chapter 7 concludes this thesis work
and also discusses future perspectives of this research in metabolomics studies.
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Chapter 2. Ultra-Performance Liquid Chromatography Tandem

Mass Spectrometry Detection of Acylglycines”

2.1 Introduction

Metabolomics is an emerging field that is poised to play a significant role
in many disciplines of biosciences. One of the current challenges in
metabolomics is to profile the metabolome in a comprehensive manner, ideally
covering the entire set of metabolites present in a biological system. However,
due to technical limitations, only a small portion of the metabolome is analyzed.
There is a great need to expand the metabolome coverage to reveal subtle changes
of the metabolome in biological studies or disease biomarker discovery. Liquid
chromatography mass spectrometry (LC-MS) is a sensitive technique that can
detect many metabolites in a metabolome sample.! However, metabolite
identification from the mass spectral data alone is often difficult.® There are only
a limited number of metabolite standards available for spectral comparison to
identify unknowns. For example, in the Human Metabolome Database (HMDB),’
product ion spectra of about 900 known standards obtained by tandem mass
spectrometry (MS/MS) are included. To create this MS/MS spectral library,
almost all the possible commercial sources were utilized to acquire the available
metabolite standards. This number is still quite small compared to the size of the
human metabolome; the total number of human metabolites is unknown, but the
HMDB contains over 8000 entries of endogenous human metabolites. It is
therefore necessary to expand this spectral library to include many more
metabolites found in biological sources, such as human biofluids. A

comprehensive spectral library will enable many metabolomics researchers to

“ A version of this chapter has been published as Lewis-Stanislaus, A.E., Li, L., 2010, “A Method
for the Comprehensive Analysis of Urinary Acylglycines by Using Ultra-Performance Liquid
Chromatography Quadrupole Linear Ion Trap Mass Spectrometry”, J. Am. Soc. Mass Spectrom.
21, 2105 — 2116.
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take advantage of the database resource for identifying metabolites for biological

studies or biomarker discovery.

A strategy to expand metabolomic coverage and the spectral library
systematically is currently being practiced. This includes detecting and identifying
metabolites sharing one or more similar structural moieties, such as glycine.
Because some standards from this group are available, analyzing the unknown
metabolites of the same group becomes more manageable.  This work
demonstrates the development and application of this strategy to detect and
identify unknown acylglycines.  Acylglycines are an important class of
metabolites that have been used in the diagnosis of several inborn errors of
metabolism (IEM).

IEMs are inherited disorders that are due to gene defects coding specific
enzymes involved in the metabolism of amino acids or organic acids.® One of the
main classes of IEMs consists of disorders of fatty acid oxidation and
mitochondrial metabolism. In individuals with fatty acid oxidation disorder, a
wide array of symptoms is due to the toxic fatty acid acyl-coA esters that
accumulate in the mitochondria. Glycine conjugation with these acyl-coA esters
has been of clinical interest due to their role in the detoxification process.

Increased concentration of urinary acylglycines is generally indicative of IEMs.”
11

The most widely used analytical methods for determining acylglycines in
urine include solvent extraction, derivatization, followed by separation and
detection using gas chromatography mass spectrometry (GC-MS).*>*" Although
this established method offers many advantages, it requires specific derivatization
reactions for analyzing the polar acylglycines. Also diagnoses of some IEMs can
be challenging due to the relatively low sensitivity of the analytical process.*® The
application of tandem mass spectrometry (MS/MS) has been used as an
alternative to GC-MS and as a high-throughput method. Analysis by fast atom

bombardment (FAB) and lately electrospray ionization (ESI) have been well
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documented.*®? Although these methods can detect a larger number of disorders
in a single run, they lack the ability to distinguish between isomers and detect
relatively low abundance acylglycines, thus may not be able to distinguish

between certain disorders.??

In this work, an LC-MS method is reported based on the use of triple
quadrupole linear ion trap (QTRAP®) mass spectrometer that offers higher
sensitivity and more data-dependent scanning modes than a conventional triple
quadrupole tandem mass spectrometer.?® Separation is carried out by using ultra
performance liquid chromatography (UPLC), which allows for high resolution
separation of isomers and closely related acylglycines. The aim of this work is to
identify as many unknown acylglycines as possible in order to expand the overall
molecular coverage of this important class of metabolites. The described method
provides a sensitive analytical procedure to detect previously undetected
acylglycines in the urine of healthy individuals; 65 acylglycines were found using

the new method, compared to the currently known 18 compounds.

2.2 Experimental
2.2.1 Materials and Reagents

All chemicals except those noted were purchased from Sigma-Aldrich
Canada (Oakville, ON, Canada). Human pooled liver microsomes and
nicotinamide adenine dinucleotide phosphate (NADPH) regeneration solutions A
and B were purchased from BD Gentest (Franklin Lakes, NJ, USA). Optima
grade methanol and water, Optima LCMS grade acetonitrile and acetic anhydride
and pyridine were purchased from Fisher Scientific (Ottawa, ON, Canada).
HPLC-grade formic acid and ammonium hydroxide were obtained from Fluka
(Milwaukee, OH, USA). The standard acylglycines used were dimethylglycine,
phenylglycine, acetylglycine, propionylglycine, isobutyrylglycine, butyrylglycine,
4-hydroxyphenylacetylglycine, 2-methylbutyrylglycine, isovalerylglycine,
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valerylglycine, tiglylglycine, 3-methylglycine, suberylglycine, glutarylglycine,
phenylacetylglycine, phenylpropionylglycine, hexanoylglycine, octanoylglycine
and hippuric acid.

2.2.2 Samples

This study was conducted in accordance with the Arts, Science & Law
Research Ethics Board policy at the University of Alberta. Urine was collected
from six healthy volunteers who were not on any special diet. The volunteers
were all adults, ranging in age from 24 to 38 years old. The urine samples were
collected as first morning void samples for all six volunteers and urine was also
collected over 12 hours for two of those individuals. The samples were
centrifuged, aliquoted and stored at -20 °C without any added preservatives until

further analysis. For long-term storage, the samples were kept at -80 °C.

2.2.3 Microsome Incubation

Acylglycines standards (50 uM) were individually incubated with human
liver microsomes (2 mg/mL) in 100 mM potassium phosphate, pH 7.4. The
standards were first pre-incubated at 37 °C for five min, followed by the addition
of NADPH regenerating solution, containing components A (26.1 mM NADP®,
66 mM glucose-6-phosphate and 66 mM MgCl, in H,O) and B (40 U/mL
glucose-6-phosphate dehydrogenase in 5 mM sodium citrate) in 100 mM
potassium phosphate, pH 7.4. The solutions were incubated, with shaking, in a 37
°C incubator for periods of 30 minutes, 1, 3, 6 and 24 hrs. Control incubations
omitting either the standards, NADPH regenerating solution or microsomes were
also performed by substituting an equal volume of potassium phosphate buffer.
The reactions were then terminated by the addition of 5% acetic acid in
acetonitrile (v/v). The samples were centrifuged at 14,000 g for 5 minutes and the

supernatants were subjected to solid phase extraction (SPE).
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2.2.4 Solid Phase Extraction

Oasis mixed-mode anion exchange (MAX) cartridges (Waters,
Mississauga, ON) were operated at a flow rate of 1 mL/min using a vacuum
manifold (Alltech from Fisher Scientific, Ottawa, ON). The 30-mg or 60-mg
cartridges were preconditioned with 1 mL acetonitrile followed by equilibration
with 1 mL water. Urine (1 mL) was loaded onto the columns and the columns
were washed with 1 mL 5% ammonium hydroxide solution. Acylglycines were
eluted in two fractions, 1 mL 2% formic acid in 40% acetonitrile/60% water
followed by 1 mL 2% formic acid in acetonitrile. The eluents were evaporated to
dryness, using a vacuum centrifuge concentrator, and reconstituted in 100 pL 4%
acetonitrile, 0.1% formic acid in water. Samples extracted were urine, urine

spiked with standards, and microsomal incubations.

2.2.5 Esterification

In order to confirm the identification of acylglycines found, methylation
and acetylation were performed. These reactions were optimized using standards
and confirmed to be useful in assisting in compound identification. For the urine
samples, after extraction of the samples by SPE, the eluents were evaporated to
dryness in a vacuum centrifuge concentrator. Three hundred microliters of 3 M
methanolic HCI was added to the dried extract in a reaction vial and allowed to
react at 65 °C for 15 minutes.” The reaction mixture was then divided into two
equal portions; one portion was evaporated under a stream of nitrogen and
reconstituted in 100 pL 10/90 ACN/H,O (v/v), 0.1% formic acid. The other
portion was also evaporated under a stream of nitrogen and treated with 100 pL of
50:50 acetic anhydride/pyridine (v/v) and allowed to react at room temperature
for 1 hour. The solvents were evaporated under a stream of nitrogen and the
residue was reconstituted in 100 pL 10/90 ACN/H0 (v/v), 0.1% formic acid.
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2.2.6 UPLC Separation

Chromatographic separation was done on a Waters ACQUITY UPLC
system with a 1.7-um bridged ethylene hybrid (BEH), 150 mm x 1.0 mm Cyg
column. The column was maintained at ambient temperature. Elution was done
according to the following method: 100% A for 11 minutes, then a linear gradient
of 0-35% B over 50 minutes, 35-100% B over 5 minutes and held at 100% B for 9
minutes, where mobile phase A consisted of 4% acetonitrile, 0.1% formic acid in
water and B consisted of 0.1% formic acid acetonitrile. The flow rate of the
method was 0.050 mL/min and 5.0 puL of each sample was injected onto the

column.

2.2.7 Mass Spectrometry

Mass analysis was carried out in an ABI 4000 QTRAP® mass
spectrometer equipped with a TurbolonSpray source (Applied Biosystems, Foster
City, CA). The UPLC and mass spectrometer were both controlled by Analyst
software v.1.5 from Applied Biosystems. The mass spectrometer was operated in
both positive and negative ESI mode. General mass spectrometric conditions
were: for positive mode, spray voltage, 4800 V; temperature, 200 °C; GS1, 40;
GS2, 10; curtain gas, 10; CAD, high; declustering potential, 35; collision energy,
22 eV; for negative mode: spray voltage, -3100 V; temperature, 200 °C; GS1, 40;
GS2, 10; curtain gas, 10; CAD, high; declustering potential, -40; collision energy,
-20 eV. The acquisition method consisted of several information dependent
acquisition (IDA) scan cycles including precursor ion, neutral loss or multiple
reaction monitoring (MRM) as the survey scan and four dependent enhanced
product ion (EPI) scans. IDA criteria were set to allow the four most intense
peaks to trigger the EPI scans. The EPI scans were in the range of 50 - 500 Da,
scanned at 250, 1000 and 4000 amu/s and source parameters were the same as
mentioned above. The total duty cycle was approximately 1.2 s. Data was

collected in profile mode and analyzed using Analyst v. 1.5 and LightSight v. 2.0.
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2.2.8 Breakdown Graphs and Scan Modes

To obtain optimal conditions for the detection of acylglycines, breakdown
graphs from collision-induced dissociation (CID) of precursor ions were
constructed. Solutions of each acylglycine standard were dissolved in water at a
concentration of 0.5 mM and stored at -20 °C. These solutions were serially
diluted to 10 pM in a mixture of 50:50 ACN/H,0 (v/v), 0.1% formic acid and
infused into the ion source with a syringe pump at a rate of 10 puL/min. Product
ion spectra were obtained from the precursor ion in the positive mode by
averaging 30 cycles. Scans were performed at different collision energies ranging
from 5 to 40 eV, with a step size of 5 eV. Mass spectrometric conditions used are

described above.

Based on the information obtained from the breakdown graphs,
appropriate neutral loss and precursor ion scans were performed as survey scans
in IDA experiments, which triggered four dependent EPI scans. MRM transitions
were set up based on masses of acylglycines that were detected in the neutral loss
and precursor ion scans and those acylglycines likely to be found in urine but
whose signals were too low to be detected by the constant neutral loss and
precursor ion scans. IDA experiments were created with these MRM transitions
as a survey scan, in an experiment similar to the precursor and neutral loss

methods.

2.3 Results and Discussion
2.3.1 Sample Handling Issues

The structures of the nineteen acylglycine standards used in this study are
shown in Figure 2-1. The main purpose of this work was to develop a means of
detecting as many acylglycines as possible. Each step of the analysis procedure
was therefore optimized to maximize the performance of the technique. For

example, current methods of extracting acylglycines from urine include liquid-
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liquid extraction followed by derivatization.** ** Human urine, however, is a
complex mixture of salts, hydrophilic and hydrophobic compounds, peptides and
proteins. In this work, a more selective sample extraction method was developed.
In order to optimize the solid phase extraction procedure, two cartridges,
hydrophilic-lipophilic balanced (HLB) and mixed-mode anion-exchange (MAX)
cartridges, were tested. Table 2-1 shows a comparison of the extraction of seven
acylglycines using both cartridges. The comparison is made using the peak areas

of triplicate experiments.

Factors to optimize the conditions include composition, volumes and pH
of the wash and eluting solutions. MAX cartridge was chosen based on its high
selectivity in retaining the acylglycines. The optimal conditions are listed in the
experimental section. This method was found to be effective in isolating
acylglycines and organic acids from human urine; for acylglycine standards,
recoveries of greater than 88% were obtained. The extraction method was also
reproducible. As an example, four urine samples were extracted using four
different SPE cartridges and were injected into the UPLC to compare the
performance of the different MAX cartridges. The results shown in Figure 2-2
indicate excellent cartridge-to-cartridge reproducibility, signifying the robustness

of the extraction procedure.
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Figure 2-1 Structures of acylglycines: (A) dimethylglycine; (B) acetylglycine; (C)
propionylglycine; (D) isobutyrylglycine; (E) butyrylglycine; (F)
tiglylglycine; (G) 3-methylcrotonylglycine; (H) 2-methylbutyrylglycine;
() isovalerylglycine; (J) valerylglycine; (K) phenylglycine; (L)
hexanoylglycine; (M) octanoylglycine; (N) phenylpropionylglycine; (O)
phenylacetylglycine; (P) 4-hydroxyphenylacetylglycine; (Q) hippuric
acid (R) glutarylglycine and (S) suberylglycine
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Table 2-1 Comparison of HLB and MAX solid phase extraction cartridges

) HLB MAX
Acylglycines
Peak Areas % CV Peak Areas % CV
Propionylglycine 7.33E+05 11.01 6.42E+06 10.23
Isobutyrylglycine 8.55E+05 9.56 2.69E+06 8.66
3-Methylcrotonylglycine 6.10E+06 8.75 3.77E+07 9.17
Isovalerylglycine 5.59E+06 8.2 7.41E+07 11.88
Hexanoylglycine 4.78E+07 3.55 7.41E+07 5.79
Octanoylglycine 1.54E+06 9.11 3.67E+07 13.9
Phenylpropionylglycine 2.62E+08 6.23 7.03E+07 7.89
10 —
- -- Cartridge 1
- - - Cartridge 2
—~ 87 — .- Cartridge 3
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Figure 2-2 Cartridge reproducibility of the MAX cartridges

81



Another improvement is in the area of chromatographic separation.
Instead of HPLC, UPLC was used in this work. UPLC capitalizes on the use of
sub-2-um particles to offer superior efficiency and resolution compared to
HPLC.* The higher efficiency translates into better detection sensitivity with
narrower peaks which enhances the detection of acylglycines present in low
concentrations in urine. The higher resolution is significant in separating isomeric
and isobaric species. It was found that the UPLC method used was efficient in
separating the isomers of acylglycines, which is very important in aiding the
assignment of potential structures to unknown acylglycines. An example of the
high resolution separation is shown in Figure 2-3. Baseline separation can be
observed for the isomers of Cs-glycine in pre-concentrated urine. In contrast,
HPLC could not resolve these peaks well and some of the low intensity peaks

were not observed. The signal to noise was also increased.

2.3.2 MS Fragmentation Pattern of Acylglycine Standards

Analyzing the MS fragmentation patterns of available standards can
facilitate the development and optimization of a MS/MS method for sensitive and
selective detection of a group of similar compounds including unknowns. In this
work, nineteen acylglycines were used to generate the MS/MS fragmentation
information. The fragmentation pathways of acylglycines and of the glycine-
conjugated di-carboxylic acids are shown in Figure 2-4 and Figure 2-5
respectively. As these schemes show, common neutral losses of masses 18 (H,0),
46 (H,O + CO), 75 (NH,CH,COOH), and 103 (NH,CH,COOH + CO) are
observed for most of the acylglycines. Less common fragments observed are the
neutral losses of 60 (H,O + CH,=C=0), 93 (NH,CH,COOH + H,0), observed in
straight  chain  acylglycines longer than 6 carbons and 117
(CH,=C(OH)NHCH,COOH), which is observed as a major fragment in

phenylpropionylglycine, resulting in the stable tropyllium ion.
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Figure 2-3 Comparison of HPLC and UPLC separation of Cs-glycine isomers.
Identity of peaks are (1) 2-methylbutyrylglycine; (2) isovalerylglycine
and (3) valerylglycine.
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Fragmentations of many acylglycines yield a major fragment ion at m/z
76, which corresponds to the protonated glycine (H3'NCH,COOH). This
fragmentation pathway occurs because aliphatic acylglycines lose the acyl moiety
as a ketene. There must be an available proton on carbon 2 of the acyl group in
order for this reaction to occur.'®

N R\/U\ ort AN +
HsN -(R-CH=C=0) N/\[( -(NH,-CH,-COOH) c=¢C
0 -H,0
m/z 76 -93

-(NH,-CH,-COOH)
-(CO)

-(CH,=C(OH)NHCH,COOH
(CH=C(OHINHCH,COOH) ™\ " )

-117

Figure 2-4 Proposed fragmentation pathway of acylglycines.
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Figure 2-5 Proposed fragmentation pathway of glycine-conjugated di-carboxylic
acids

Fragmentation in QTRAP® can be induced either inside the linear ion trap
or in the collision cell in the triple quadrupole mode. The instrument is capable of
all the scans common to the triple quadrupole instrument, such as precursor
scanning (PC), constant neutral loss scanning (NL) and multiple-reaction
monitoring (MRM), as well as trap scan modes enhanced product ion (EPI),
enhanced mass (EMS) and enhanced resolution (ER) scans. The instrument can
also perform both quadrupole and trap scans in a single run and switching from
one to the other only takes a few milliseconds. This can be done in an
information-dependent acquisition (IDA), which combines two or more scan
modes in a single LC-MS/MS run. The mass spectrometer switches from the first
scan or a survey scan usually done as an MS scan to a second data dependent
MS/MS scan when an eluting peak rises above a predetermined threshold level.
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In this work, MRM, constant neutral loss scanning and precursor scanning were
used as survey scans with the enhanced product ion scans as the dependent
MS/MS scans.

Currently, all acylglycines detected by direct infusion ESI-MS/MS use a
precursor of m/z 76 or if methylation is done, a precursor of m/z 90 method.” In
our work, the optimal energetic conditions for the detection of acylglycines were
obtained from the breakdown graphs, several examples of which can be observed
in Figure 2-6. The best choice for collision energy and MRM transitions can be
readily obtained from these graphs. A typical breakdown graph in this work is
shown in Figure 2-6(A) for valerylglycine. Most of the typical losses (as shown
in Figure 2-4) are observed. At low to medium collision energy (15 < CE < 30),
the most abundant fragment ion is m/z 76 and at high collision energy (CE > 30),
the fragment ion corresponding to the loss of 103 is the most abundant.

Although most acylglycines yield a fragment at m/z 76, not all of them do.
The breakdown graph of tiglylglycine, shown in Figure 2-6(B), demonstrates this.
The major loss observed is the loss of 75 Da, the neutral glycine moiety. No
fragment ion at m/z 76 is generated because there is no available proton on carbon
2 of the acyl group.'® ?> An IDA method, which uses a survey scan of a neutral
loss of 75, should be used to detect acylglycines, including tiglylglycine, 3-
methycrotonylglycine, hippuric acid, and hydroxyhippuric acid isomers, among
others. These acylglycines would not be detected using a precursor of m/z 76
method. Therefore the optimal transition for MRM is precursor ion fragmentation
corresponding to the loss of 75 Da.

It is important to note that the fragment ion at m/z 76 may not be the most
intense fragment in the product ion spectra and if that transition is used in
detection, sensitivity is lost. Examples of this are shown in Figure 2-6(C) and (D).
Breakdown graphs of aromatic acylglycines reveal that the neutral loss of 103 is
the most abundant fragment and not the fragment at m/z 76. The optimal

conditions for the detection of aromatic acylglycines at a CE of 20 is an MRM
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transition from the precursor ion to the fragment ion produced with the loss of 103
(e.g., for phenylacetylglycine, m/z 194 — 91). Other trends observed in the
fragmentation of acylglycines are the following: losses of 18 and 46 are usually
low in intensity and sometimes not observed, especially in aromatic glycines and
glycines conjugated to unsaturated fatty acids. Fragment ion m/z 76 is the major
fragment for straight and branched chain acylglycines. Loss of 103 is more
intense in branched chains than in straight chains, especially when it is branched
at the 2-position of the fatty acid chain. For the glycine conjugates of di-
carboxylic acid, the fragment ion at m/z 76 is not the major product ion. In this
case, loss of 64 fragment ion is the most abundant fragment ion at a CE of 20 eV.

Losses of 18 and 46 are higher in intensities than in the other acylglycines.
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Figure 2-6 Breakdown graphs of (A) valerylglycine; (B) tiglylglycine; (C)
phenylacetylglycine and (D) phenylpropionylglycine
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2.3.3 MS Scan Modes for Sample Analysis

Because most acylglycines yield an intense fragment ion at m/z 76 in the
positive mode, an IDA experiment was performed using precursor scanning as a
survey scan followed by an enhanced product ion scan as the data dependent
MS/MS scan. Acylglycines also possess a carboxylic acid group, so they can be
analyzed in the negative ionization mode. In the negative ion mode they lose the
deprotonated glycine moiety (H,NCH,COO", m/z 74). A similar IDA experiment
was performed with a precursor of m/z 74 scan as the survey scan. A comparison
of the positive and negative precursor scans is shown in Figure 2-7 (A) and (B).
Negative ion scan did not significantly improve the selectivity and sensitivity in
comparison to the positive mode. Most acylglycines were detected in both modes
and the overall intensities were quite similar. Some acylglycines that do not
generate a fragment ion at m/z 76 will still generate the fragment ion at m/z 74,
such as tiglylglycine and 3-methycrotonylglycine. Several earlier eluting peaks
like acetylglycine, isobutyrylglycine, butyrylglycine and
hydroxyphenylacetylglycine were detected at considerably higher intensities
using the positive ionization mode. Due to this and the fact that positive MS/MS
scans give much more structural information than those acquired in negative

mode, all subsequent scans were done in the positive ion mode.

As mentioned earlier, some acylglycines do not fragment to yield a
product ion at m/z 76. However, all acylglycines commonly lose the neutral
glycine fragment (a neutral loss of 75 Da) and the remaining acyl fragment retains
the positive charge. An IDA experiment in the positive ionization mode, similar
to that described above, was performed except the survey scan used was a neutral
loss of 75 Da scan. Figure 2-7 (C) shows a total ion chromatogram of an IDA
experiment using constant neutral loss of 75 Da as the survey scan. Acylglycines
such as hippuric acid, 3-methylcrotonylglycine, tiglylglycine, phenylglycine,
hydroxyhippuric acid, and methylhippuric acid were not detected in the precursor
method and exhibited major fragment ions at m/z 105, 83, 83, 77, 121 and 119,

respectively, corresponding to the neutral loss of 75 Da. Comparison of the TICs
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shown in Figure 2-7 (B) and (C) shows that most of the acylglycines observed in
the precursor method were also found using the neutral loss method. However,
the neutral loss method was not as selective, because other classes of compounds
that gave the neutral loss of 75 Da (the identities of these compounds were
unknown) were also detected and many acylglycines were detected at lower

intensities.

When targeting certain compound families in biological matrices, high
selectivity and sensitivity become essential. Precursor and constant neutral loss
scans are highly selective, but are only moderately sensitive. A much better
alternative is to use MRM as the survey scan to trigger the enhanced product ion
data collection. MRM is much more selective and sensitive than either precursor
scanning or constant neutral loss scanning. Due to the differences in the
fragmentation of certain acylglycines, specific MRM transitions were chosen for
each acylglycine using fragmentation information gleaned from the precursor
scanning, constant neutral loss scanning methods and the breakdown curves. The
precursor scanning and constant neutral loss scanning survey scans provided
information about the masses of all possible acylglycines that can be observed and
the breakdown curves were used to provide the best possible transitions. These
optimized MRM transitions as well as dwell times and collision energy are shown
in Table 2-2. The survey scan contained 62 MRM transitions and each transition
was performed with a dwell time of 15 ms and a CE of 20 eV. The scan time was
1.2 s for all transitions. The IDA intensity threshold was set to 100 counts per
second (cps) and the dependent scans were performed in enhanced product ion
mode with a CE of 20 eV. Four enhanced product ion scans were performed on

the four most intense peaks before switching back to MRM scan mode.
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Table 2-2

MRM scanning conditions (positive ion mode)

01 Q3 Dwell ¢ o1 o3  Dwell
miz)  (mizp ~ ome @) | mz mz I ey
(ms) (ms)
104 58 15 20 204 76 15 20
118 76 15 20 204 140 15 20
146 76 15 20 206 76 15 20
152 77 15 20 206 103 15 20
158 83 15 20 208 105 15 20
160 76 15 20 210 107 15 20
162 76 15 20 212 137 15 20
170 95 15 20 214 76 15 20
172 75 15 20 214 111 15 20
172 69 15 20 216 76 15 20
174 76 15 20 216 123 15 20
176 76 15 20 218 76 15 20
176 64 15 20 218 125 15 20
180 105 15 20 218 154 15 20
181 106 15 20 222 76 15 20
184 109 15 20 222 119 15 20
186 76 15 20 224 76 15 20
186 83 15 20 224 121 15 20
188 76 15 20 226 76 15 20
188 95 15 20 232 168 15 20
190 76 15 20 242 149 15 20
190 126 15 20 242 167 15 20
194 01 15 20 244 169 15 20
194 119 15 20 246 76 15 20
196 121 15 20 246 182 15 20
198 76 15 20 250 147 15 20
198 95 15 20 256 76 15 20
200 76 15 20 256 163 15 20
200 97 15 20 258 194 15 20
202 76 15 20 260 196 15 20
202 109 15 20 276 201 15 20

91




2.3.4 Human Urine Analysis

After the method was developed, it was applied to the analysis of human

urine samples using the 62 MRM transitions to detect acylglycines. Figure 2-8

shows the ion chromatograms obtained from UPLC MS/MS of urine samples of

six healthy volunteers.
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Relative differences in intensities of acylglycines can be observed. Most
acylglycines are common to all six individuals with the exception of
dimethylglycine and 4-hydroxyphenylacetylglycine, which are only detected in 4
and 5 individuals, respectively. Acylglycine identification was confirmed using
standards and putative identification of other acylglycines was done using
retention time and class-specific fragmentation patterns. In order to identify an
unknown acylglycine, at least four of seven neutral losses must be observed.
Water loss is very common and not considered to be structurally valuable. Due to
the lack of standards, positive identification of many unknown acylglycines
cannot be made. The use of human liver microsome (HLM) metabolite
production and chemical derivatization was employed to provide putative
identification for some of the unknowns. In the HLM method, individual
acylglycine standards were incubated with human liver microsomes to generate
the metabolites of acylglycines potentially found in human urine.  The
hydroxylated and carbonyl-substituted metabolites were the most common
metabolites observed in the microsome incubations. A comparison of the
retention times and fragmentation patterns of the metabolites was used to aid in
the identification of some of the unknown acylglycines. An example of such a
comparison is shown in Figure 2-9. The ion chromatograms from microsome
incubation and urine are shown in Figure 2-9 (A) and (C), respectively. Figure
2-9 (B) shows the MS/MS spectrum from the chromatographic peak labeled with
a diamond at the retention time of 21.11 minutes (Figure 2-9 (A)). Figure 2-9 (D)
shows the MS/MS spectrum from the peak with a diamond at the retention time of
21.22 minutes (Figure 2-9 (C)). The inset in Figure 2-9 (D) shows the
fragmentation of hydroxyphenylpropionylglycine. Comparison of the MS/MS
spectra shows losses of 18, 46, 75, 103 and 117 in the spectrum of the urine
sample. Losses of 18 and 46 (not diagnostic) and the precursor ion are not
observed in the MS/MS spectrum of the microsome extract (possibly too high
CE), but losses of 75, 103 and 117 are common to both, with the major fragment
ion being the loss of 117. Even though not all the fragment ions are observed, the

diagnostic losses are common. Comparison of retention times and MS/MS
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spectra allows for the identification of hydroxyphenylpropionylglycine. It is
important to note that the isomers generated by the microsomes are not
necessarily the same isomers excreted in urine but the isomeric information is
nonetheless valuable.
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Figure 2-9 Comparison of XIC of m/z 224 (hydroxyphenylpropionylglycine) in (A)
microsome extract and (C) urine, and corresponding product ion spectra,
(B) microsomes and (D) urine. The inset in (D) shows the fragmentation
pattern of hydroxyphenylpropionylglycine.

Chemical derivatization is also useful for acylglycine identification. It is
important to note that compounds other than acylglycines can also produce a
fragment ion of m/z 76 in the product ion scan. However, comparison between
underivatized urine and derivatized urine can assist in identifying acylglycines

and distinguish them from other compounds. A shift of 14 Da in the precursor
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mass (28 Da in the case of di-carboxylic acids), an appropriate shift in retention

time and corresponding losses in the product ion scans should be observed for

acylglycines. For example, C6:1 acylglycine, previously unreported in the urine

of healthy individuals, was confirmed as an acylglycine by methylation and the

results are shown in Figure 2-10.
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Figure 2-10 Putative identification of Cg:1-glyine (position of double bond unknown),

(A) XIC of Cg:1-glycine isomer, m/z 172, (B) MS/MS spectrum of peak
at 22.78 minutes, (C) XIC of Cs:1-glycine methyl ester, m/z 186, (D)
MS/MS spectrum of peak at 29.00 minutes.

A total of 65 acylglycines was detected and are shown in Table 2-3 in

three groups, positively identified, putatively identified and unknown structures.

Only 18 of them have been previously reported in the literature. All of the
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acylglycines used in screening for fatty acid disorders were detected with the
exception of propionylglycine. Propionylglycine was not observed in any of the
individuals but was detected in low levels in a spiked urine sample (the
concentration of the spiked propionylglycine was 10 uM); this compound appears
to be present in very low concentrations in urine of healthy individuals. The
standard deviations of the chromatographic retention times of acylglycines
detected from different individuals were calculated and also presented in Table
2-3. This information is useful for other users who use similar separation
conditions for analyzing these metabolites. Examples of the fragmentation and
spectral interpretation for these compounds are provided in Figures A2-1 to
Figures A2-4 in the Appendix. A full list of the spectral library of acylglycines is
presented in the Acylglycines MS/MS library in the Electronic Appendix. Please
contact Professor Liang Li for a copy of the Electronic Appendix. The MS/MS
spectra of these compounds will be deposited to a free, public-accessible database
(www.hmdb.ca).” This database has over 8000 entries of mainly endogenous

human metabolites including MS/MS spectra of about 900 metabolites.
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Table 2-3 A list of confirmed and putatively identified acylglycines present in urine

of six healthy volunteers*

Confirmed Acylglycines

Acylglycine m/z RT (min) References
Dimethylglycine* 104 2.12+0.0 25,26
Phenylglycine 152 2.26 +0.06
Acetylglycine 118 2.37 +0.06 19.20
Isobutyrylglycine 146 5.44 +0.13 18,27
4-Hydroxyphenylacetylglycine’ 210 10.22 £0.18
2-Methylbutyrylglycine 160 11.12 +0.12 13.28,29
Tiglylglycine 158 11.89+0.19 14,3032
Isovalerylglycine 160 12.86£0.16 e
3-Methylcrotonylglycine 158 12.97 +0.19 14,30, 35
Valerylglycine 160 16.38 £ 0.18
Hippuric acid 180 22.21+0.04 15,30, 36-38
Suberylglycine 232 25.43 +0.06 13,17
Phenylacetylglycine (PAG) 194 25.88 + 0.06 20
Hexanoylglycine 174 30.07 £ 0.04 13,14,17.19
Phenylpropionylglycine (PPG) 208 33.88+£0.04 13
Octanoylglycine 202 51.16 £ 0.03
Putatively Identified Acylglycines
Acylglycine m/z RT (min) References
Malonylglymz:?;:zg?utyrylglycme 162 259 4 0,05
Succinylglycine/Hydroxyvalerylglycine 176 4.42+0.14
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(or isomers)

Dihydroxyhippuric acid (hydroxyl

212 5.27 £ 0.06
positions unknown)
Dihydroxyhippuric acid (hydroxyl
Y y- 'pp (nydroxy 212 6.98 £ 0.22
positions unknown)
2-Furoylglycine 170 7.20+£0.19 30,38, 39
Dihydroxyhippuric acid (hydroxyl
Y y- .pp (hydroxy 212 8.24 £0.27
positions unknown)
Hydroxyhippuric acid (hydroxyl
yerory _p_p (hydroxy 196 8.77 £ 0.06 22,30, 32,40
position unknown)
Dihydroxyhippuric acid (hydroxyl
Y y- 'pp (nydroxy 212 10.85+0.23
positions unknown)
Hydroxyhippuric acid (hydroxyl
YATOXYRIPP (hydlroxy 196 1091+0.26 22303240
position unknown)
Hydroxyhexanoylglycine (hydroxyl
yerory . Yoy (hydroxy 190 11.61+0.16
position unknown)
2-Pentenoylglycine 158 13.85+£0.17
Hydroxyhippuric acid (hydroxyl
Yoy _p_p (hydroxy 196 14.19+0.27 22,30,32,40
position unknown)
Nicotinuric acid 181 15.03+0.21 42
Hydroxyphenylacetylglycine’ (hydroxyl
yEroxp y i (nydroxy 210 15.74 £0.26
position unknown)
Hydroxyphenylpropionylglycine
YEroxyp yP_ PIonyigy 224 21.37+0.16
(hydroxyl position unknown)
Hydroxyphenylpropionylglycine
yaroxypnenyzproplonyigly 224 22.68 +0.09
(hydroxyl position unknown)
Hexenoylglycine (double bond position
Yoy ( P 172 23.06 + 0.07

unknown)
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Hexenoylglycine (double bond position

172 24.53 £ 0.05
unknown)
Hydroxyphenylpropionylglycine
yeroxyp yP_ Plonyigy 224 28.16 + 0.04
(hydroxyl position unknown)
Methylvalerylglycine (methyl position
Y Yoy ( P 174 28.65 + 0.03
unknown)
Heptenoylglycine (double bond
P y-g.y ( 186 28.71+0.03
position unknown)
Hydroxyoctenoylglycine (hydroxyl
Yerory . yioy (nydroxy 216 28.93+0.03
position unknown)
Methylhippuric acid (methyl position
yiipe (methyl p 194 32.58 + 0.05 30, 43,44
unknown)
Hydroxyoctanoylglycine (hydroxyl
yarowy . yigy (hydroxy 218 33.31+0.04
position unknown)
Octadienoylglycine (double bond
- 198 35.07 £ 0.03
positions unknown)
Hydroxyoctanoylglycine (hydroxyl
yarory . yigy (hydroxy 218 35.46 + 0.03
position unknown)
Octadienoylglycine (double bond
. 198 36.75+0.03
positions unknown)
Sebacylglycine 260 38.12+£0.06
Methylhexanoylglycine (methyl
Y i ( Y 188 38.47 £ 0.02
position unknown)
Heptanoylglycine 188 41.07 £0.04
Octadienoylglycine (double bond
198 41.40+0.01
positions unknown)
Phenylbutyrylglycine 222 41.61 +0.05
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Cis-3,4-Methylene-heptanoylglycine 200 42.46 £ 0.02
Octenoylglycir:; l((izl::r:(; bond position 200 43.38 + 0.02
Nonenoylglycizik(:z\tljvil)e bond position 14 47444 0,01

Nonanoylglycine 216 54.95 + 0.02

Unknown Acylgycines

Acylglycine m/z RT (min) References
Unknown #1 210 30.41+0.03
Unknown #2 242 32.90£0.03
Unknown #3 188 35.22 £0.03
Unknown #4* 258 35.29 + 0.06
Unknown #5 200 35.45 +0.02
Unknown #6 244 36.28 + 0.03
Unknown #7 256 38.06 + 0.03
Unknown #8 242 40.27 £ 0.04
Unknown #9 222 50.27 £ 0.04
Unknown #10 226 52.60 £ 0.03
Unknown #11 224 54.39 + 0.03
Unknown #12 250 56.84 + 0.03
Unknown #13 256 66.54 + 0.02

*Compounds marked with " are only found in five individuals and those marked with *

are only found in four individuals. References quoted are for acylglycines detected in

healthy individuals by other methods. The MS/MS spectra of all the listed compounds

can be found in the Electronic Appendix.
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While Figure 2-8 illustrates that many acylglycines can be detected from
urine samples of different individuals, a similar number of acylglycines can also
be detected from urine samples of an individual collected at different time points.
This is illustrated in a preliminary work where the effect of the time of sampling
on the acylglycine profile of urine was examined. For urine sample collection,
the most common type of collection is the first morning voiding. Often a sample
is collected during fasting because analytes of interest may be excreted in higher
concentrations. However, other conditions that occur in fasting can lead to an
abnormal excretion of other metabolites. In this study, urine was collected from a
healthy individual at the first morning voiding, for five consecutive days (to
assess the effect of diet), at four hours after a heavy meal and also was collected
over 12 hrs. Figure 2-11 shows the ion chromatograms of urine collected at the
first morning voiding from an individual from five consecutive days. An overlay
of total ion chromatograms of multiple reaction monitoring scans using 62

diagnostic transitions are shown.
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Figure 2-11  An overlay of total ion chromatograms of urine samples collected as first
morning void from a healthy individual for five consecutive days.
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The ion chromatograms of other urine samples collected, four hours after a
meal and collected over 12 hours, are shown in Figure 2-12. Results of this
comparison study revealed very few differences in the acylglycine profile.
Relative intensities differed between time collections but the same acylglycines
were detected in all the time collections.
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Figure 2-12 An overlay of total ion chromatograms of urine samples collected from a

healthy individual 4 hours after a meal and collected over a period of 12
hours.

The above examples demonstrate that a large number of acylglycines can
be consistently detected from urine samples collected from different individuals
or from the same individual at different times. Thus, the developed method
should be suitable for profiling many acylglycines for potential discovery of new
biomarkers for IEMs and other diseases by using a large pool of samples with
clinical information on the individuals.
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2.4 Conclusions

In this study, a method for the comprehensive analysis of acylglycines in
the urine of healthy subjects was developed. Putative identification of
acylglycines was achieved using retention time information and characteristic
fragmentation patterns. Derivatization or esterification was not necessary to
enhance detection, when using selective extraction methods like SPE and
sensitive detection instruments like the hybrid QTRAP® mass spectrometer.
Greater selectivity and sensitivity were achieved using MRM scans and
simultaneous product ion scans provide structural elucidation. The use of optimal
acquisition modes is very important. Constant neutral loss and precursor methods
are valuable for detection of wide range of acylglycines and for the discovery of
expected as well as unexpected, or previously undetected, acylglycines.
Breakdown graphs provided optimal transitions and conditions, as well as
important trends to note for detection of classes of acylglycines. With this
strategy, detection of expected acylglycines was enhanced and novel acylglycines
were discovered. A total of 65 acylglycines were detected and of those, only 15
are currently used for diagnosis of metabolic diseases. Additional studies need to
be done using clinical samples of subjects with known IEMs or other diseases to
determine the effectiveness of the method in the diagnoses of these disorders. The
data set generated in this study will be significant in future research to further
understand, discover and improve the diagnosis of new inborn errors of

metabolism and other metabolic diseases related to the excretion of acylglycines.
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Chapter 3. Quantification of Acylglycines in Human Urine using
Derivatization and Liquid Chromatography Tandem

Mass Spectrometry”

3.1 Introduction

The analysis of acylglycines in biofluids is of major interest in diagnosing
inborn errors of metabolism (IEMs) because of their prominent role in metabolic
pathways.® IEMs change the way the body processes nutrients and uses them for
energy production. These disorders are characterized by a defect in a single
enzyme, resulting in reduced or nonexistent catalytic activity, or by the impaired
activity of transporters or cofactors along the metabolic pathway. This can result
in an accumulation of metabolites that can become substrates for enzymes in
alternative metabolic pathways. In disorders of amino acid and fatty acid
metabolisms, the intermediary metabolism of amino acids or fatty acids is blocked
and the intermediary product formed is in excess and must be conjugated to
carnitine or glycine to facilitate excretion or a balance of coenzyme A. Glycine
conjugation serves an important detoxification role and occurs mainly in the liver.
Therefore acylglycines in urine is an indicator of the accumulation of the
corresponding acyl CoA esters and can be important in the diagnoses of IEMs like
fatty acid disorders and amino acid disorders. In order to diagnose as many IEMs

as possible, a wide range of acylglycines should be quantified in urine.

Traditionally acylglycines in urine have been analyzed by GC/MS* ° and
are usually derivatized for analysis. GC/MS provides the combination of a high
resolution separation in gas chromatography and mass spectrometric detection,

which reduces the number of false positives. Metabolic profiling can also be done

" A version of this chapter has been submitted as Stanislaus, A.E., Li, L., 2012, Development of an
Isotope Labeling Ultra-High Performance Liquid Chromatography Mass Spectrometric Method
for Quantification of Acylglycines in Human Urine to Analytica Chimica Acta
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by GC/MS analysis. Tandem mass spectrometry® has been used to analyze
acylglycines, and it is a fast and powerful diagnostic tool, but it lacks the
capability to distinguish between isomeric and isobaric species and is limited in
diagnosing certain IEMs. In a recent study,” acylglycines were analyzed using
UPLC-MS/MS and 44 acylglycines were detected that were previously
undetected in normal human urine. The UPLC has the advantage of high
resolution separation like that of gas chromatography and high sensitivity.
Although it would seem that their extraction and analysis from urine would be
simple, differences in their concentration and complexity resulted in difficulties
resolving and detecting all of the analytes. In that study, trace quantities of

acylglycines were detected by extracting and concentrating the analytes.

To my knowledge, only three LC-MS methods have been reported to date
for quantification of several acylglycines.>'° Quantification in LC-MS is related
to the ionization efficiencies of the analytes. Matrix effect and suppression can
reduce sensitivity and can cause complication in quantification. The best strategy
IS to use an internal standard (IS), which differs from the analyte of interest by its
isotopic form. This IS also helps to overcome matrix effects by compensating for
ion suppression or enhancement. Unfortunately, it is not always possible or
practical to synthesize an IS for every metabolite when performing a more

comprehensive profiling study.

An alternate strategy is to use chemical labeling to attach a stable isotope-
coded derivatizing agent to all analytes possessing a common reactive moiety. In
acylglycines, the target functional group is the terminal carboxyl group. Several
derivatization procedures have been developed for the positive-ion detection of
acids. One of the common derivatization reagents used to label carboxyl-
containing compounds is phenacyl bromide.**** Although the main use of the tag
was to allow carboxylic acids to be detectable by UV/Vis, the benzene group is
quite amenable to ESI. The derivatization agent used in this study is a new isotope
label, p-dimethylaminophenacyl (DmPA) bromide, used previously in our

laboratory to label carboxylic acids.** This label is a derivative of phenacyl
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bromide, in which a dimethyl amino group is added in the para-position. This
group is an easily ionizable group to which a proton could be easily added. Also
an isotope of carbon can be coded on the dimethyl groups (see Figure 3-1).
Absolute and relative quantification of all samples can be easily achieved with
this method. There are several main advantages of using this method: first, the
reaction is a one-step reaction under relatively mild conditions; second, ionization
efficiencies are increased through the introduction of a positive charge on the
amino moiety; third, a stable isotope labeled standard can be generated for each
standard obtained; fourth, using an isotope of carbon instead of deuterium means
that these analytes do not suffer from isotope effects in chromatography; and

lastly, chromatographic retention is improved.

o
© H
Br o, N R
o T
o
+ H
)’K/N R —A
HO T 90°C
PN

HaX XHj N
HaX XH,

X ="12Cor3C

R = alkyl chain or aromatic ring

Figure 3-1 Derivatization reaction of DmPA and acylglycines

One of the major challenges faced in quantification experiments is the
complication of quantifying naturally occurring (endogenous) analytes in
biological matrices, due to background interferences from the analytes being
present in the blank matrix. Method validation is primarily done in the authentic
blank matrix, which is often analyte-free and preparation of calibrators and
reference samples in the matrix are quite straightforward. In the presence of
endogenous analytes; however, calibrators and reference samples have to be

prepared in a different way, using alternate analytes and matrices, and validation
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methods have to be adjusted to fit the approach used. Another major challenge is
the lack of regulatory guidelines on accurate method validation. Many researchers
apply the same validation procedures as those used for exogenous compounds and
these are not accurate or applicable in many cases. An important part of method
development and validation is to construct calibration curves in the matrix of
interest for quantification and assessment of matrix effects. This is usually
problematic because the matrix contains unknown quantities of the analytes of
interest. The use of standard addition method is a suitable and accurate approach
for endogenous analyte quantification, which eliminates any matrix effects issues.
This method consists of the addition of a series of standard solutions in increasing
concentration to each individual sample and sample concentration is determined
by the x-intercept of the calibration curve. The problem with this approach
however, is that it can be impractical when there are many samples or limited
sample volumes and the method is only accurate when the sample concentration is
greater than matrix baseline concentration. One strategy is to use a ‘“surrogate

h,">*® where quantification of the endogenous analyte is done

analyte” approac
using a calibration curve constructed using an alternate analyte. For this approach,
a suitable surrogate analyte would be an isotopic analogue of the analyte. The IS
could then be a chemical analogue or more ideally another isotopic analogue of
the analyte. One factor to be considered with this method is that the purchase of
several isotopic analogues of several analytes could be very expensive and
synthesis could be very time consuming. In this study, another strategy called the
“surrogate matrix” approach was chosen to address the issue of endogenous
interference by using a calibration curve constructed in an alternate matrix. Pure

19, 20 2123 or matrices from

aqueous or organic solutions, synthetic matrices,
alternate species,®? have been previously used but these may not account for

recovery in sample preparation and matrix effects in LC-MS analyses.

In this work, | attempt to validate the procedure for the quantification of
derivatized acylglycines in urine by using the underivatized urine as the

“surrogate matrix.” The analytical approach used in this study is described as
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follows: reference standards of acylglycines were obtained and derivatized with
both 2C-DmPA reagent (referred to as analytes) and **C-DmPA reagent (referred
to as IS). Using the analytes and IS, calibration curves were constructed and
evaluated in three different matrices: solvent mix (water/ acetonitrile, 50/50, v/v,
0.1% formic acid), derivatized urine and underivatized urine. Regression lines of
each of the three curves were compared statistically to establish similarities in the
matrices and determine the choice of surrogate matrix, which is underivatized
urine in this study. The standard addition method was also used to verify the
validity of this approach. Lastly, method validation and quantification of the
endogenous analytes were performed using the regression equations of the

calibration curve in surrogate matrix.

This work summarizes the development and validation of a novel and
sensitive LC-MS/MS method for the accurate determination of acylglycines in
urine of healthy subjects. To the best of my knowledge, this is the first LC-MS
assay that uses the DmPA tag for enhancing sensitivity of the acylglycines and the

“surrogate matrix” strategy for accurate quantification of these analytes.

3.2 Experimental
3.2.1 Materials and Reagents

Optima grade acetonitrile, methanol and water were purchased from
Fisher Scientific (Ottawa, ON). Triethylamine and formic acid were obtained
from Sigma-Aldrich (Oakville, ON). Acetylglycine, propionylglycine,
isobutyrylglycine, butyrylglycine, 2-methylbutyrylglycine, isovalerylglycine,
valerylglycine, hexanoylglycine, heptanoylglycine, tiglylglycine, glutarylglycine
and suberylglycine were purchased from Dr. Herman J. ten Brink (Amsterdam,
Netherlands). 3-Methylcrotonylglycine, 2-furoylglycine, phenylacetylglycine,
phenylpropionylglycine, and 4-hydroxyphenylacetylglycine standards were
obtained from HMBD. Octanoylglycine was purchased from Sigma-Aldrich. 2-
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Bromo-1-(4-dimethylaminophenyl)ethanone was purchased from Combi-Blocks
Inc. (San Diego, CA) and also synthesized in our laboratory, according to the

method described below.

3.2.2 Synthesis of *C,- p-dimethylaminophenacyl bromide

The synthesis of **C-DmPA derivatizing reagent was based on a two-step
procedure. In the first step, in a 25-mL round-bottom flask, 1.1 g of p-
aminoacetophenone was added to 2.55 g of NaHCO3 in 4.2 mL of H,0. The flask
was placed in a 10 °C water bath for 5 minutes. About 1.5 mL of *C-dimethyl
sulphate was added drop-wise over 90 minutes to the solution in an ice-water bath
at 10 °C. The resulting solution was warmed to 50 °C for 10 minutes. About 1.6
mL of saturated KOH solution was added to hydrolyze un-reacted dimethyl
sulfate. The resulting solution was subjected to liquid/liquid extraction by water,
then chloroform. The precipitate of tertiary amine formed by the above treatment
was washed a few times with water, then with heptane, and then dissolved in
chloroform and dried with magnesium sulfate. Subsequently, chloroform was
removed and the tertiary amine was dissolved in hot heptane under reflux and
filtered through a hot Schott funnel. After cooling, the crystallized amine was
filtered, washed a few times with heptane. The residue was purified by flash
chromatography (silica gel, 40 x 3 cm, 20 mL ethlyacetate), and further purified
by a semi-preparative Grace Apollo silica normal-phase HPLC column (10 x 150

mm, 5 um particle Size).

In the second step, 0.65 g of **C-N,N-Dimethylamino-p-acetophenone
synthesized from the first step was dissolved in 4 mL of concentrated H,SO, and
then cooled to 0 °C in a water-ice bath, which resulted in a positively charged
quaternary amine. To the solution, 0.2 mL of bromine was added drop-wise at 0
°C and was then gradually warmed to room temperature and stirred for 6 hours.
The reaction mixture was poured into ice/water. The yellow precipitate was

extracted by liquid/liquid extraction with chloroform, and then dried, then re-
112



dissolved in 5 mL of tetrahydrofuran, and cooled to 0 °C in ice-water bath. About
0.45 mL of diethylphosphite and 0.47 mL of triethylamine in 2.5 mL of
tetrahydrofuran at 0 °C were added drop-wise to the solution. The resulting
mixture was gradually warmed to room temperature and stirred for 6 hours. The
solution then was extracted by liquid/liquid extraction with chloroform/cold
water, and dried. This material was further purified by the semi-prep RP column
(Agilent Zorbax Rx-C18, 9.4 x 250mm, 5 pum particle size). The purity was tested
using LC-FTICR-MS and LC/UV. NMR was also used to characterize the
reaction products and confirm the identity and purity of the final product. The
purity of the labeling reagent was >99.5% by HPLC, UV, MS and NMR analysis.

3.2.3 Derivatization Reaction Optimization

In order to optimize the reaction conditions of the derivatization reaction,
pooled urine (obtained by mixing equal volumes of all urine samples) was used. A
volume of 25 pL of pooled urine, equivalent to approximately 200 nmol
creatinine, was dried and the following reaction conditions were tested. Sample
solvent: dried urine (no solvent), 5% water in acetonitrile (final concentration),
100% acetonitrile; reagent: TEA, TEOA and K" salts/18 crown 6; reagent
concentration: 10 mg/mL, 20 mg/mL, 30 mg/mL; reaction temperature: 60 °C, 75
°C, 90 °C; reaction time: 30 minutes, 60 minutes 90 minutes. IS, *C,-DmPA-

labeled analytes, was added for a final concentration of 100 nM.

3.2.4 Urine Samples

This study was conducted in accordance with the Arts, Science & Law
Research Ethics Board policy at the University of Alberta. Urine samples were
collected from 10 males and 10 females, who were not known to be on any
special diet or medications or have any inborn errors of metabolism. The
volunteers were all adults, ages 25-30, with body mass indices (BMIs) ranging
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from 18 to 34.3. The urine samples were all collected as second morning void for
3 consecutive days (a total of 60 samples). The urine was centrifuged, filtered,
aliquoted and stored at -80 °C without any added preservatives, until further
analysis.

3.2.5 Creatinine Determination

Determination of creatinine in urine was carried out using an assay based
on a kinetic Jaffe reaction using the QuantiChrom™ Creatinine Assay kit
(Gentaur, Montreal, QC) with a linear detection range of 8.0 uM to 4.4 mM.

Acylglycine levels were normalized to a creatinine content of 200 nmol.

3.2.6 Preparation and Derivatization of Standards and Samples
3.2.6.1 Standard Solutions

A standard stock solution was prepared by dissolving each accurately
weighed acylglycine into acetonitrile to give a concentration of 1.0 mM. A
mixture of all acylglycines at a concentration of 10 pM in 20% water in
acetonitrile was mixed with 100 pL of either C,-DmPA or *C,-DmPA (30
mg/mL) and 100 pL TEA (30 mg/mL) in acetonitrile. The mixture was vortexed
and heated in a heating block at 90 °C for 1 hour. The reaction was then
terminated with 100 uL acetic acid dissolved in acetonitrile (10% v/v) reacted at
90 °C for 15 minutes. The reaction scheme is presented in Figure 3-1. The
resulting mixture was evaporated to dryness and reconstituted in 100 pL

acetonitrile/water (50/50, v/v), 0.1% formic acid before analysis by LC-MS/MS.
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3.2.6.2 Urine Samples

Volumes of urine equivalent to 200 nmol creatinine were aliquoted into
vials and evaporated to dryness. The dried urine was then reconstituted in 100 pL.
of 20% water in acetonitrile and vortexed. To the mixture was added 100 pL
triethylamine (30 mg/mL) and 100 pL DmPA (30 mg/mL) and the mixture heated
in a heating block at 90 °C for 1 hour. The reaction was terminated with 100 uL
acetic acid dissolved in acetonitrile (10% v/v) reacted at 90 °C for 15 minutes.
The resulting mixture was evaporated to dryness and reconstituted in 100 pL
acetonitrile/water (50/50, v/v), 0.1% formic acid before it was subjected to LC-
MS/MS analysis.

3.2.7 Ultra-high Performance Liquid Chromatography (UHPLC)

Liquid chromatography was performed on an Agilent 1290 Series LC
(Mississauga, ON). Chromatographic separation was done on two Phenomenex
Kinetex 1.7 um minibore 50 x 2.1 mm C;g columns. Elution conditions were as
follows: linear gradient of 18% - 28% mobile phase B over 17 minutes, 28% -
43% B over 18 minutes, and 43% - 90% B over 10 minutes, where mobile phase
A consisted of 2% acetonitrile , 0.1% formic acid in water and mobile phase B
consisted of 2% water, 0.1% formic acid in acetonitrile. The columns were
maintained at 25 °C and autosampler set at 4 °C. Flow rate was set at 0.250
mL/min and 5.0 pL of each sample was injected. The regeneration pump
performed column wash and equilibration steps in parallel on the second Cig

column using 100% mobile phase B and 18% mobile phase B respectively.

3.2.8 Mass Spectrometry

Mass analysis was carried out on an AB Sciex 4000 QTRAP® hybrid
triple quadrupole linear ion trap mass spectrometer (Concord, ON), equipped with

an electrospray ionization (ESI) interface. The ESI source was set to perform in
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the positive ion mode. The optimized parameters were as follows: spray voltage,
4800; curtain gas, 10; CAD, high; temperature, 250 °C; GS1, 40; GS2, 30;
declustering potential, 45; collision energy, 25eV. The acquisition method
consisted of an information dependent acquisition (IDA) scan using multiple
reaction monitoring (MRM) as a survey scan and two dependent enhanced
product ion (EPI) scans. The EPI scans were in the range 50 — 800 Da, scanned at
4000 Da/s. Data was acquired and processed using Analyst,® version 1.5.1
software (Concord, ON).

3.2.9 Method Validation

The method was validated to prove its efficiency by examining the
following: selectivity, linearity of IS and analytes, accuracy and precision. Carry-
over and matrix effects were also evaluated. All required statistical analyses were

performed using R script 2.11.1 and Igor Pro 6.01.

3.2.9.1 Selectivity and Carryover

Selectivity of the method was determined by analyzing the following: an
instrument blank (injecting only mobile phase A), a solvent blank (consisting of
acetonitrile/water (50/50, v/v), 0.1% formic acid), a reaction blank (reaction
mixture without analytes), blank surrogate matrix and authentic matrix. These
were all analyzed using the LC-MS/MS method described below and were
evaluated for the presence of any interfering signals. Carry-over was assessed by
analyzing instrument blanks after analysis of 5 replicates of upper limit of
guantification (ULOQ) standards, 5 replicates of high QC standards and 3

replicates of high concentration samples.
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3.2.9.2 Linearity
3.2.9.2.1 Comparison of Linearity of Internal Standard and Analytes

To increase the efficiency of the surrogate matrix method, a stable isotope
labeled IS should be used whenever possible. In order to determine the suitability
of the *C-DmPA-labeled analytes as the IS, two sets of separate calibration
curves were constructed: one for each analyte and one for each corresponding IS.
Two sets of standards, one containing eighteen **C-DmPA-labeled acylglycines at
concentrations of 1, 5, 10, 50, 100, 500, 1000 nM and another containing the **C-
labeled acylglycines at the same concentrations were made. The calibration
standards were prepared in the solvent mix and surrogate matrix separately and
analyzed in triplicates. Similarities in detector response for the analytes and their
IS were evaluated by comparing the slopes (sensitivity) of the regression curves
obtained in surrogate and authentic matrix using a modified student t-test, at the

27
I

95% confidence level”’ using equation 3-1.

2 2
t= D=0y \here sy, = (s Y.>2<)p . (S*v.x)p
Sp1-b2 (XX (=x?),

and (s2,.), = (residual SS), + (residual SS),
YX/p ™ (residual DF), + (residual DF),

Equation 3-1  Test statistic t from the modified t test. Parameters used: b, slope of
regression line; ‘sp1.no’, the standard error of the difference between
regression coefficients; (szy,x)p , the pooled residual mean square;
subscripts 1 and 2 refer to the two regression lines being compared.
Critical value has (n; + n, — 4) degrees of freedom.

3.2.9.2.2 Calibration Curve

The linearity of the ESI response for the DmPA-labeled acylglycines was
examined by analyzing 5 replicates at 7 different concentration levels. Serial

dilutions of a mixture of eighteen *2C,-DmPA-labeled acylglycines (10 pM) were
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performed to obtain concentrations of 1, 5, 10, 50, 100, 500, 1000 nM in surrogate
urine. Here, the surrogate matrix used is pooled underivatized urine prepared by
mixing equal volumes of the urine samples. A fixed volume of *C,-DmPA-
labeled acylglycines (final concentration 100 nM) was added to the urine as an
internal standard. Peak area ratios were calculated by dividing the peak area of
each analyte by the peak area of the corresponding IS. Calibration curves were
constructed by plotting peak area ratios against concentration of each acylglycine.
Different weighting factors were evaluated and the curves were fitted to linear
regression analysis with a weighting of 1/response (1/y). The limit of detection
(LOD) and the lower limit of quantification (LLOQ) were determined for each
acylglycine using the equations 3 x (og)/m and 10 x (og)/m respectively, where og
is the standard deviation of the response and m is the slope derived from the
calibration curve. The standard deviation of the blank response was estimated
from the regression parameter, standard deviation of the y-intercept.® 2° The
LLOQ of each analyte was confirmed experimentally by analyzing five replicates
of surrogate matrix spiked with the analytes at a concentration equal to the LLOQ.

3.2.9.3 Authentication of the Surrogate Matrix

3.2.9.3.1 Comparison of Calibration Slopes in Surrogate and Authentic

Matrices

Calibration standards were prepared as described above by spiking the
12C-DmPA-labeled analytes in derivatized pooled urine (known in this study as
authentic matrix) at 7 different concentration levels and analyzed by the same LC-
MS/MS method. The suitability of the surrogate matrix as the calibrator matrix
was evaluated by comparing the slopes (sensitivity) of the regression curves
obtained in surrogate and authentic matrix using the modified student t-test

described above, at the 95% confidence level.
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3.2.9.3.2 Validation of Surrogate Matrix by Standard Addition

A standard addition experiment was performed to evaluate the suitability
of underivatized urine as a surrogate matrix. The endogenous concentrations of
acylglycines in a derivatized pooled urine sample were determined by analyzing
three replicates of the samples by LC-MS/MS and using the surrogate matrix
calibration curve as described above. A pooled urine sample was used to prepare a
standard addition curve by adding a series of derivatized standards in increasing
concentration. The concentration of each acylglycine in the pooled urine was
determined by extrapolating to determine the magnitude of the negative Xx-
intercept. This concentration was compared to the concentration of acylglycines
in pooled urine derived from the surrogate matrix calibration curve. Percent

relative error (% RE) was calculated using the following equation:

surrogate matrix concentration — standard addition concentration
standard addition concentration

% RE = x 100

Equation 3-2  Equation used to calculate percent relative error.

3.2.9.4 Dilution Linearity

Three volumes of pooled derivatized urine were fortified with 100 nM
derivatized standards. Dilutional linearity was determined by serially diluting
pooled derivatized urine 2-, 5-, 10-, and 20-fold with surrogate urine. The
measured concentrations of the diluted samples were plotted against expected

concentrations for each analyte and a linear regression was performed.

3.2.9.5 Matrix Effects

Matrix effects were assessed by comparing the slopes of the calibration
curves prepared in solvent mix to those prepared in surrogate (underivatized) and
authentic (derivatized) urine. The modified t-test, at the 95% confidence level,
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was used to compare the slopes to evaluate if the differences in the slopes are
statistically significant and indicate matrix effects. In addition ion

suppression/enhancement was also calculated according to Equation 3-2.

Slope of curve in matrix 100 - 100
Slope of curve in solvent

% Suppression/enhancement =

Equation 3-3  Equation to calculate percent suppression or enhancement.

3.2.9.6 Inter-day and Intra-day Precision

The between-day and within-day precision were determined by analyzing
a series of 10 injections of a derivatized pooled urine sample over 3 consecutive
days under the same operating conditions. Intra-day precision was evaluated for
the 10 injections (total of 10 replicates per day) and inter-day precision was
evaluated for a period of three days (total of 30 replicates). Precision was
evaluated by calculating coefficients of variations (% CV) from the measured

concentrations.

3.2.9.7 Method Reproducibility

To measure the reproducibility of the derivatization method, five
replicates of pooled urine were derivatized by the method described above and
analyzed by LC-MS/MS. Method precision was evaluated by calculating

coefficients of variations (% CV) from the measured concentrations.

3.2.9.8 Accuracy

To demonstrate the applicability of the method to accurately determine the
concentrations of acylglycines in urine, three sets of pooled derivatized urine were

fortified with derivatized analytes at three concentrations (three replicates per
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level): 10 nM (low QC), 150 nM (medium QC) and 400 nM (high QC). The
recoveries were calculated by subtracting the amount of endogenous acylglycine
in an un-spiked sample from the amount found in fortified sample and comparing
to the added amounts. Percent relative error (% RE) or deviation from the added

concentration was calculated as a measure of accuracy.

3.2.9.9 Stability

Three pooled derivatized urine samples were diluted 1:10 and fortified
with derivatized analytes at a concentration of 100 nM to study the stability of the
analytes. The urine stability samples were analyzed immediately after spiking
(labeled “fresh” samples) and at selected times over the storage period. Stability
was assessed after each freeze-thaw cycle for three cycles, after 24 hours in the
autosampler at 4 °C, and after 5 hours on a benchtop at room temperature.
Freezer stability was assessed by analyzing the sample after storage at -20 °C for
two and eight weeks. The percent recovery of each analyte was determined by
calculating the concentration at each condition and expressed as a percentage of

the fresh sample.

3.2.10 Measurement of Endogenous Levels of Acylglycines in Human Urine
3.2.10.1 Absolute Quantification

Three volumes of urine from each individual, equivalent to 200 nmol
creatinine, were dried and derivatized with *?C,-DmPA as explained above and
analyzed by LC-MS/MS. Peak area ratios for each acylglycine were calculated
and quantification was performed using the equations derived from the calibration

curves in surrogate matrix.
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3.2.10.2 Relative Quantification

Relative quantification was done on putatively identified acylglycines, for
which there were no standards available. Putative identification was done using
fragmentation patterns based on a previous study.” Urine samples were prepared
as described above for absolute quantification and analyzed using identical
conditions. Peak area ratios were calculated using the peak area of each
acylglycine and peak area of the closest eluting IS. Quantification was done using

the equations derived from the calibration curves in surrogate matrix.

3.3 Results and Discussion
3.3.1 Optimization of Derivatization Reaction Conditions

The strategy of experimentation used in this study was the “one-factor-at-
a-time” approach. The factors optimized were reagents (catalysts), solvents,

reagents (DmPA/TEA) concentration, reaction temperature and time.

Table 3-1 shows how the factors were controlled. Water was added to
acetonitrile (final 5%, v/v) as a solvent to dissolve the more polar acylglycines.
Each factor level was changed over its range (amounting to 3 different levels
each), while the other factors were kept constant at starting point conditions. Only
thirteen of the analytes were monitored; the other five were at low levels in the
pooled urine samples. A series of graphs were plotted as shown in Figure 3-2,
Figure 3-3, Figure 3-4, Figure 3-5, and Figure 3-6, describing how the peak area
ratios of the analytes were affected by varying each factor. Each data point plotted
represents an average of three individual experiments using three individual

samples. Errors bars indicate standard deviation.

The derivatization reaction, represented in Figure 3-1, between the DmPA
reagent and the urinary acylglycines is an Sy2 reaction and requires a solvent
system in which all the reagents are soluble. The polar acylglycines found in urine
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tend to be soluble in methanol, acetonitrile, and water. Acetonitrile is the best
solvent because it is a polar aprotic solvent. A solvent mixture of 5% water seems
to be better than using 100% acetonitrile or no solvent, especially for the
acylglycines with two carboxylic acid groups because of solubility issues. It has
been reported that protic or aprotic solvents can be used in the reaction without a
decrease in the yield, making total exclusion of water unnecessary.*® Pooled urine
was used because of the averaging effect and it was thought that it would make a
good representative of all 60 samples. The concentration of TEA was held at an
equivalent concentration to the DmPA reagent in each experiment and different
temperatures and reaction times were tested. The optimal conditions chosen for
this study were: reagents, DmPA and TEA; concentration, 30 mg/mL; solvent, 5%
water in acetonitrile; temperature, 90 °C and time, 60 minutes. For times longer

than 1 hour, no significant increase was observed.
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Table 3-1

List of conditions used in the optimization experiments

Reagents _
Exp. Solvent pmpa/TEA* DmPA/TEOA DCTOPV% 153 ;ecr;lp (Tr#r.r;s
(mg/mL) (mg/mL)/(mM) (mg/mL)

A 5% H,0 20/750 90 60
59 H,0 20/1 90 60

59 H,0 20 90 60

B 5%H,0 10 90 60
59 H,0 20 90 60

59 H,0 30 90 60

c Soll\lvoent 30 90 60
59 H,0 30 90 60

ACN 30 90 60

D 5%H,0 30 60 60
59 H,0 30 75 60

59 H,0 30 90 60

E  5%H,0 30 90 30
59 H,0 30 90 60

59 H,0 30 90 90

% The concentrations of DmPA and TEA are equal
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3.3.2 Effects of Derivatization on Chromatography

Chromatographic separation of polar analytes before mass spectrometric
detection enhances their sensitivity, partly because it reduces ion suppression.
Acylglycines are polar molecules and they eluted in a higher percentage of
aqueous solvent when using a reversed phase (RP) column, especially the smaller
and more polar acylglycines like acetylglycine, glutarylglycine and
propionylglycine. The addition of the tag, which contains an aromatic ring
increases the hydrophobicity of the acylglycines and therefore increases their
retention on a RP column. This results in a higher resolution in the
chromatographic separation and isomers are better separated when compared to
the unlabeled species. Under the experimental conditions of the present method,
the analysis run time was 37 minutes and the retention times of the eighteen
derivatized acylglycines and their abbreviations are represented in Table 3-2. The
incorporation of a stable-isotope labeling reagent does not result in an isotope
effect in the RP separation. Co-elution of the light and heavy labeled analyte and
IS respectively are essential for accurate quantification by LC-MS. Differences in
retention time of analyte and IS can cause any ion suppression to have significant
variability in the detection of both and can result in quantification errors. Figure
3-7 shows that the 2C/*3C —labeled analytes perfectly co-elute using the example
of 2C/**C-DmPA-labeled hexanoylglycine (HG).

3.3.3 Mass Analysis

The structure of a representative derivatized acylglycine, hexanoylglycine
and its internal standard are shown in Figure 3-7. For these two compounds the
protonated precursor molecules were observed at m/z 335 and m/z 337 for
hexanoylglycine and IS respectively. During the IDA experiment, the precursors
are subjected to collision induced dissociation to yield product ion spectra. The
product ion spectra of hexanoylglycine and the IS are also shown in Figure 3-7, as

well as a proposed fragmentation scheme.
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Table 3-2 Masses, abbreviations and retention times of protonated DmPA-labeled

acylglycines

Protonated
nglfglljfiil:d Abbreviation 'z/IDaaS)S (rEIw)
Acetylglycine AG 279 3.46
Propionylglycine PG 293 5.12
Isobutyrylglycine IBG 307 7.86
Butyrylglycine BG 307 8.12
4-Hydroxyphenylacetylglycine HPAG 371 8.57
2-Furoylglycine FG 331 9.44
Tiglylglycine TG 319 11.36
2-Methylbutyrylglycine 2MBG 321 11.86
3-Methylcrotonylglycine 3MCG 319 12.19
Isovalerylglycine VG 321 12.35
Valerylglycine VG 321 13.34
Hexanoylglycine HG 335 19.65
Phenylacetylglycine PAG 355 20.65
Phenylpropionylglycine PPG 369 20.82
Glutarylglycine GG 512 22.88
Heptanoylglycine HpG 349 23.69
Octanoylglycine 0G 363 26.60
Suberylglycine SG 554 26.68
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Under optimized conditions to yield highest sensitivity of the analytes, the
most abundant fragment ions produced are m/z 180 and m/z 182 for
hexanoylglycine and IS respectively. These two fragments are generated from the
loss of a neutral ketene (on the side of the acylglycine) resulting in a protonated
DmPA tag. These fragments are generated in the product ion spectra of all the
analytes and their corresponding internal standards and were used in the MRM
survey scans, with the Q1 ions being the precursor ions of either the analyte or IS
and Q3 ion being either m/z 180 or m/z 182, respectively. A list of Q1 and Q3 ions
used for the MRM survey scan and instrument parameters are represented in
Table 3-3. Fragment ions m/z 162, m/z 134 and m/z 122 are produced from the
further fragmentation of the DmPA tag and are present in all product ion spectra
of the analytes. Fragment ions m/z 99, m/z 128 and m/z 156 are produced from
dissociation of the acylglycine portion of the molecule and are more diagnostic in
nature. These result from neutral losses of 236, 207, and 179 respectively and
these losses were used as diagnostic losses to detect other acylglycines.
Explanation of the fragmentation can be found in a previous study.” The fragment
ion at m/z 237 is also diagnostic because it corresponds to the protonated mass of

(DmPA + glycine).

An IDA experiment was employed to generate simultaneous product ion
spectra, which were used to confirm the identity of the acylglycine detected. With
63 precursor ions scanned in the MRM survey scan and a dwell time of 15
milliseconds (see Table 3-3), peak shape integrity was maintained and a minimum
of 11 points across a peak could still be obtained. No cross-talk was detected in
the mass spectrometric analysis. This proposed method enabled the determination

of low-level concentrations of derivatized acylglycines in human urine.
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Table 3-3

MRM masses and parameters

Analyte Internal Standard Dwell

DP CE time

Q1 Q3 Q1 Q3 (ms)
265.1 180.1 267.1 180.1 45 18 15
279.1 180.1 281.1 182.1 45 18 15
293.1 180.1 295.1 182.1 45 18 15
307.2 180.1 309.2 182.1 45 18 15
313.2 180.1 45 18 15
319.2 180.1 321.2 182.1 45 18 15
321.2 180.1 323.2 182.1 45 20 15
323.2 180.1 45 20 15
331.2 180.1 333.2 182.1 45 20 15
333.2 180.1 45 20 15
335.2 180.1 337.2 182.1 45 20 15
337.2 180.1 45 20 15
345.2 180.1 45 20 15
347.2 180.1 45 20 15
349.2 180.1 351.2 182.1 45 20 15
351.2 180.1 45 20 15
355.2 180.1 357.2 182.1 45 20 15
356.2 180.1 358.2 182.1 45 20 15
357.2 180.1 45 20 15
359.2 180.1 45 20 15
361.2 180.1 45 20 15
363.2 180.1 365.2 182.1 45 20 15
365.2 180.1 45 20 15
367.2 180.1 45 20 15
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Analyte Internal Standard Dwell

DP CE time

Q1 Q3 Q1 Q3 (ms)
369.2 180.1 371.2 182.1 45 20 15
371.2 180.1 373.2 182.1 45 20 15
373.2 180.1 45 20 15
375.2 180.1 45 20 15
377.2 180.1 45 20 15
379.2 180.1 45 20 15
383.2 180.1 45 20 15
385.2 180.1 55 20 15
387.2 180.1 55 20 15
393.3 180.1 55 20 15
403.3 180.1 55 20 15
405.3 180.1 55 20 15
407.3 180.1 55 20 15
411.3 180.1 55 20 15
417.3 180.1 55 20 15
419.3 180.1 55 20 15
421.3 180.1 55 20 15
437.3 180.1 55 20 15
498.4 319.2 55 20 15
512.4 333.2 516.4 335.2 55 20 15
526.4 347.2 55 20 15
540.4 361.2 55 22 15
554.4 375.2 55 22 15
558.4 377.2 55 22 15
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3.3.4 Enhancement of the ESI Signal

Three volumes of a urine sample (normalized to creatinine) were analyzed
before and after derivatization. The ESI signals of DmPA-labeled acylglycines
were compared to their unlabeled counterparts and can be represented as a bar
chart in Figure 3-8 (same amount injected). The signals for the labeled
acylglycines were approximately 1-3 orders of magnitude higher than the signal

for the corresponding unlabeled acylglycines.

Also, despite the differences in the chain lengths and aromaticity of the
fatty acid portion of the glycine conjugates, similar responses are observed for all
the acylglycines in the ESI (note the similarity of their calibration slopes).
Equimolar concentrations of standards produce similar responses in ESI. The
signal enhancement can be due to several factors. First, the increased pKa of the
labeled acylglycines, due to the presence of the dimethylamine moiety, leads to
preferential protonation in solution, which is advantageous for the generation of
gas-phase ions in ESI. Secondly, the increase in hydrophobicity of the labeled
acylglycines allows them to be less solvated and increases their chances of staying
on the surface layer of the droplets formed in electrospray. In comparison with the
native acylglycines, they are more likely to have a higher surface activity and are
therefore more likely to be significantly enriched in the daughter droplets, which
are eventually desolvated and form gas-phase ions. lonization efficiency is also
enhanced because the labeled analyte now elutes in a higher percentage organic
solvent rather than in a solvent with higher water content as with the
corresponding native analyte. As the retention time increases in reversed-phase
chromatography, the eluting analytes are less hydrated and therefore more

hydrophobic.
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3.3.5 Selection of Surrogate Matrix

It has been established that one of the major challenges in validating
methods for analysis of endogenous compound analysis is obtaining a true blank
matrix without the presence of analytes in order to construct a calibration curve.
Initially, a solvent mix of water/ acetonitrile, (50/50, v/v) 0.1% formic acid was
used to prepare the calibration curve. Water alone could not be used because of
the poor solubility of the derivatized acylglycines. However, when comparing the
acylglycine concentrations using standard addition and using a calibration
equation in solvent mix, the relative differences were higher than the
recommended guideline of 15%. Also, as will be discussed below, matrix effects
were observed in the urine. Using diluted derivatized urine was not an option
because several of the analytes’ concentrations were too high and the dilution
would have to be greater than 10-fold. For the measurement of derivatized
acylglycines in urine, pooled underivatized urine (equal volumes from all
samples) was used as the surrogate matrix because the latter does not contain the
derivatized acylglycines. Not only does it not contain the target analytes, it is
quite similar to the authentic matrix; more so than the urine obtained from other
mammalian species. It is also likely that most mammalian species would have

endogenous levels of acylglycines.

3.3.6 Method Validation
3.3.6.1 Selectivity and Carryover

In this study of endogenous analytes, selectivity was more difficult to
evaluate because an analyte-free control matrix was difficult to obtain. Selectivity
assessment included the analysis of an instrument blank, a solvent blank, a
derivatized blank and blank surrogate matrix to determine interferences with the
analyte and internal standard signals and analysis of the authentic matrix to

determine interferences with the internal standard signal. Carryover was also
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assessed by analyzing instrument blanks after analysis of several replicates of
high concentration standards and samples. Representative chromatograms of
blanks, surrogate and authentic matrices are shown in Figure 3-9. The
chromatograms of the solvent blank, derivatized blank and surrogate blank in
Figure 3-9 (A), (B) and (D) respectively revealed that there are no interfering
peaks at the retention times where each analyte and IS are expected to elute,
indicating sufficient selectivity of the method. No significant carryover (<5% of
LLOQ) originating from the method was observed in Figure 3-9 (C). In Figure
3-9 (E), the MRM chromatogram with the transitions corresponding to the
internal standards in authentic matrix is shown. Only two of the peaks at retention
times 3.44 minutes and 11.41 minutes are observed, corresponding to the isotopic
contribution from acetylglycine and tiglylglycine (two of the most abundant
acylglycines in urine). The isotopic contribution of the *C of the analytes can be
accounted for and subtracted from the internal standard signal. Figure 3-9 (F) and
(G) display a standard mix (1nM) and an internal standard mix (100 nM) in

surrogate matrix respectively. No interferences were observed.

3.3.6.2 Linearity of Internal Standard and Analytes

The concept behind the use of an internal standard methodology is that it
is chosen to mimic the analyte of interest so that any changes in extraction or
instrumental techniques would be reflected in a change in the IS as well. In most
methods, a calibration curve is set up by analyzing a set of standards containing
various concentrations of the analyte and one concentration of IS. The assumption
here is that the IS has the same detector response as the analyte and that a
calibration curve of the IS will have the same linearity as that of the analyte.
Choosing the concentration of the IS then becomes important because there could
be a chance that the linearity of the analyte is different from the IS and the chosen

concentration of the IS might lie in a non-linear region of the curve.
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Figure 3-9 Representative LC-MS/MS chromatograms of (A) solvent blank , (B)

derivatization blank, (C) blank after running ULOQ calibration standard
(n=5), (D) surrogate blank, (E) internal standards (100 nM) in authentic
matrix, (F) analytes (1 nM) in surrogate matrix and (G) internal standards
in surrogate matrix. Compounds: 1, acetylglycine; 2, propionylglycine; 3,
isobutyrylglycine; 4, butyrylglycine; 5, 4-hydroxyphenylacetylglycine; 6,
2-furoylglycine; 7, tiglylglycine; 8, 2-methylbutyrylglycine; 9, 3-
methylcrotonylglycine; 10, isovalerylglycine; 11, valerylglycine; 12,
hexanoylglycine; 13, phenylacetylglycine; 14, phenylpropionylglycine;
15, glutarylglycine; 16, heptanoylglycine; 17, octanoylglycine; 18,
suberylglycine.
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As suggested by A. K. Hewavitharana,* the more accurate way to
calculate the concentration of the analyte when using a single IS calibration point
is to ensure linearity around the chosen IS concentration. The linearity studies
comparing *C-DmPA and '*C-DmPA-labeled acylglycines are represented in
Table 3-4. For each of the eighteen analytes, calibration curves were constructed
and the slopes recorded as a comparison of detector response. The slopes were
then compared statistically and calculated t-values compared to the critical values
of t at the 95% confidence level. As is observed in Table 3-4, the t-values are all
less than the critical values indicating that there are no significant differences
between the slopes. A concentration of 100 nM was chosen for the IS and
linearity was ensured for higher as well as lower concentration around this point.
Because of ion suppression and enhancement that can be observed in electrospray
ionization, the concentration of the IS can be lower or higher than expected and

this linearity test ensures the accuracy of the method.

141



Table 3-4 Internal Standard suitability. Comparison of linearity of **C and *C-
labeled analytes
Calibration Curve Calibration Curve in Surrogate
Acyl in Solvent Matrix
glycines 2c 13 2c 13
Slopes Slopes tvalue’ Slopes Slopes tvalue’
AG 1.18E+07 1.18E+07 0.09 9.36E+06 9.38E+06 0.13
PG 1.59E+07 1.57E+07 0.11 1.64E+07 1.74E+07 1.34
IBG 2.32E+07 2.41E+07 0.89 2.51E+07 2.52E+07 0.51
BG 3.76E+07 3.80E+07 0.28 3.87E+07 3.89E+07 0.33
HPAG 1.54E+07 1.56E+Q07 0.42 1.34E+07 1.33E+07 0.47
FG 1.70E+07 1.70E+07 0.10 1.59E+07 1.60E+07 0.07
TG 1.48E+07 1.44E+0Q7 2.00 1.31E+07 1.31E+07 0.23
2MBG 2.88E+07 2.84E+07 0.39 2.54E+07 2.53E+07 0.31
3MCG 1.27E+07 1.36E+07 1.92 1.49E+0Q7 1.48E+07 0.72
VG 1.90E+07 1.89E+07 0.12 1.90E+07 1.91E+07 1.68
VG 2.25E+07 2.21E+07 0.56 2.20E+07 2.22E+07 1.18
HG 2.25E+07 2.28E+07 0.60 2.53E+07 2.50E+07 0.89
PAG 1.98E+07 2.12E+07 1.66 2.00E+07 2.03E+07 2.01
PPG 2.15E+07 2.19E+07 0.65 2.06E+07 2.06E+07 0.08
GG 8.28E+06 8.63E+06 0.88 5.18E+06 5.13E+06 0.80
HpG 2.85E+07 2.89E+07 0.74 2.72E+07 2.71E+07 0.48
oG 2.10E+07 2.17E+07 1.72 1.92E+07 1.92E+07 0.96
SG 8.93E+06 8.35E+06 1.92 5.21E+06 5.03E+06 1.94

a

2.228)
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3.3.6.3 Calibration, Authentication of Surrogate, LOD and LLOQ

The linearity of the method was investigated in solvent, surrogate matrix
and authentic matrix, covering the range of 1.0 — 1000 nM. Slopes, intercepts,
coefficients of determination (R?) and standard errors were determined by the
least-squares linear regression model. Due to the heteroscedasticity of the data,
the best linear fit and residuals of the model was achieved using a weighting
factor of 1/y. The calibration curve was linear over the range 1.0 — 1000 nM for
the solvent and 1.0 — 500 nM for the surrogate and authentic matrices, except for
propionylglycine (linear range 1.0 — 1000 nM). The endogenous levels of eight
acylglycines, acetylglycine, isobutyrylglycine, tiglylglycine, 3-
methylcrotonylglycine, isovalerylglycine, 2-furoylglycine, hexanoylglycine, and
phenylacetylglycine, were on the upper end of the linear dynamic range and
standard addition calibration curves of these eight analytes were non-linear.
Surrogate and authentic matrices were therefore diluted 1:9 with solvent and
fortified with increasing concentrations of these eight acylglycines and calibration

curves were then constructed.

In order to determine if the responses of the analytes were similar in
surrogate and authentic matrices, a comparison of slopes was performed using the
modified t-test. Similarities in the detector responses in both matrices would
authenticate the use of the surrogate matrix in the validation process. Table 3-5
summarizes the calibration parameters for both surrogate and authentic matrices.
Comparison of the sensitivity for acylglycines in surrogate and authentic matrices
using the modified t-test indicates that the two slopes were not significantly
different at the 95% confidence level. This indicates that the surrogate matrix can
be used as a substitute for the authentic matrix and the quantitation method will be
accurate. The R? values of the weighted calibration curves were all higher than
0.9980 for each acylglycine. Overall CV % values, calculated as an average of the
CV% at each level, are all less than 15%. Examples of 4 calibration plots are

represented in Figure A3-1 in the Appendix. Plots of all 18 calibration curves are
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presented in Figure S3-1 in the Electronic Appendix. A statistical summary of the

calibration curves is represented in Table A3-1 in the Appendix.

LOD and LLOQ values were calculated using the standard deviation of
the y-intercept and the slope, derived from the linear regression model. The LOD
ranges in value from 1.0 — 2.0 nM and LLOQ ranges from 2.0 — 5.0 nM. This
information can also be found in Table 3-5. The % RE and % CV derived from
the replicate analysis at the LLOQ concentration of each acylglycine ranges from
-17.47 and 7.34 and 3.67 — 15.21 respectively, indicating good accuracy and
precision. This information is summed up in Table 3-6. It is important to note
that the signal-to-noise ratios of the LLOQ at the respective concentrations were
significantly higher than 10 for all analytes, except for glutarylglycine. This
indicates that these values of LLOQ would be considerably lower if LLOQ was
measured using the signal-to-noise method and this is better than current

methods.% 1
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Table 3-5 Comparison of slopes in surrogate and authentic matrices and calibration parameters of calibration curve in surrogate urine

Acylglycines _Urine _Slopes Slopes . ., Linearity LOD LLOQ D';,':aer?]'zc Overall
Dilution (Surrogate) (Authentic) (R) (nM) (nM) Range %CV

AG 10x 8.6 9.1 0.48 0.9993 1 3 3-500 12.0
PG 1x 9.15 8.8 1.25 0.9996 1 3 3-1000 8.2
IBG 10x 10.4 10.9 1.93 0.9996 1 2 2-500 14.9
BG 1x 10.0 10.3 1.97 0.9992 1 4 4 -500 12.8
HPAG 1x 8.7 8.5 1.43 0.9985 1 5 5-500 10.8
FG 10x 8.90 8.9 0.01 0.9997 1 2 2-500 10.0
TG 10x 8.6 8.8 0.52 0.9986 1 5 5-500 11.7
2MBG 1x 9.2 9.1 0.75 0.9992 1 3 3-500 8.5
3MCG 1x 9.4 9.69 1.95 0.9987 1 4 4 -500 9.1
IVG 10x 10.1 9.4 1.94 0.9994 1 3 3-500 11.9
VG 1x 9.2 9.1 0.50 0.9983 2 5 5-500 7.1
HG 10x 9.25 8.9 1.91 0.9997 1 2 2-500 10.8
PAG 10x 9.3 9.62 1.93 0.9995 1 3 3-500 10.8
PPG 1x 10.0 9.8 1.37 0.9996 1 2 2-500 10.1
GG 1x 8.8 8.69 1.61 0.9995 1 2 2 -500 12.5
HpG 1x 9.2 9.0 0.95 0.9987 1 4 4 -500 10.5
0G 1x 9.5 9.4 0.20 0.9994 1 3 3-500 8.1
SG 1x 8.3 8.61 2.14 0.9987 1 4 4 -500 14.9

# t-values do not exceed critical values (critical value = 2.228, except for PG which is 2.201)
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Table 3-6 Lower limits of quantification (LLOQ) measurements in surrogate urine
(n=5)
_ LLOQ Measureql _
Acylglycines Concentration RE (%) CV (%) S/N Ratio
(nM) (nM)
AG 3 27+0.3 -11.0 9.7 40+ 2
PG 3 27+04 9.2 14.2 67+8
IBG 2 1.9+0.3 5.2 14.8 41+3
BG 4 42+05 55 12.3 115+ 13
HPAG 5 53+0.4 5.9 7.6 77 19
FG 2 1.7+0.1 -16.9 6.8 17+2
TG 5 46+04 -1.4 7.5 59+ 7
2MBG 3 2.8+0.3 -1.7 10.3 79 + 27
3MCG 4 41+£0.6 3.0 14.6 73+6
VG 3 28+0.3 -6.9 10.3 52 + 20
VG 5 51+0.3 11 6.3 92 + 15
HG 2 1.7+01 -17.5 6.6 32+7
PAG 3 25+0.1 -17.1 3.7 50+5
PPG 2 1.7+0.2 -14.7 13.8 32+4
GG 2 22+0.2 8.1 11.2 13+2
HpG 4 3.7+04 -7.0 11.2 111+ 19
0G 3 29+04 -4.6 15.2 157 +21
SG 4 43+05 7.3 12.1 40 +7

3.3.6.4 Standard Addition Results

Due to the presence of endogenous acylglycines in derivatized urine, the
use of underivatized urine as a blank matrix was validated using a standard

addition experiment. Comparison of the acylglycine concentrations determined
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using a standard addition method and calibration in surrogate matrix can be
observed in Table 3-7. Percent relative differences calculated were all less than
15%, except for HpG, OG and HPAG, whose endogenous levels are below the
LLOQ. The LLOQ values presented here is represented in units of (umol/mol
creatinine). These values of % RE support the use of underivatized urine as the

surrogate urine.

Table 3-7 Comparison of the standard addition method and the surrogate matrix
approach
Standard Addition LT
Acylglycines Conc Calibration Conc. RE (%)
(rmol/mol creatinine) (pmol/mol
creatinine)
AG 2746 + 190 2624 +3 -4.5
PG 163 +13 164 +2 0.4
IBG 530 + 25 516 +1 -2.7
BG 26+ 2 23+2 -13.8
HPAG 3.3+£05 <25 N/A
FG 682 + 29 594 + 2 -12.9
TG 1489 + 75 1494 + 3 0.3
2MBG 9+3 93+2 -5.8
3MCG 165 = 15 163+2 -0.7
VG 1312 + 48 1125+1 -14.2
VG 28.7x0.7 273 -5.5
HG 78 £ 24 701 -10.0
PAG 65+ 16 63+2 -4.4
PPG 95+0.9 10+1 11
GG 6.9+0.3 70+3 1.6
HpG <2.0 <20 N/A
0G <15 <15 N/A
SG 14+1 12+3 -9.3
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3.3.6.5 Dilution Linearity

The premise of the parallelism and dilution linearity is that if the diluting
matrix is suitable and there are no matrix interferences from either matrix then the
concentration of the undiluted sample and the back calculated concentrations
should be the same. The dilution linearity was assessed for all analytes by plotting
observed results vs. expected results and performing linear regression. Results are
shown in Table 3-8. The slope of the resulting line and the correlation coefficient
(R?) is given for each analyte. Parallelism is proven when the slopes are nearly 1.
Acylglycine concentrations at different dilutions showed good agreement
indicating that the method had good dilution linearity. These results also indicate
that there are no matrix interferences when surrogate urine is the diluent and that
the surrogate is a suitable matrix. Surrogate matrix would be used to dilute
samples with concentration higher than the ULOQ.

3.3.6.6 Evaluation of Matrix Effects

The most common methods of evaluating matrix effects are post-column infusion
and post-extraction addition. These methods are only appropriate when there are
blank matrices available. Another option available when there are endogenous
levels of analytes is a comparison of slopes in matrix or matrix-match solutions
with the slopes obtained in matrix-free standard solution.*® ** One indicator that
the sample matrix affects the analysis is a deviation in the slopes. The slopes of
the calibration curves in solvent were compared to the slopes in both surrogate
and authentic urine using the modified t-test defined above and the results are
reported in Table 3-9, as well as calculations of matrix effects according to the
equation defined in the experimental section. Negative values signify suppression,
whereas positive values indicate enhancement. All analytes, with the exception of
isobutyrylglycine, experienced suppression in the urine samples, though the
suppression was rather modest (less than 20%). The modified t-test demonstrated

that for most of the analytes, the slopes in solvent were significantly different than
148



those in either of the urine samples. On the other hand, Table 3-5 shows that the
slopes in surrogate and authentic matrices are not significantly different at the
95% confidence level. To minimize matrix effects and for a more accurate
validation and quantification, all calibrations and validations were done using

either surrogate or authentic urine samples.

Table 3-8 Dilution linearity
Acylglycines Slope R2

AG 0.9680 0.9978
PG 0.9873 0.9978
IBG 0.9955 0.9997
BG 1.0078 0.9971
HPAG 1.0489 0.9914
FG 0.9977 0.9995
TG 0.9811 0.9975
2MBG 1.0024 0.9970
3MCG 0.9938 0.9992
VG 0.9828 0.9987
VG 0.9964 0.9986
HG 0.9966 0.9990
PAG 1.0021 0.9943
PPG 1.0091 0.9967
GG 1.0199 0.9988
HpG 1.1082 0.9983
0G 1.0023 0.9593
SG 0.9506 0.9983
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Table 3-9 Matrix Effects study. Comparison of slopes in solvent to slopes in
authentic urine using a modified t-test

Acyl Solvent Surrogate Authentic
; t- Matrix t- Matrix
e Slope Slope value’  Effects ope valueb Effects
AG 10.4 8.6 4.25 -17.0 9.1 1.30 -12.6
PG 10.3 9.15 8.53 -11.1 8.8 6.12 -14.8
IBG 10.2 10.4 0.18 1.8 10.9 0.67 6.5
BG 10.3 10.0 1.32 -3.1 10.3 0.06 0.1
HPAG 10.1 8.7 8.87 -13.6 8.5 1512  -15.7
FG 10.2 8.90 1552  -12.7 8.9 9.00 -12.7
TG 10.0 8.6 8.24 -14.2 8.8 3.67 -11.5
2MBG 10.3 9.2 9.48 -10.0 9.1 9.34 -10.9
3MCG 10.2 9.4 4.99 7.7 9.69 4.22 -4.6
IVG 10.1 101 0.19 0.4 9.4 3.03 7.4
VG 10.4 9.2 4.33 -11.1 9.1 5.13 -11.8
HG 9.9 9.25 2.68 6.3 8.9 5.85 -10.2
PAG 10.2 9.3 6.28 -8.3 9.62 4.94 5.4
PPG 10.4 10.0 2.77 -4.4 9.8 5.45 -6.4
GG 10.3 8.8 11.33  -14.2 8.69 21.89 -15.3
HpG 10.1 9.2 4.38 -8.8 9.0 7.64 -10.5
0G 10.5 9.5 5.71 9.6 9.4 5.64 -10.1
SG 10.4 8.3 11.00 -19.7 8.61 15.59 -17.0

% t-values in bold exceeded critical values at 95% confidence level (critical value = 2.262;
PG, 2.228) ; b t-values in bold exceeded critical values at 95% confidence level (critical
value = 2.228; PG, 2.201)
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3.3.6.7 Method Reproducibility

Method reproducibility was defined through the analysis of five
experimental replicates under the same reaction conditions. The obtained results
are presented in Table 3-10. Results are expressed as % CV and the values are all
under 10% for all acylglycines, except for heptanoylglycine and octanoylglycine,
whose concentrations were at or below the LLOQ. The reported % CV values are
12.54 and 14.76% respectively, which are still under 15% signifying that the
current derivatization method demonstrated adequate precision.

3.3.6.8 Precision and Accuracy

Intra- and inter-day precision of the proposed method were also
determined and presented in Table 3-10. Results are expressed as % CV and intra-
day values varied between 2.50% and 11.40% and inter-day values varied
between 3.11% and 11.70%. Accuracy was investigated for three concentrations,
10.0, 150.0, 400.0 nM and the results are summarized in Table 3-11. The results
are expressed as % RE and % CV and both sets of values are lower than 15% for
all analytes at all three concentrations. These results indicate that the proposed

method demonstrated satisfactory accuracy and precision.

3.3.6.9 Stability

Samples were considered to be stable if the concentration of analytes were
within + 15% (i.e. 85-115%) of initial concentration in the fresh samples. Results
of the stability study conducted under various conditions are expressed as percent
recovery and are summarized in Table 3-12. All eighteen acylglycines were
within the acceptable limits and were shown to be stable in human urine samples

after 3 freeze/thaw cycles and up to 8 weeks storage at -20 °C. It was also
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demonstrated that they were stable for up to 5 hours at room temperature and 24

hours at 4 °C in the autosampler.

Table 3-10 Intra-day, inter-day and derivatization precision of the proposed method
Acylglycines Intra-dfiy CV % Inter-dziy CV % Methoq CV %

(n=10) (n=30) (n=5)
AG 2.9 3.1 3.7
PG 8.3 11.7 6.9
IBG 6.7 7.9 6.0
BG 7.8 8.3 9.7
HPAG 2.6 6.2 7.3
FG 5.5 6.7 6.1
TG 2.5 3.1 6.4
2MBG 75 6.9 7.3
3MCG 6.4 6.4 9.5
IVG 2.8 4.4 95
VG 8.0 7.2 75
HG 35 3.9 5.1
PAG 3.3 4.8 5.2
PPG 114 10.9 9.2
GG 9.2 11.3 4.1
HpG 4.1 3.8 125
0G 4.2 5.7 148
SG 5.7 5.4 45
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Table 3-11

Accuracy data obtained using the proposed method

Acyl QC Low (10.00 nM) QC Mid (150.00 nM) QC Mid (400 nM)
glycines  Measured value RE (%) CV (%) Measuredvalue RE (%) CV (%) Measuredvalue RE (%) CV (%)
AG 10+1 4.2 11.3 155+ 21 3.6 13.6 380+ 34 -5.0 9.1

PG 9.6+0.6 -4.3 6.6 148+ 5 -1.0 3.6 362 +21 -9.6 5.9
IBG 10+1 -0.9 11.0 150 + 10 -0.1 6.7 379 £ 26 -5.3 7.0
BG 10+1 -0.2 9.7 147+ 3 -2.0 2.3 361+ 12 -9.8 3.4
HPAG 11+1 7.7 11.8 149 +2 -0.4 14 367 +22 -8.3 5.9
FG 10+1 3.2 10.1 147 + 12 -1.7 8.2 395+ 25 -1.3 6.2
TG 10.6 £ 0.4 5.9 4.1 153+ 6 2.0 4.2 358 + 46 -10.6 13.0
2MBG 109+0.8 8.5 7.6 152+1 1.2 0.8 407 + 14 1.8 3.4
3MCG 10.8+0.2 7.7 2.0 150+ 2.0 -0.3 1.1 403 + 16 0.7 4.1
IVG 10+1 -4.8 10.8 155 + 16 3.4 10.3 395+ 23 -1.3 5.9
VG 9.7+0.2 -2.6 2.2 150.3+0.5 0.2 0.4 405 + 8 14 2.0
HG 11+1 6.4 12.7 136+ 12 9.1 8.7 349 + 30 -12.9 8.7
PAG 95+0.3 -5.1 3.5 155+ 12 3.1 7.8 367+ 17 -8.3 4.7
PPG 10.2+0.2 2.3 2.1 147+ 7 -2.0 4.9 368 + 11 -8.0 3.0
GG 10.5+0.9 4.6 8.8 155+ 3 3.1 1.7 400 + 8 0.1 2.0
HpG 10+1 -1.9 12.3 147+ 4 -2.0 2.8 341 +13 -14.9 3.9
0G 10.5+0.5 4.9 4.9 141 +5 -6.0 3.4 360 + 24 -9.9 6.7
SG 9.8+0.8 2.1 8.0 148 +3 -1.1 1.9 402 + 8 0.5 1.9
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Table 3-12

Stability results of various storage conditions

Room Temp 5 szfmu;?er Freeze/Thaw Freeze/Thaw Freeze/Thaw -20°C -20°C

Acyl hours 24 hours Cycle 1 Cycle 2 Cycle 3 2 weeks 8 weeks
el Accuracy CV  Accuracy CV  Accuracy CV  Accuracy CV  Accuracy CV  Accuracy CV  Accuracy CV
%) (%) (%) (%) (%) (%) (%K) (%) (%) (%) (%) (%) (%) (%)
AG 98.1 4.7 96.0 3.7 97.0 8.8 96.3 4.1 98.3 57 94.1 10.1 94.0 3.1
PG 99.7 9.7 98.1 10.4 97.7 9.6 97.2 11.0 100.6 9.4 95.0 10.7 103.0 11.8
IBG 935 7.4 97.2 6.3 93.5 6.8 100.1 8.9 94.8 8.4 91.2 9.7 95.2 8.1
BG 105.1 12.7 104.9 6.6 95.8 8.9 93.9 8.7 104.2 55 99.9 11.1 105.1 7.8
HPAH 90.4 44 98.3 6.7 99.0 51 95.9 10.4 102.2 4.6 101.3 6.6 95.1 8.7
FG 104.7 4.1 107.3 9.1 108.0 5.6 104.5 3.3 101.1 5.7 98.5 8.4 103.6 34
TG 95.3 3.4 100.0 3.2 96.8 7.8 98.2 55 100.4 5.9 98.8 10.7 92.6 6.1
2MBG 975 6.8 100.9 55 97.1 4.2 95.3 6.6 97.2 35 99.3 12.2 96.2 35
3MCG 102.8 6.5 99.1 6.3 101.8 7.2 99.0 5.9 100.6 5.8 95.9 9.4 104.2 6.8
IVG 97.4 2.2 98.8 6.5 101.5 6.2 98.3 2.9 98.0 4.8 95.7 10.6 98.4 2.8
VG 104.5 44 102.5 2.2 104.9 4.0 104.6 2.8 101.5 2.5 96.2 8.4 102.9 4.1
HG 99.9 6.1 98.5 4.3 98.2 4.4 96.7 4.3 94.7 4.5 93.2 9.2 99.2 5.1
PAG 95.7 11.3 95.4 10.3 93.7 10.5 97.5 10.2 99.6 13.1 99.8 13.3 96.2 11.4
PPG 97.2 7.8 96.4 5.8 95.4 7.9 97.2 5.6 100.5 5.8 95.7 9.8 98.5 5.9
GG 95.3 5.2 95.6 6.0 95.1 9.2 96.5 6.3 94.3 5.6 98.2 5.9 95.8 5.1
HpG 94.5 6.0 925 59 95.1 7.5 94.2 6.3 95.0 6.4 91.9 6.4 94.9 55
0G 99.4 5.3 100.0 4.3 100.9 5.7 102.1 5.2 102.3 5.0 106.0 7.4 106.4 4.6
SG 102.5 9.4 106.4 7.9 96.0 6.8 100.9 6.8 102.3 8.4 94.1 9.9 103.7 3.7
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3.3.7 Measurement of Endogenous Levels of Acylglycines

The validated LC-MS/MS method was then used in the analysis of urine
samples from 20 healthy individuals, collected over 3 consecutive days (total of
60 samples). Each sample was derivatized and analyzed in triplicates.
Concentrations were back-calculated using the peak area ratios of analyte/IS from

a calibration curve constructed in surrogate urine.

3.3.7.1 Absolute Quantification

The ranges of concentrations of each acylglycine over three days are
shown in Table 3-13. The concentrations are represented in umol/mol creatinine.
The values obtained in this study are comparable with published data.® ** An
expanded table listing the daily concentrations of each of the 20 individual can be
found in Table S3-1 in the Electronic Appendix. For most of the individuals, day-
to-day variations in acylglycine concentrations were relatively small. The
identities of the eighteen analytes were confirmed by the co-elution of the internal

standard and the interpretation of the product ion spectra.
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Table 3-13 Concentration ranges of acylglycines in healthy urine

Concentration (umol/mol creatinine)
Acylglycines
Day 1 Day 2 Day 3
AG 597 - 9789 494 - 1848 418 - 3466
PG 86 - 378 59 - 402 61 - 630
IBG 216 - 1622 174 - 1249 164 - 839
BG 8.1-135 7-170 12 - 237
HPAG <25-79 <25-10 <25-5
FG 154 - 2183 81 - 3279 168 - 5192
TG 569 - 5034 560 - 3519 470 - 3190
2MBG 55 - 262 35-364 64 - 225
3MCG 56 - 646 40 - 624 65 - 444
VG 593 - 7151 542 - 5656 477 - 4772
VG 7-215 8-147 12-90
HG 21-199 27 - 375 34 -198
PAG 36 -136 39-170 37-131
PPG <1.0-66 <1.0-66 2-57
GG 4 -57 3-52 1-59
HpG <20-16 <20-9 <20-7
oG <15-35 <15-41 <15-49
SG 8-68 4-52 <2.0-39

156




3.3.7.2 Acylglycine Excretion Pattern

The acylglycine profile of the individuals was investigated to determine if
there was any dependence of the acylglycine excretion pattern on parameters such
as gender or BMI. The influence of gender on the acylglycine pattern is seen in
Figure 3-10. The box plots were generated using the full range of values. Fifteen
acylglycines were plotted (only acylglycines with values greater than LLOQ were
plotted) and each value plotted is an average of three days. There are differences
between males and females but there does not seem to be a consistent pattern.
There is no discernible pattern between short- and medium-chain acylglycines.
Thus, it appears that gender does not play a role in the excretion pattern of

acylglycines in urine.

Similar results were observed for the dependence of the profile on BMI.
BMI was calculated by dividing the individual body mass in kilograms by the
square of his/her height in meters and the units are expressed in kg/m?. The BMIs
were divided into four categories, according to the Canadian guidelines for body
weight classification: (a) underweight — BMI less than 18.5; (b) normal weight —
BMI between 18.5 and 24.9; (c) overweight — BMI between 25 and 29.9 and (d)
obese — BMI of 30 and more. The number of individuals that fit into each
category was n=1 (underweight), n=15 (normal weight), n=2 (overweight) and
n=2 (obese). The mean values of BMI for males and females were very similar,
23.5 in males and 22.2 in females. The influence of BMI can be seen in the bar

charts in Figure 3-11.

Values plotted are an average of acylglycine values over the three days.
Acylglycines are arranged based on similar concentration ranges. As can be
observed, the available data does not indicate any influence of BMI on the
excretion pattern. Unfortunately, due to the small number of samples investigated,

the interpretation of the data remains limited.
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Figure 3-10 Influence on gender on the acylglycine excretion pattern (n=10 for both

males and females)
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Influence of BMI on the Urinary Acylglycine Profile
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Figure 3-11 Influence of BMI on the acylglycine excretion profile
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3.3.7.3 Relative Quantification

In the relative quantification of the derivatized acylglycines, for which
there were no standards, putative identification was done by interpretation of the
product ion spectra generated. In the spectra of the unknown acylglycine the
following factors were investigated: (a) Fragments corresponding to the tag, (b)
Fragments corresponding to the dissociation of the acylglycine, i.e. neutral losses
of 236, 207, and 179, (c) fragment ion m/z 237 and (d) logical retention time. The
fragmentation of the acylglycine portion of the molecule resulted in low
abundance fragments that are unobservable. It is believed that there are many
more acylglycines present in the samples based on a previous study,” but with low
abundance fragment ions it was difficult and often impossible to putatively
identify these compounds. Consequently, only six compounds could be putatively
identified. These are Cs:1-G (pentenoylglycine or isomer), retention time, 12.47
minutes; Cs:1-G (hexanoylglycine or isomer), retention time, 16.50 minutes; Cs-G
(methyl valerylglycine or isomer), retention time,19.07 minutes; Cg:1-G (cis-3,4-
methylene heptanoylglycine or isomer), retention time, 23.89 minutes; Cg:1-G
(octenoylglycine or isomer), retention time, 24.22 minutes; and Cq:1-G (cis-3,4-
methylene octanoylglycine or isomer), retention time, 25.94 minutes. The ranges
of concentrations for these acylglycines over three days are shown in Table 3-14.
The concentrations are represented in pmol/mol creatinine. An expanded table
presenting the daily concentrations of each of the 20 individuals can be found in
Table S3-2 in the Electronic Appendix. The concentration for each day is shown
in the columns and is represented as the mean + standard deviation of the three
experimental replicates. The concentrations are represented in pmol/mol
creatinine. EPI product ion spectra used in the putative identification of each
acylglycine is represented in Figure A3-2 — Figure A3-4 in the Appendix.
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Table 3-14 Concentration ranges for putatively identified acylglycines in healthy

urine
Concentration (umol/mol creatinine)
Acylglycines  RT (min)

Day 1 Day 2 Day 3
C;:1-G 12.47 13 - 647 9- 652 23-525

Ce1-G 16.50 4-94 4-48 6-51
Ce-G 19.07 18 - 317 13-134 22-118
Ce1-G 23.89 104 - 792 78 - 650 113 - 532

Ce:1-G(2) 24.22 4-121 4-83 7-67
Cyl 25.94 <15-35 <15-71 <15-62

3.4 Conclusion

This chapter describes a sensitive LC-MS/MS method for the
quantification of derivatized acylglycines in human urine. The method was
validated using underivatized urine as the surrogate matrix and proved to be
reliable in terms of selectivity, linearity, accuracy and precision. The
complications associated with performing validation for endogenous compounds
have been satisfactorily addressed and method performance was evaluated based
on a fit-for-purpose approach. The surrogate matrix calibration method was
successfully applied and demonstrated an advantage over the use of solvent
(water) as a suitable surrogate matrix. Parallelism experiments were used during
validation to evaluate any bias originating from the differences between authentic
and surrogate matrices. The typical acylglycine excretion profile shows no
dependence on BMI or gender. Except for a few individuals, day-to-day
variations are relatively minor. It is important to note however, that no biological

significance can be drawn from such a limited number of samples.

Application of this method offers many merits over previously reported

methods, namely a more accurate method validation approach, potentially lower
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limits of detection, signal enhancement and the ability to create internal standards

for each standard obtained. This method can be adopted for the accurate

quantification of many endogenous biomarkers that can be readily derivatized,

with little or no modifications. Although this chapter mainly focuses on the

methodology of quantifying acylglycines, this method can easily be applied to

clinical samples where the concentrations of the analytes are expected to increase

for IEMs and similar disorders.
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Chapter 4. Quantification of Acylglycines in Human Plasma using
Derivatization and Liquid Chromatography Tandem

Mass Spectrometry”

4.1 Introduction

Acylglycines have long been studied as biomarkers in inborn errors of
metabolism (IEM) in newborns and are used in the diagnoses of these disorders."
2 |EMs are genetic diseases or disorders of the metabolic system. These disorders
are characterized by a defect in a single enzyme, resulting in reduced catalytic
activity, or by impaired activity of transporters or cofactors along metabolic
pathways. This can result in an accumulation of metabolites that can become toxic
or interfere with the normal function of systems. One class of IEMs is fatty acid
disorders, which is the results of enzyme defects affecting the body’s ability to
oxidize fatty acids to produce energy. Fatty acid oxidation occurs in the
mitochondria of cells and is a series of four reactions, each catalyzed by a
different enzyme, depending on the length of the fatty acid chain.! Deficiencies of
any of these enzymes results in different disorders named for the deficient
enzyme, for e.g. medium-chain acyl-coenzyme A dehydrogenase deficiency. In
individuals where there is an impairment of fatty acid oxidation, fatty acid CoA
esters may build up when there is an increase in energy requirements or fasting
and must be conjugated to carnitine or glycine to facilitate excretion or a balance
of coenzyme A. Glycine conjugation then serves an important detoxification role
and the products are known as acylglycines.

Acylglycines are excreted by healthy individuals as well as those with
IEMs and they can be detected in biological matrices (for e.g. blood, plasma,

serum, urine) but traditionally have been analyzed in urine.*® This is because

“ A version of this chapter has been prepared for submission as Stanislaus, A.E., Li, L.,
Development of a Method for the Quantitation of Acylglycines in Human Plasma using
Derivatization and Liquid Chromatography Tandem Mass Spectrometry.
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urine is generally easier to obtain and is relatively free of proteinaceous material,
making sample handling and analysis less complicated. In recent times, dried
blood spots have become more popular in newborn screening for IEMs.®®
Because of their lower levels, acylglycines are not generally analyzed in dried
blood spots or plasma. Very few papers are published with reference values for

acylglycines in plasma.’®

This chapter focuses on increasing the electrospray signal of acylglycines
in biofluids so they can be analyzed in plasma by LC-MS. The derivatizing tag
used in this work was used previously in Chapter 3 and targets the carboxylic acid
moiety in acylglycines. The tag, p-dimethylaminophenacyl (DmPA) bromide, is a
derivative of phenacyl bromide, in which a dimethyl amino group is added in the
para-position. There are several advantages of using this labeling technique: first,
the amino group is easily ionizable, increasing ionization efficiencies; second, an
isotope of carbon can be coded onto the dimethyl group creating an isotope-
labeled standard for each analyte purchased; third, the increase in hydrophobicity
of the labeled acylglycines allows them to be less solvated and increases their
surface activity and lastly, the retention time increases in reversed-phase

chromatography and causes an improvement in the separation.

In this work, quantification was performed using mass spectrometry
coupled with liquid chromatography. The quantification is based on the
comparison of the signal generated from the analytes of interest in matrix versus
the signal from standards in the blank matrix. Isotope dilution, which involves the
use of stable-isotope labeled standards, is a widely accepted method for
quantification using mass spectrometry. The method involves the preparation of a
series of standards over a range of concentrations which are added to the blank
matrix and a known volume of the isotope-labeled analyte is added to the
calibration standards, quality control standards and unknown samples. This
internal standard serves to compensate for sample preparation and instrument
variability. When the analytes of interest exist naturally in the matrix and exhibit

high background levels, it is often difficult to obtain a blank matrix. A new
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approach, a “surrogate matrix” strategy,’"" ** has been developed and has been
previously applied to the quantification of endogenous acylglycines in urine
(Chapter 3). The fundamental concept of this approach is to generate a calibration
curve in a “blank surrogate” matrix, which in this study is the underivatized
plasma, using peak area ratios of standard to internal standard. The concentration
of the analytes in authentic matrix, that is the derivatized plasma, is calculated
based on the regression equations from the calibration curves. The belief is that
the underivatized plasma would be a better substitute and would better mimic the
authentic matrix than water or synthetic matrix. Compared to current methods that
use water as a surrogate matrix, this approach can offer matrix-matching, which
improves accuracy. An LC-MS/MS method for the quantification of endogenous
acylglycines in human plasma is presented.

4.2 Experimental
4.2.1 Chemical and Reagents

Optima grade acetonitrile, methanol and water were purchased from
Fisher Scientific (Ottawa, ON). Triethylamine and formic acid were obtained
from Sigma-Aldrich (Oakville, ON). Acetylglycine, propionylglycine,
isobutyrylglycine, butyrylglycine, 2-methylbutyrylglycine, isovalerylglycine,
valerylglycine, hexanoylglycine, heptanoylglycine, tiglylglycine, glutarylglycine
and suberylglycine were purchased from Dr. Herman J. ten Brink (Amsterdam,
Netherlands). 3-Methylcrotonylglycine, 2-furoylglycine, phenylacetylglycine,
phenylpropionylglycine, and 4-hydroxyphenylacetylglycine standards were
obtained from HMBD. Octanoylglycine was purchased from Sigma-Aldrich. 2-
Bromo-1-(4-dimethylaminophenyl)ethanone was purchased from Combi-Blocks
Inc. (San Diego, CA) and also synthesized in our laboratory, according to the
method described in Chapter 3, Section 3.2.2.
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4.2.2 Plasma Samples

This study was conducted in accordance with the Arts, Science & Law
Research Ethics Board policy at the University of Alberta. Blood samples were
collected from 5 males and 5 females, who were not known to be on any special
diet or medications or have any inborn errors of metabolism. The volunteers were
all adults ranging in age from 25 to 35 years. The plasma was generated by
centrifuging whole blood at 4000 g at 4 °C for 20 minutes. The plasma
supernatant was collected and aliquoted and stored at -80 °C until further analysis.

4.2.3 Preparation and Derivatization of Standards and Samples
4.2.4.1 Standard Solutions

Standard stock solutions containing a mixture of all eighteen acylglycines
were prepared by dissolving accurately weighed acylglycines in acetonitrile to
yield a final concentration of 1.0 mM. A working stock solution of 100 uM was
made in 20% water in acetonitrile. To 100 puL of the acylglycine mixture was
added 100 pL of either **C,-DmPA or *C,-DmPA (30 mg/mL) and 100 uL TEA
(30 mg/mL) in acetonitrile. The mixture was vortexed and heated in a heating
block at 90 °C for 1 hour. The reaction was then terminated with 100 pL acetic
acid dissolved in acetonitrile (10% v/v) and reacted at 90 °C for 15 minutes. The
reaction scheme is presented in Figure 3-1. The resulting mixture was evaporated
to dryness and reconstituted in 100 pL acetonitrile/water (50/50, v/v), 0.1%
formic acid. The standards were then spiked into solvent and surrogate plasma
(calibration standards) and authentic plasma (quality control standards) and
analyzed by LC-MS/MS. Internal standard (IS), that is *C,-DmPA-labeled
standards, were spiked into calibration standards and samples to give a final
concentration of 100 nM before analysis by LC-MS/MS.
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4.2.4.2 Plasma samples

Frozen plasma samples were thawed at 4 °C to prevent deterioration of the
sample. For protein precipitation, 400 pL methanol was added to 100 uL plasma.
The plasma mixture was vigorously vortexed for 10 seconds and incubated at 4
°C for 30 minutes. The mixture was then vortexed again for another 10 seconds
and centrifuged at 14000 g for 15 minutes at 4 °C. The supernatant was decanted,
evaporated and the residue was reconstituted in 100 ul of 20% water in
acetonitrile. The extracted plasma was then derivatized in an identical method as
the standard solutions. To 100 pL plasma extract was added 100 pL of either *2Cop-
DmPA (30 mg/mL) and 100 uL. TEA (30 mg/mL) in acetonitrile. The mixture
was vortexed and heated in a heating block at 90 °C for 1 hour. The reaction was
then terminated with 100 pL acetic acid dissolved in acetonitrile (10% v/v) and
reacted at 90 °C for 15 minutes. The resulting mixture was evaporated to dryness

and reconstituted in 100 pL acetonitrile/water (50/50, v/v), 0.1% formic acid.

4.2.4 Ultra-high Performance Liquid Chromatography

Liquid chromatography was performed on an Agilent 1290 Series LC
(Mississauga, ON) equipped with dual pumps, an eluting pump and a regeneration
pump. Chromatographic separation was done on two Phenomenex Kinetex 1.7
um minibore 50 x 2.1 mm Cyg columns. Elution conditions were as follows: linear
gradient of 18% - 28% mobile phase B over 17 minutes, 28% - 43% B over 8
minutes, and 43% - 100% B over 15 minutes and returning initial conditions for 2
minutes. Mobile phase A consisted of 2% acetonitrile, 0.1% formic acid in water
and mobile phase B consisted of 2% water, 0.1% formic acid in acetonitrile. The
column was maintained at 25 °C and autosampler set at 4 °C. Flow rate was set at
0.250 mL/min and 5.0 pL of each sample was injected. The regeneration pump
performed column wash and equilibration steps in parallel on the second Cig

column using 100% mobile phase B and 18% mobile phase B respectively.
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4.2.5 Mass Spectrometry

Mass analysis was carried out on an AB Sciex 4000 QTRAP® hybrid
triple quadrupole linear ion trap mass spectrometer (Concord, ON), equipped with
an electrospray ionization (ESI) interface. The ESI source was set to perform in
the positive ion mode. The optimized parameters were as follows: spray voltage,
4800; curtain gas, 10; CAD, high; temperature, 250 °C; GS1, 40; GS2, 30;
declustering potential, 45; collision energy, 25 (parameters are unit-less). The
acquisition method consisted of an information dependent acquisition (IDA) scan
using multiple reaction monitoring (MRM) as a survey scan and two dependent
enhanced product ion (EPI) scans. The EPI scans were in the range 50 — 800 Da,
scanned at 4000 Da/s. Data was acquired and processed using Analyst® version
1.5.1 software (Concord, ON).

4.2.6 Method Validation

The method was validated for the following: selectivity, linearity of 1S and
analytes, matrix effects, extraction efficiency, stability, accuracy and precision.
All required statistical analyses were performed using R script 2.11.1 and Igor Pro
6.01.

4.2.7.1 Selectivity

Method selectivity was evaluated by analyzing an instrument blank, a
solvent blank, surrogate plasma, surrogate plasma containing only IS at 100 nM
and surrogate plasma containing analytes at 1.0 nM. These samples were all
analyzed using the LC-MS/MS method described above and were evaluated for
the presence of any interfering signals in the MRM channels of the analytes and
IS.
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4.2.7.2 Linearity

The linearity of the ESI response for the DmPA-Ilabeled acylglycines was
examined by analyzing 5 replicates at 7 different concentration levels. Calibration
standards were prepared by serial dilutions of a mixture of eighteen *2C,-DmPA-
labeled acylglycines (10 uM) to obtain concentrations of 1, 5, 10, 50, 100, 500,
1000 nM. Due to the endogenous presence of acylglycines in the derivatized
plasma, underivatized pooled plasma (referred to as surrogate plasma) was used to
prepare the calibration standards. Pooled plasma was prepared by mixing equal
volumes of all the plasma samples. A fixed volume of *C,-DmPA-labeled
acylglycines (final concentration 100 nM) was added to the surrogate plasma as
an internal standard. Calibration curves were constructed by plotting peak area
ratios (analyte peak area/IS peak area) against concentration of each acylglycine
and were fitted to linear regression analysis with a weighting of 1/response (1/y),
after evaluation of different weighing factors. Determination of the limit of
detection (LOD) and the lower limit of quantification (LLOQ) for each
acylglycine was done using the equations 3 x (og)/m and 10 x (og)/m
respectively, where og IS the standard deviation of the response and m is the slope
derived from the calibration curve. The standard deviation of the blank response
was estimated from the standard deviation of the y-intercept, obtained from the
regression analysis. The LLOQ of each analyte was confirmed experimentally by
analyzing five replicates of surrogate matrix spiked with the analytes at a

concentration equal to the LLOQ.

4.2.7.3 Extraction Procedure

The extraction recovery of native acylglycines from plasma was
determined by spiking in known amounts of deuterated acylglycine standards into
surrogate plasma. The three deuterated standards used were isobutyrylglycine-d,,
hexanoylglycine-d, and suberylglycine-d, at two concentrations, 25 nM and 400

nM. Six different samples of pooled plasma were thawed; three plasma samples
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were spiked with deuterated standards, final concentration of 25 nM and three
plasma samples were spiked with deuterated standards, final concentration 400
nM. Protein precipitation and derivatization were performed as described above
for the plasma samples. IS was added in the same manner and the replicate
samples were analyzed by LC-MS/MS. Extraction efficiency (as percent
recovery) was assessed by comparing the peak area ratios of the extracted
standards with that of deuterated standards of the same concentration spiked in
extracted plasma.

4.2.7.4 Authentication of Surrogate Plasma

Two sets of calibration standards were prepared as described above in
underivatized pooled plasma and derivatized pooled plasma. The slopes of the
calibration curves obtained in each matrix were compared using a modified t-

test™ at the 95% confidence level using Equation 3-1 (Chapter 3).

Another way of evaluating the suitability of underivatized plasma as a
surrogate matrix is to compare the concentration of acylglycines in pooled plasma
derived from the calibrations curves in surrogate plasma and authentic plasma.
Using the surrogate calibration curve, quantification was performed using the
derived calibration regression equations. Using the calibration curves in authentic
plasma (standard addition experiment), the concentration of each acylglycine in
the pooled plasma was calculated by extrapolating to determine the magnitude of
the x-intercept. This concentration was compared to the concentration of
acylglycines derived from the surrogate plasma calibration curve. Percent relative
error (% RE) was calculated using Equation 3-2:

surrogate matrix concentration — standard addition concentration
standard addition concentration

% RE = x 100
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4275 Matrix Effects

Matrix effects were assessed by comparing the slopes of the calibration
curves prepared in solvent mix to those prepared in surrogate and authentic
plasma. The modified t-test, at the 95% confidence level, was used to compare the
slopes to evaluate if the slope differences were statistically significant and
indicative of matrix effects. In addition ion suppression/enhancement was also

calculated according to Equation 3-2 (Chapter 3).

4.2.7.6 Accuracy and Precision

To determine the accuracy of the method, four sets of pooled derivatized
plasma were fortified with derivatized analytes at four different concentrations
(three replicates per concentration level): 10 nM or 25 nM (low QC), 150 nM
(medium QC) and 400 nM (high QC). The concentration of the low QC was
determined as 3 x LLOQ for each analyte. The recoveries were calculated by
subtracting the amount of endogenous acylglycine in an un-spiked sample from
the amount found in fortified sample and comparing the value to the added
amounts. Deviation from the added concentration or percent relative error (% RE)

was calculated as a measure of accuracy.

Intra-day and inter-day precision were determined by analyzing a series of
10 injections of a derivatized pooled plasma sample over 3 consecutive days
under the same LC-MS/MS conditions. Intra-day precision was evaluated for the
10 injections (total of 10 replicates per day) and inter-day precision was evaluated
for a period of three days (total of 30 replicates). Precision was evaluated by

calculating coefficients of variations (CV %) from the measured concentrations.
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4.2.7.7 Stability

Pooled derivatized plasma samples, fortified with derivatized analytes at a
concentration of 25 nM, was used to study the stability of the analytes. One set of
plasma samples were analyzed immediately after spiking (referred to as “fresh”
samples) and at selected times over the storage period. Stability was assessed after
each freeze-thaw cycle for three cycles, after 24 hours in the autosampler at 4 °C,
and after 5 hours on a benchtop at room temperature. Freezer stability was
assessed by analyzing the plasma sample after storage at -20 °C for two and eight
weeks. The percent recovery of each analyte was determined by calculating the
concentration at each condition and expressed as a percentage of the fresh plasma

sample.

4.2.7.8 Measurement of endogenous levels of acylglycines

Chromatographic data and peak integrations were performed using Analyst®
version 1.5.1 software.  Applying the surrogate matrix approach, QC
concentrations and endogenous concentrations of acylglycines were determined
using the regression equations derived from the calibration curves in surrogate
plasma. The equation used in this study is shown below where m is the slope of

the regression line and b is the intercept.

Area (?C, — DmPA analytes)
Area (13C, — DmPA analytes)

=m [Conc. (*2C,— DmPA analytes) ] + b

Equation 4-1  Equation used for calibration curves
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4.3 Results and Discussion
4.3.1 Surrogate Matrix Strategy

Assays based on electrospray ionization mass spectrometry (ESI-MS) can
be affected by matrix-induced ion suppression when analyzing biological
samples. Matrix effects occur when endogenous compounds co-eluting with the
analyte of interest alters the ionization efficiency of the analyte. The competition
between these matrix components and analytes may cause the decrease (ion
suppression) or the increase (ion enhancement) in the efficiency of analyte ion
formation. Thus the efficiency of analyte ion formation and evaporation depends
on the matrix in which the analyte exists. It is important to take matrix effects into
consideration when developing mass spectrometric assays for endogenous
compounds because the matrix used in the preparation of standard curves and that
of the unknown samples are sometimes different. A common practice to minimize
matrix effects is to match the matrix of the calibration standards with that of the
sample. In such cases, the matrix used is a “blank matrix” in which the analyte is
absent or in very low concentration. In the case of endogenous analytes, no true
blank matrix is available and an alternate matrix must be used. Also, it must be
considered that it is not possible to match a matrix exactly because each sample
matrix is different. Based on this, underivatized extracted pooled plasma was
selected to be used as the surrogate matrix to perform the matrix-matched

calibration.

4.3.2 Optimization of the LC-MS/MS Method

Acylglycines, being relatively small and polar, are not easily separated
using reversed-phase chromatography. Method development involves initial
mobile phase conditions that are almost 100% aqueous to achieve some retention,
but those conditions are not desirable for ESI. As expected from previous work,

adding a hydrophobic tag to the acylglycines increased their retention on a
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reversed-phase column and improved the separation of the analytes, especially
separation of the isomers. The hydrophobic tag also enhances the ESI response of
the labeled acylglycines compared to the native acylglycines. The optimized
analysis time was 41 minutes and the retention times of the eighteen derivatized
acylglycines and their abbreviations are represented in Table 4-1. The
incorporation of a *3C stable-isotope labeling reagent does not display any isotope
effect in the reversed-phase separation as shown in Figure 4-1. Perfect co-elution
of the light and heavy labeled analyte and IS respectively are essential for

accurate quantification by LC-MS.

For each acylglycine, the precursor ion [M+H]" was used to trigger the
MS/MS product ion spectra. The positive-ion ESI mass spectrum and MS/MS
product ion spectrum of DmPA-labeled isovalerylglycine are shown in Figure
4-1. Explanations of the fragmentation patterns of the labeled acylglycines have
been given in Chapter 3. Both analyte and IS yielded different product ions in the
MRM channel resulting from the loss of a portion of the tag, preventing cross
talk.
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Table 4-1 Masses, abbreviations and retention times of DmPA-labeled acylglycines

Protonated

Acylglycine Abbreviation Mass RT (min)
Acetylglycine AG 279 3.25
Propionylglycine PG 293 4.73
Isobutyrylglycine IBG 307 7.42
Butyrylglycine BG 307 7.65
4-Hydroxyphenylacetylglycine HPAG 371 8.02
2-Furoylglycine FG 331 8.92
Tiglylglycine TG 319 10.85
2-Methylbutyrylglycine 2MBG 321 11.32
3-Methylcrotonylglycine 3MCG 319 11.57
Isovalerylglycine IVG 321 11.80
Valerylglycine VG 321 12.80
Hexanoylglycine HG 335 19.20
Phenylacetylglycine PAG 355 20.17
Phenylpropionylglycine PPG 369 20.42
Glutarylglycine GG 512 22.57
Heptanoylglycine HpG 349 23.41
Octanoylglycine oG 363 26.36
Suberylglycine SG 554 26.40
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Figure 4-1 Positive-ion ESI-MS/MS product ion spectrum of DmPA-labeled-1VG:
(A) Overlay of *C,-DmPA- and *C,-DmPA-labeled-1VG; (B) Product
ion spectrum of **C,-DmPA-labeled-1VG; (C) Product ion spectrum of

13C,-DmPA-labeled-1VG.
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4.3.3 Method Validation
4.3.3.1 Internal Standard Selection

Another approach to compensate for matrix effects is the use of internal
standards to ensure accuracy and precision of the method. Using this procedure, a
stable-isotope labeled (SIL) analog with identical chemical and physical
properties is most commonly used. In choosing a SIL internal standard (SIL-IS),
using a *3C label is preferred to using a ?H label because the latter may not co-
elute sufficiently with the analyte to compensate for differences in matrix effects.
For the IS to fully compensate for any ion suppression or enhancement present, it
must perfectly co-elute with the analyte and have a similar response in the mass
spectrometer. Thus, one of the first steps in developing a quantification method is
the selection of a suitable SIL-IS. An appropriate concentration of the IS should
be considered in order to ensure linearity of the calibration plot using peak area
ratios. Choosing the concentration of the IS then becomes important because there
is a chance that the linearity of the analyte is different from the IS and the chosen
concentration of the IS might lie in a non-linear region of the curve. The results of
the linearity studies of >C-DmPA and *C-DmPA-labeled acylglycines can be
seen in Table 4-2. For each of the eighteen analytes, a statistical comparison of
the slopes was then performed using the modified t-test and the calculated t-
values compared to the critical values at the 95% confidence level. As is observed
in Table 4-2, the t-values are all less than the critical values indicating that there
are no significant differences between the two slopes. A concentration of 100 nM
was chosen for the IS and linearity was ensured for concentrations lower and

higher than that concentration.
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Table 4-2

Internal Standard Suitability. Comparison of *2C and **C linearity in solvent and surrogate matrix

Calibration Curve in Solvent

Calibration Curve in Surrogate Matrix

Acylglycines Yc Slopes “c Slopes t-value “c Slopes “c Slopes t-value
AG 1.18E+07 1.18E+07 0.09 9.49E+06 9.22E+06 1.76
PG 1.59E+07 1.57E+07 0.11 1.44E+07 1.44E+07 0.15
IBG 2.32E+07 2.41E+07 0.89 2.80E+07 2.88E+07 1.90
BG 3.76E+07 3.80E+07 0.28 3.38E+07 3.35E+07 0.37

HPAG 1.54E+07 1.56E+07 0.42 1.36E+07 1.38E+07 167
FG 1.70E+07 1.70E+07 0.10 1.69E+07 1.68E+07 0.20
TG 1.48E+07 1.44E+07 2.00 1.30E+07 1.32E+07 1.82

2MBG 2.88E+07 2.84E+07 0.39 2.76E+07 2.72E+07 2.10

3MCG 1.27E+07 1.36E+07 1.92 1.44E+07 1.44E+07 0.14
IVG 1.90E+07 1.89E+07 0.12 2.02E+07 2.00E+07 1.06
VG 2.25E+07 2.21E+07 0.56 2.44E+07 2.40E+07 2.10
HG 2.25E+07 2.28E+07 0.60 2.42E+07 2.42E+07 0.02

PAG 1.98E+07 2.12E+07 1.66 2.03E+07 2.04E+07 0.35
PPG 2.15E+07 2.19E+07 0.65 1.97E+07 1.98E+07 0.12
GG 8.28E+06 8.63E+06 0.88 6.43E+06 6.39E+06 0.35
HpG 2.85E+07 2.89E+07 0.74 2.75E+07 2.70E+07 181
0G 2.10E+07 2.17E+07 1.72 1.81E+07 1.81E+07 0.50
SG 8.93E+06 8.35E+06 1.92 6.57E+06 6.59E+06 0.33

# t-values do not exceed critical values (critical value = 2.306, except for AG and PG which is 2.228)
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4.3.3.2 Selectivity

To determine the selectivity of the plasma method, several different
chromatograms were evaluated. The degree of interference was assessed by
examination of the MRM chromatograms of blanks and surrogate matrix. As can
be observed in Figure 4-2, no interfering signals from the instrument or solvent
blank or from the surrogate matrix were found in the MRM channels or at the
retention times of the analytes. There were also no interfering signals from the

plasma in the MRM channels and at the retention times of the internal standards.

4.3.3.3 Calibration Curves, LOD and LLOQ

Calibration curves for all 18 analytes were obtained by analyzing seven
standards, concentration range 1.0 — 1000 nM, in surrogate plasma. The slopes,
intercepts, standard errors and coefficients of determination (R?) were all
determined using the least-squares linear regression model. Different weighting
factors were evaluated and the best linear fit and residuals of the model was
achieved using a weighting factor of 1/y, due to the heteroscedasticity of the data.
Plots of 4 calibration curves and a statistical summary are shown in Figure A4-1
and Table A4-1 respectively in the Appendix. Plots of all 18 calibration curves are
presented in Figure S4-1 in the Electronic Appendix. Calibration parameters are
summarized and can be found in Table 4-3. The R? values of the weighted
calibration curves were all higher than 0.990 for each acylglycine. Overall CV %

values, calculates as an average of the CV% at each level, were all less than 15%.

LOD and LLOQ values were calculated using the standard deviation of
the y-intercept and the slope, derived from the linear regression model. The LOD
ranges in value from 0.3 — 3.0 nM and LLOQ ranges from 1.0 — 10.0 nM. This
information can also be found in Table 4-3. The % RE and % CV obtained from

the replicate analysis at the LLOQ concentration of each acylglycine ranges from
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-6.1 — 17.4% and 3.4 — 18.2% respectively, indicating good accuracy and

precision. This information is summed up in Table 4-4.
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Table 4-3 Comparison of slopes in surrogate and authentic matrices and calibration parameters of calibration curve in surrogate plasma

Linear

ARTES Slopes Slopes evalue® Line%rity LOD LLOQ ST Overalbl
(Surrogate) (Authentic) (R) (nM)  (nM) Range CV %
AG 9.0 8.9 1.19 0.9989 2 6 6 -1000 9.0
PG 8.2 8.2 1.33 0.9992 2 5 5-1000 5.6
IBG 9.9 10.1 1.34 0.9974 2 7 7 - 500 11.7
BG 10.2 10.3 0.63 0.9994 1 3 3-500 9.6
HPAH 8.8 8.8 0.38 0.9984 2 5 5 - 500 8.4
FG 9.5 9.3 1.32 0.9988 1 4 4 - 500 8.9
TG 9.1 9.0 0.26 0.9944 3 10 10 - 500 10.7
2MBG 8.8 8.6 1.94 0.9995 1 3 3-500 8.9
3MCG 9.5 9.5 0.50 0.9989 1 4 4 - 500 9.0
IVG 8.9 8.9 0.28 0.9991 1 4 4 - 500 9.5
VG 9.1 8.8 1.32 0.9994 1 3 3-500 7.9
HG 9.28 0.18 2.08 0.9999 0.3 1 1-500 8.7
PAG 9.77 9.9 0.57 0.9998 1 2 2 -500 8.6
PPG 9.0 8.91 1.11 0.9994 1 3 3-500 114
GG 8.71 8.7 0.34 0.9996 1 2 2 -500 9.6
HpG 9.1 9.1 0.48 0.9995 1 3 3-500 8.1
0G 8.6 8.5 0.86 0.9993 1 3 3-500 6.6
SG 10.4 10.3 1.29 0.9987 1 4 4 - 500 8.5

b
* t-values do not exceed critical values (critical value = 2.262; AG and PG, 2.201) ; Overall CV % calculated as the average of all CV % at all concentration
levels
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Table 4-4 Lower limits of quantification (LLOQ) measurements of the proposed

method
REAENEIES I_(hl\c/)I)Q Conclg/rlﬁtizltji:)end(n M) RS T

AG 6.0 55 8.6 9.0
PG 5.0 5.3 -6.1 13.4
IBG 7.0 7.1 -1.4 7.9
BG 3.0 3.0 -0.3 9.5
HPAG 5.0 4.9 14 3.4
FG 4.0 3.7 6.5 9.3
TG 10.0 10.6 5.8 9.4
2MBG 3.0 2.7 11.2 12.7
3MCG 4.0 3.9 24 9.3
IVG 4.0 4.0 0.5 135
VG 3.0 2.8 8.2 18.2
HG 1.0 1.0 0.2 15.5
PAG 2.0 17 17.4 12.9
PPG 3.0 2.9 41 16.8
GG 2.0 1.8 10.1 7.5
HpG 3.0 2.5 16.7 16.7
oG 3.0 2.7 9.9 3.7
SG 4.0 4.4 -9.3 125

4.3.3.4 Authentication of Surrogate Matrix

In order to authenticate the use of surrogate plasma as a substitute for
authentic plasma, calibration curves prepared in both surrogate and authentic
plasma were compared using a modified t-test. Table 4-3 also summarizes the
results of the comparison. These results show that the t values calculated were all
less than the critical values of t at the 95% confidence level, indicating that the

two slopes were not significantly different at that confidence level. This indicates
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that the surrogate plasma can be used as a substitute for the authentic plasma and
application of the calibration curve in surrogate plasma will yield accurate
quantification. Another way of authenticating the use of surrogate plasma was by
comparing the concentrations of acylglycines in a pooled plasma sample obtained
using the calibration curve in surrogate plasma and the concentrations obtained
using a standard addition experiment in the pooled plasma sample. The results are
summarized in Table 4-5. For 10 acylglycines, the endogenous concentrations
were less than the LLOQ); for the other 8 acylglycines, the % RE between the two
calculated concentrations were all less than 15%, supporting the appropriate use

of the surrogate plasma.

Table 4-5 Comparison of standard addition method and surrogate matrix approach
. Surrogate
Acylglycines Standard Addition Calibration Conc. RE %
Conc. (nM)
(nM)

AG 1446 + 30 1417 £51 -2.0
PG 568 + 8 553 £ 55 -2.7
IBG 8.0+0.9 <7.00 N/A
BG 8.3+0.7 70+0.8 -14.9
HPAG <5.00 <5.00 N/A
FG 55+ 2 49+2 -11.3
TG 16.2+0.9 15.3+0.8 -5.4
2MBG <3.0 <3.0 N/A
3MCG <40 <4.0 N/A
IVG 69+ 3 64+1 -8.3
VG <3.0 <3.0 N/A
HG 79%03 7907 -0.01
PAG 137 +8 123+ 4 -10.2
PPG <3.0 <3.0 N/A
GG <20 <20 N/A
HpG <3.0 <3.0 N/A
0G <3.0 <3.0 N/A
SG <40 <40 N/A
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4.3.3.5 Evaluation of Matrix Effects

Matrix effects were evaluated using a comparison of slopes method, used
in assays where no blank matrix is available.* A comparison of the slopes is
made between matrix-free standard solutions and matrix or matrix-matched
solutions and any significant deviation in the slopes indicate matrix effects of the
sample matrix. The slopes of the calibration curves prepared in solvent were
compared to the slopes in both surrogate and authentic plasma using the modified
t-test defined above and the results are reported in Table 4-6, as well as
calculations of matrix effects according to the equation defined in the
experimental section. Negative values signify suppression, whereas positive
values indicate enhancement. All analytes, with the exception of suberylglycine in
surrogate plasma, experienced suppression, though the suppression was modest
(less than 21%). The modified t-test demonstrated that for most of the analytes,
the calculated t-values were higher than the critical values of t (at 95% confidence
level) indicating that the slopes in solvent were significantly different than those
in either of the plasma matrices. This indicates that matrix effects were observed
in both plasma matrices. On the other hand, Table 4-3 shows that the slopes in
surrogate and authentic matrices are not significantly different at the 95%
confidence level. To minimize matrix effects and for more accurate validation and
quantification, all calibrations and validations were done using either surrogate or

authentic plasma.
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Table 4-6 Matrix Effects study. Comparison of slopes in solvent to slopes in authentic plasma using a modified t-test
Acylglycines Slopes in Slopes in tvalues’ Matrix Effect Slopes in tvalues” I\_/Iatrix Eﬁe_ct
Solvent Surrogate in Surrogate Authentic in Authentic

AG 104 9.0 4.64 -12.95 8.9 5.66 -13.75
PG 10.3 8.2 14.78 -20.01 8.2 17.05 -20.77
IBG 10.24 9.9 2.66 -3.38 10.1 0.73 -0.93
BG 10.3 10.2 0.52 -1.20 10.3 0.21 -0.46
HPAG 10.1 8.8 8.24 -12.91 8.8 9.56 -12.44
FG 10.2 9.5 6.18 -6.58 9.3 8.16 -8.34
TG 10.0 9.1 3.89 -8.71 9.0 5.88 -9.27
2MBG 10.3 8.8 14.56 -14.28 8.6 16.23 -16.16
3MCG 10.2 9.5 4.00 -6.02 9.5 4,98 -6.56
VG 10.1 8.9 5.16 -11.76 8.9 5.47 -12.16
VG 104 9.1 5.06 -12.49 8.8 5.81 -14.66
HG 9.9 9.28 12.35 -6.00 9.18 3.41 -7.00
PAG 10.2 9.77 3.10 -3.98 9.9 1.32 -2.71
PPG 104 9.0 8.54 -13.54 8.91 9.98 -14.38
GG 10.3 8.71 12.14 -15.14 8.7 11.82 -15.50
HpG 10.1 9.1 5.02 -9.64 9.1 541 -10.20
oG 10.5 8.6 10.76 -18.07 8.5 11.92 -18.98
SG 104 104 0.31 0.60 10.3 0.71 -1.13

% t-values in bold do not exceed critical values at 95% confidence level (critical value = 2.262; AG and PG, 2.228)
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4.3.3.6 Extraction Recovery

The extraction recovery was calculated by comparing the peak area ratios
of human plasma samples spiked with deuterated acylglycines prior to extraction
with those spiked post-extraction. The percent recovery was determined at 25 nM
and 400 nM in human plasma. The recovery of the three analytes from plasma is
represented in Table 4-7 and ranges from 78.5 — 96.6% at 25 nM and 7.49 —
108.5% at 400 nM.

Table 4-7 Extraction recovery of deuterated acylglycines in plasma
25 nM 400 nM
Acylglycines
Recovery (%) CV % Recovery (%) CV %
Isobutyrylglycine-d, 96.6 12.9 101.0 3.4
Hexanoylglycine-d, 95.2 9.9 108.5 12.1
Suberylglycine-d, 78.5 14.3 79.4 12.7

4.3.3.7 Precision and Accuracy

Intra-day (days 1 thru 3) and inter-day precision of the proposed method
were determined and presented in Table 4-8. Results are expressed as % CV and
are all less than 15%. Accuracy was investigated for four concentrations, 10.0,
25.0, 150.0, 400.0 nM and the results are summarized in Table 4-9. QC low was
determined as at least two times the LLOQ for each analyte. For acetylglycine,
propionylglycine, isobutyrylglycine, hydroxyphenylacetylglycine and
tiglylglycine, whose LLOQ are all higher than 4.0 nM, the QC low was
determined at 25.0 nM. The results are expressed as % RE and % CV and both
sets of values are lower than 15% for all analytes at all concentrations. These
results indicate that the proposed method demonstrated satisfactory accuracy and

precision.
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Table 4-8

Intra-day and inter-day precision measurements of the proposed method

Intra-day Precision

Inter-day Precision

Acylglycines Day 1 Day 2 Day 3
Conc. (nM) CV % Conc. (M) CV % Conc. (M) CV % Conc. (nM) CV %

AG 1733 3.7 1647 47 1626 4.6 1669 5.0
PG 541 10.3 567 11.6 589 8.2 566 10.3
IBG 114 6.1 117 7.8 116 8.8 116 7.5
BG 115 5.9 110 4.3 112 5.9 112 5.6
HPAG 113 3.8 111 55 107 34 110 4.9
FG 158 4.7 158 55 159 3.6 158 4.5
TG 124 3.7 120 5.8 120 35 122 4.6
2MBG 107 4.7 105 51 108 2.4 107 4.2
3MCG 105 4.1 107 4.4 104 4.3 105 4.3
IVG 170 25 172 2.9 171 4.1 171 31
VG 105 2.2 106 4.6 105 2.5 105 3.2
HG 104 4.6 105 3.0 105 2.8 105 35
PAG 224 8.3 233 55 233 9.5 230 7.9
PPG 104 4.1 101 5.6 100 4.2 102 4.7
GG 105 5.2 103 4.6 104 4.0 104 4.5
HpG 106 3.2 109 4.7 105 3.9 106 4.1
oG 113 5.2 110 4.5 113 2.1 112 4.2
SG 96 4.9 97 7.0 97 5.7 96 5.7
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Table 4-9

Accuracy measurements for acylglycines in plasma using the proposed method

Acylglycines

QC Low (10.00 nM/25.00 nM)

QC Mid (150.00 nM)

QC Mid (400.00 nM)

Measured value RE % CV % Measured value RE % CV % Measured value RE % CV %

AG 26 + 2 2.1 3.1 148 + 16 1.6 10.9 404 + 13 0.9 3.2
PG 25+ 1 13 4.1 151 +5 1.0 3.3 404 + 4 0.9 0.9
IBG 25+2 11 6.8 149 + 8 0.5 5.1 400 + 18 0.1 4.5
BG 10+1 2.8 9.7 142 + 8 5.4 6.0 308 + 9 0.6 2.3
HPAG 26+ 1 2.9 5.8 147 +5 18 3.5 403 + 20 0.8 4.9
FG 10+1 0.9 14.2 145+ 9 3.0 5.9 411+ 7 2.7 1.8
TG 24.7+0.8 12 3.0 144 + 6 3.8 4.3 407 + 30 1.9 7.3
2MBG 10.3+0.6 3.2 6.1 146 + 4 2.7 2.9 400 + 10 0.1 2.5
3MCG 10.4+05 3.6 4.9 149+ 6 0.6 4.2 397 +10 0.8 24
VG 11+1 6.8 12.6 152 + 7 1.4 4.3 419 + 16 4.8 3.9
VG 104 +0.7 4.3 6.4 143+ 7 4.9 4.8 397 +11 0.7 2.7
HG 10.6 £0.5 5.7 4.4 144 +3 4.3 2.3 399 + 11 0.2 2.8
PAG 10.0 £ 0.4 0.2 3.9 143+ 8 4.7 5.9 402 + 16 04 4.0
PPG 9.9+0.9 0.8 9.2 153 +2 2.0 10 394 + 4 1.6 11
GG 10+ 1 2.6 9.5 146 + 5 2.9 3.4 424 + 10 6.1 2.3
HpG 10.5+0.4 5.3 35 150 +5 0.3 3.0 401 + 10 0.2 2.6
0G 10.6 +0.8 6.4 1.2 155+ 5 3.5 3.5 406 + 7 1.6 1.6
SG 10.0+0.7 0.2 7.3 147 +7 1.8 4.7 401 + 15 0.3 3.7
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4.3.3.8 Stability

Samples were considered to be stable if the concentrations of analytes
were within + 15% (i.e. 85-115%) of initial concentration in the fresh samples.
Results of the stability study conducted under various conditions are expressed as
percent recovery and are summarized in Table 4-10. Recovery of all eighteen
acylglycines were within the acceptable limits and the analytes were shown to be
stable in human plasma samples after 3 freeze/thaw cycles and up to 8 weeks
storage at -20 °C. It was also demonstrated that they were stable for up to 5 hours
at room temperature and 24 hours at 4 °C in the autosampler.

4.3.4 Measurement of endogenous acylglycines

The validated LC-MS/MS method was used to analyze healthy plasma
from 10 volunteers. Each sample was derivatized and analyzed in triplicates.
Concentrations were back-calculated using peak area ratios and the calibration
curve prepared in surrogate plasma and was expressed as mean + standard
deviation. The endogenous concentration of each acylglycines is shown in Table
4-11. Only seven acylglycines, acetylglycine, propionylglycine, butyrylglycine,
tiglylglycine, isovalerylglycine, hexanoylglycine, and
hydroxyphenylacetylglycine were detected in the 10 individuals. The other
acylglycines were detected in quantities less than LLOQ in most of the
individuals. Confirmation of acylglycine identity was performed using co-elution

of the internal standard and the interpretation of the product ion spectra.
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Table 4-10

Stability results for various storage conditions

Room Temp Autosampler Freeze/Thaw Freeze/Thaw Freeze/Thaw -20°C -20°C

Acyl 5 hours 24 hours Cycle 1 Cycle 2 Cycle 3 2 weeks 8 weeks
glycine Accuracy CV  Accuracy CV Accuracy CV  Accuracy CV  Accuracy CV  Accuracy CV  Accuracy CV
%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (k) (%) (%) (%)
AG 99.4 8.0 98.3 9.1 99.2 6.5 102.9 7.8 99.9 6.8 94.3 11.2 94.1 6.5
PG 99.5 9.8 100.9 3.8 97.8 18 97.3 5.3 99.4 5.6 97.2 9.3 99.4 1.1
IBG 100.6 54 97.5 2.3 97.1 2.7 97.8 4.0 101.3 9.4 99.4 134 94.4 1.8
BG 98.6 6.8 100.5 8.7 99.7 8.0 96.2 59 96.0 6.2 94.2 7.0 98.2 6.1
HPAG 98.8 6.4 99.5 6.0 98.7 4.7 100.6 5.6 101.5 10.1 97.0 5.8 97.3 4.8
FG 101.1 6.0 96.8 6.3 99.9 6.3 103.7 59 101.5 7.8 98.8 8.5 94.2 6.0
TG 96.2 2.3 99.2 3.1 100.2 4.4 98.0 5.0 98.8 14 100.0 3.4 97.0 0.8
2MBG 100.8 3.5 96.6 6.6 96.5 4.8 99.5 5.2 97.1 4.1 99.7 12.0 98.6 6.7
3MCG 98.2 7.1 98.9 5.3 97.1 6.6 94.0 9.3 98.1 5.6 99.1 8.5 94.2 54
IVG 99.7 4.5 102.8 4.2 100.2 3.8 102.7 3.3 102.8 3.5 100.8 10.2 98.8 3.8
VG 99.2 3.1 99.1 4.8 96.0 5.6 98.4 6.1 98.6 5.1 98.1 3.5 98.2 6.6
HG 100.1 4.8 97.8 4.2 98.2 5.5 100.4 5.9 98.1 6.9 100.0 5.0 98.6 8.7
PAG 98.9 2.2 101.1 04 96.9 14 102.8 1.9 99.6 2.8 101.3 4.8 103.0 24
PPG 95.1 3.9 93.8 5.1 93.1 3.5 93.1 4.7 95.8 4.7 97.3 9.1 98.1 4.3
GG 98.9 6.4 100.6 6.0 93.2 74 93.3 11.3 93.2 8.0 93.1 7.7 94.1 6.1
HpG 95.6 5.5 100.4 7.9 98.8 5.2 97.5 6.3 98.0 6.1 96.0 8.5 98.8 54
oG 93.9 5.8 96.7 7.6 96.4 5.8 98.6 8.0 101.3 6.5 98.0 5.8 100.4 6.0
sSG 101.6 9.0 98.5 12.0 98.0 12.0 95.9 10.5 94.6 10.7 97.0 8.9 94.5 10.9
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Table 4-11 Endogenous concentrations of acylglycines in plasma. Concentration
expressed as umol/mol creatinine.
Sample Name AG PG IBG
Individual #1 1013 + 153 331+2 <7.0
Individual #2 1344 + 69 268 + 44 <7.0
Individual #3 1482 + 73 599 + 81 <7.0
Individual #4 1073 + 148 388 + 51 <7.0
Individual #5 1693 + 244 331 +47 <7.0
Individual #6 977 £ 69 309 £ 20 <7.0
Individual #7 1659 + 256 497 £ 75 <7.0
Individual #8 1908 + 118 502 + 47 7008
Individual #9 1753 £+ 173 417 + 43 <7.0
Individual #10 1535 + 182 493 £ 40 <7.0
Sample Name BG HPAG FG
Individual #1 35205 <5.0 <4.0
Individual #2 3.4+0.2 <5.0 243%0.1
Individual #3 51+£0.3 <5.0 <4.0
Individual #4 52+0.7 <5.0 385+28
Individual #5 40£0.6 <5.0 <4.0
Individual #6 3.66 £ 0.02 <5.0 232.5+49.3
Individual #7 6.8+05 <5.0 <4.0
Individual #8 46+0.7 <5.0 50+£0.6
Individual #9 6.3+0.8 <5.0 <4.0
Individual #10 44+0.2 <5.0 5.6 £0.2
Sample Name TG 2MBG 3MCG
Individual #1 11+£2 <3.0 <40
Individual #2 209x0.1 <3.0 <40
Individual #3 13+£2 <3.0 <40
Individual #4 13+1 <3.0 <40
Individual #5 10+£1 <3.0 <40
Individual #6 22+4 <3.0 <40
Individual #7 11+1 <3.0 <4.0
Individual #8 10.0+£0.8 <3.0 <4.0
Individual #9 12+2 <3.0 <4.0
Individual #10 <10.0 <3.0 <4.0
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Sample Name IVG VG HG
Individual #1 40+ 2 <3.0 6.04 £0.01
Individual #2 45+ 3 <3.0 <1.0
Individual #3 39+3 <3.0 1.1+0.1
Individual #4 64+7 <3.0 15+0.1
Individual #5 46 + 6 <3.0 49+0.1
Individual #6 76+11 <3.0 1.2+0.2
Individual #7 54 +2 <3.0 44+0.2
Individual #8 62.4£0.9 <3.0 51+0.7
Individual #9 62+2 <3.0 18+0.2
Individual #10 67.06 £ 0.02 <3.0 1.90+£0.03
Sample Name PAG PPG GG
Individual #1 106 £ 18 <3.0 <20
Individual #2 88 + 15 <3.0 <20
Individual #3 95+ 16 <3.0 <20
Individual #4 121 +17 <3.0 <20
Individual #5 81+38 <3.0 <20
Individual #6 59+9 <3.0 <20
Individual #7 133+11 <3.0 <20
Individual #8 127 +5 <3.0 <20
Individual #9 113+9 <3.0 <20
Individual #10 111 +2 <3.0 2.57 £0.06
Sample Name HpG oG SG
Individual #1 <3.0 <3.0 <4.0
Individual #2 <3.0 <3.0 <4.0
Individual #3 <3.0 <3.0 <4.0
Individual #4 <3.0 <3.0 <4.0
Individual #5 <3.0 <3.0 <4.0
Individual #6 <3.0 <3.0 <4.0
Individual #7 <3.0 <3.0 <4.0
Individual #8 <3.0 <3.0 <4.0
Individual #9 <3.0 <3.0 <4.0
Individual #10 <3.0 <3.0 <4.0




The acylglycine concentration profile of the 10 individuals was examined
to determine if there was any dependence of the acylglycine excretion pattern on
gender. The influence on gender is shown in Figure 4-3. The box plots were
generated using the full range of values. Eight acylglycines, whose values were
above LLOQ for at least 5 of the individuals, were plotted using the mean values.
From the box plots, there is no discernible pattern observed in the acylglycine
profile, except for 2-furoylglycine, where the values for females are below LLOQ
and the values for males are above LLOQ. The source of 2-furoylglycines is
exogenous, originating from the metabolism via oxidation of furfural to furoic
acid. Furoic acid is then conjugated to glycine and excreted in urine. Furfural can
be found in processed foods and beverages, chocolate and as a solvent in
lubricating oils.*> ™ It is unclear at this time why 2-furoylglycine is higher in

males than in females.

4.4 Conclusion

A validated and sensitive LC-MS/MS method is described for the
determination of acylglycines in human plasma samples. The surrogate matrix
approach was able to overcome the analytical challenges incurred when
measuring the endogenous acylglycines. The method was successfully applied in
determining the endogenous levels of acylglycines in the plasma samples of 10
healthy individuals. This strategy can be adopted in developing an assay for the
determination of acylglycines in the plasma of patients or newborns with IEMs.
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Chapter 5. Development of a Fast Liquid Chromatography for
the Analysis of Homocysteine, Succinic Acid and

Methylmalonic Acid in C. elegans Worm Media”

5.1 Introduction

Vitamin By, (cobalamin) is a complex cobalt-containing molecule that is
an essential nutrient for humans with a key role in normal functioning of the
nervous system and blood cell production.*® The structure of vitamin By, and its
common coenzyme forms can be seen in Figure 5-1. Both the cyano- and
hydroxycobalamin must be converted to methyl and adenosylcobalamin, which
function as two enzyme co-factors.? ® Cobalamin is not manufactured in the body
and must be absorbed through dietary or supplementary intake. The vitamin must
be modified through intracellular metabolism to generate the different
physiological forms.”* The metabolism of cobalamin is quite complex, requiring
many steps in the process. If any of these steps are absent or blocked, cobalamin
deficiency can occur. Common causes of cobalamin deficiency include dietary
deficiency, impaired intestinal uptake, pernicious anemia and malabsorption.
Less common are genetic diseases that are known to affect newborns and young
children that block the metabolism of the vitamin Bi,. These diseases may cause
defects in the transcobalamins (cobalamin transport proteins) or in the

intracellular enzymes.*®

In mammals, cobalamin plays a significant role as a cofactor in two
physiological reactions: (A) the synthesis of methionine from homocysteine (Hcy)
and (B) the conversion of methylmalonic acid (MMA) to succinic acid (SA).®

“ This work was done in collaboration with Dr. Roy Gravel’s laboratory at the University of
Calgary. Avalyn Stanislaus contributed by developing a fast LC-MS/MS method for the analysis
of the analytes.
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Figure 5-1 Structures of cobalamin and the enzyme cofactors
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Both of these reactions are represented in Figure 5-2 and Figure 5-3
respectively. In these reactions, cobalamin is an essential cofactor for the enzymes
methionine synthase, which is a cystolic enzyme and methylmalonyl-CoA
mutase, which is a mitochondrial enzyme. For each of these enzymes, the cofactor
is in a different physiological form: methylcobalamin for methionine synthase and

adenosylcobalamin for methylmalonyl-CoA.

In the case of a deficiency of the vitamin, the two reactions are impaired
and concentrations of Hcy and MMA are elevated. A series of analytical
procedures and chromatographic techniques have been employed for the

3, 6-8

diagnosis of cobalamin deficiency: total vitamin B, holotranscobalamin

(transcobalamin bound to cobalamin) determination,®™® Hcy measurements,***’
and MMA concentration.™ " Determination of Hcy and MMA is preferable to
measuring cobalamin for the following reasons: (1) cobalamin is not as stable as
Hcy and MMA?®, (2) cobalamin concentrations fall after the concentrations of
MMA and Hcy increase and may not adequately reflect tissue concentrations,?" %
(3) measuring an increase in cobalamin concentration is less difficult than

measuring a decrease due to the low sensitivity of the cobalamin assay.

Chromatographic methods for Hcy, SA and MMA include gas

chromatography, 2 30-34

capillary electrophoresis and high performance liquid
chromatography®** have been previously used. Gas chromatographic methods
can be time consuming and labor intensive as there is an additional sample
derivatization step involved in the analysis. Liquid chromatography has
significant advantages over the other two methods in that it yields shorter analysis

times and no derivatization is necessary.
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Figure 5-2 Homocysteine pathway. Homocysteine is methylated to form methionine
by a folate-dependent reaction. 5-Methyltetrahydrofolate is the methyl
donor for the methylation of homocysteine. The enzyme methionine
synthase using methylcobalamin as a co-factor catalyzes this conversion.
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Figure 5-3 Methylmalonic pathway. Propionate is a product in the catabolic
pathway of odd number fatty acids, cholesterol and the amino acids
isoleucine, valine, methionine and threonine. Propionate is then
carboxylated to methylmalonic acid, which is isomerized to succinic
acid. The isomerization is catalyzed by the enzyme methylmalonyl-CoA
mutase and the co-factor adenosylcobalamin.
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In this work, a fast LC-MS/MS method was developed for the
simultaneous determination of Hcy, MMA and SA excreted from Caenorhabditis
elegans. The nematode C. elegans has been utilized to study cobalamin
metabolism and deficiency in humans.*®>? This organism was chosen as a model
because i) they are small, transparent, feed on bacteria and have a short life span,
ii) as micro-organisms, they can be easily grown, iii) they share cellular structures
and biological pathways with those of higher organisms and iv) its genome has
been sequenced and their DNA sequences have cobalamin pathways genes that
are quite similar to humans. Because these organisms have similar metabolism,
they can be a powerful tool in helping to unravel human diseases.>*>® Another
useful characteristic of C.elegans is that it is a simple task to disrupt the function
of certain genes using RNA interference (RNAI).*™ In silencing genes, it is
possible to ascertain the function of that gene. C.elegans were used in an effort to
identify unknown genes and metabolic processes in the cobalamin metabolism. C.
Elegans worms were grown on bacteria expressing RNAI for individual genes
coding for relevant enzymes in the Vitamin By, pathway. The worms feed on the
bacteria and incorporate the double-stranded RNA, which will knock out
expression of a particular gene. In the case of these experiments, if expression of a
vitamin Bj, gene is knocked out, then synthesis of one of the cofactors or
enzymes for e.g. methylmalonyl-CoA mutase will be blocked. The worms will

then have elevated concentrations of methylmalonic acid, which will be excreted.

In plasma and interstitial fluids, cobalamin travels bound to
transcobalamin (TC) protein complex, is internalized by cells and is filtered
through the kidneys. It is commonly believed that cobalamin is secreted from
enterocytes complexed to TC, but it is not known how intracellular cobalamin is
actually exported from cells, including the enterocytes and exchanged between
organs and cells. Whatever the means of cobalamin excretion from a cell, whether
in free form or as a complex, it must involve transport across the plasma
membrane. In this study, C. elegans is used as a model organism to define the role

of ATP-binding cassette (ABC) transporters in cobalamin metabolism. ABC
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transporters are transmembrane proteins that use energy in the form of ATP to
carry out certain biological functions, including transport of various substrates
across the plasma membrane and DNA repair. They are also involved in inherited
human diseases as well as resistance to multiple drugs. C. elegans genome
contains 60 ABC transporters and these include the multidrug resistance protein
(MRP) and P-glycoprotein (PGP), each of which have several homologs.®
Recently, the MRP-1 homolog was identified as a cobalamin intestinal efflux
transporter.®* Currently, 42 available ABC transporter mutant strains of C.elegans

are expected to be screened using the current LC-MS/MS assay.

5.2 Experimental
5.2.1 Chemicals and Materials

Optima grade acetonitrile, methanol and water were purchased from
Fisher Scientific (Ottawa, ON). MMA, SA, DL-Hcy, MMA-d; and SA-ds were
purchased from Sigma Aldrich (Oakville, ON). Formic acid used in the LC-

MS/MS analyses was also obtained from Sigma-Aldrich.

5.2.2 Preparation of Samples

C. elegans were recovered after growth on the bacterial feeder strains,
washed and placed in an incubation medium for one to fourteen days, during
which time, they may or may not excrete MMA.. Three different incubation media
were tested: i) phosphate buffered saline (PBS), ii) Puck’s saline mix also known
in this study as incubation mix, consisting of phosphate buffered saline, glucose,
alanine and 15% fetal bovine serum) and iii) C. elegans habitation and
reproduction (CeHR) worm media, consisting of salts, minerals, vitamins, growth
factors, nucleic acids, amino acids and 20% skim milk. An antibiotic (50 pg/mL

kanamycin) was added to all the media to prevent microbial growth. All three
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types of media may be fortified with 10 mM propionate as a precursor molecule
in the MMA pathway. The media were then analyzed for the presence of
methylmalonic acid, excreted by the worms. Method development was done by
spiking the analytes at different concentrations of 0.1 uM, 1 uM, 10 uM, and 100
uM into these media. This was done to evaluate each media for interferences and

matrix effects and to select the best media for the analysis.

5.2.3 Preparation of C. elegans RNAI-fed Strains

RNAI bacterial strains were streaked on LB agar plates with 100 pug/mL
ampicillin and 20 pg/mL tetracycline and grown overnight at 37 °C. The strains
were grown overnight from individual colonies in LB with 100 upg/mL of
ampicillin at 37 °C and 250 rpm. One hundred microliters of an overnight culture
was spread on NGM plates containing 100 pg/mL ampicillin and 1 mM IPTG.
Plates were allowed to dry and placed at 37 °C overnight and stored at 4 °C.
Single N2 worms were picked to each and placed at 20 °C until bacterial
clearance. The plates were harvested using Multiprobe 1l Plus Program. Worms
were washed once with sterile ROD Water in 96 deep-well plate and spun at 800
g for 5 minutes at 4C. They were then once with 1 mL sterile media for assay,

using PBS + kanamycin for *C propionate assay and LC-MS/MS assay.

5.2.4 Preparation of L1 larvae for C. elegans Deletion Strains

One gravid C. elegans worms was picked per 14 cm diameter NGM agar plates
containing HB101 bacteria and incubated at 20 °C for 7 or more days. Gravid
worms from a single plate were washed three times with 0.1 M sodium chloride
and combined. The tubes were centrifuged at 800 g at 4 °C. Pelleted worms were

resuspended in 0.1 M sodium chloride and washed with bleach/sodium hydroxide
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(2:1 v,v). Eggs were washed with cold sterile water, resuspended in M9 buffer,

transferred to a tissue culture flask and rocked at room temperature overnight.

5.2.5 Methylmalonic Acid Accumulation Assay

Worms prepared as described above were added to well of a 24-well plate
topped PBS + Kanamycin. Sodium propionate (200 mM) was added and the plate
sealed. The plate was rotated at 175 rpm at 20 °C for 7 days and the contents of
the wells transferred to tubes and centrifuged at 800 g at 4 °C. Supernatants were

transferred to fresh tubes and stored at -20 °C until analysis by LC-MS/MS.

5.2.6 '*C-propionate Incorporation Assay

Worms were added to wells topped up with PBS + kanamycin and sodium
propionate. *C-propionate was then added to the wells. The plate was covered
and shaken at 200 rpm at room temperature for 24 hours. Contents of the cells
were transferred and centrifuged at 800 g and the pellets resuspended by
vortexing in 5% trichloroacetic acid. The tubes were heated to 85 °C and placed
on ice for 20 minutes. The tubes were then centrifuged at 18,000 g and
resuspended in acetone and centrifuged again. Pellets were air-dried and
resuspended by vortexing in 5% SDS. Sterile DDW was added and 460 pL was

mixed with 3 mL CytoScint fluid and read on a Beckman Scintillation counter.

5.2.7 Preparation of Standards

Stock solutions of MMA, SA and Hcy, each at 1.0 mM, were prepared in
Optima grade water. Internal standards, MMA-d; and SA-d,, each at 0.5mM were
also prepared in Optima grade water. Working solutions were made by diluting

the stock solutions in either PBS solutions fortified with antibiotic and propionic
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acid, worm incubator mix and CeHR incubation mix to the following
concentrations: 0.001 uM, 0.005 uM, 0.010 uM, 0.050 uM, 0.100 uM, 0.500 uM,
1.0 uM, 5.0 uM, 10.0 uM, 50.0 uM, 100.0 pM.

5.2.8 Ultra-Performance Liquid Chromatography (UPLC)

Chromatographic separation was performed on a Waters ACQUITY
UPLC system with a 1.7-um bridged ethylene hybrid (BEH), 2.1 mm x 50 mm
Cis column. The separation was carried out by isocratic elution using a mobile
phase consisting of 4% acetonitrile in water/ 0.1% formic acid for 2 minutes,
followed by a ramp to 100% acetonitrile/0.1% formic acid in 0.2 minutes, and
held at 100% for 1.5 minutes. The column was maintained at a temperature of 25
°C. The flow rate of the method was varied (0.150 mL/min — 0.500 mL/min) and

5.0 pL of each sample was injected onto the column.

5.2.9 Mass Spectrometry

The LC system was coupled to an AB Sciex 4000 QTRAP® hybrid triple
quadrupole linear ion trap mass spectrometer (Concord, ON), equipped with a
Turbo lonspray ionization interface. The ESI source was set to perform in polarity
switching mode, operating in both positive and negative modes using multiple
reaction monitoring (MRM) in a single run. The optimized source parameters
were as follows: ion spray voltage, 4800 V (positive), -4200 V (negative); curtain
gas, 10 arbitrary units; collision gas, high; temperature, 350 °C; GS1, 30; GS2, 20
(gas measured in arbitrary units); dwell time for each ion pair, 100 ms; nitrogen
was used as the nebulizer, curtain and collision gas. The compound parameters
were optimized and are represented in Table 5-1. These parameters were tunes to
produce the most intense ion signals of the analytes. Data was acquired and

processed using Analyst,® version 1.4.2 software.
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Table 5-1 Instrument parameters and MRM transitions used in the polarity
switching method

Compound-dependent
ESI mode Analyte LY Parameters
Transition
EP CE CXP
Positive Hcy 136.0/90.0 20 12 20 10
Negative SA, MMA 117.0/73.0 -20 -14 -15 -18

DP, declustering potential; EP, entrance potential; CE, collision energy; CXP, collision cell
exit potential

5.3 Results and Discussion
5.3.1 Mass Analysis

Whereas Hcy was better ionized in the positive ion mode, succinic acid
and methylmalonic acid had higher sensitivity in the negative mode. Because of
the different ionization conditions, both positive and negative ion modes were
alternated in order to detect all the analytes. The MRM transitions used are
represented in Table 5-1. Product ion spectra of Hcy, MMA, and SA are
represented in Figure 5-4. The product ion spectrum of Hcy in Figure 5-4 (A)
shows the protonated molecular ion [M+H]" at m/z 136.0. Fragmentation
produced two major fragments at m/z 118.0 and m/z 90.0, which are the loss of
H,0 and (H,O + CO) respectively. Minor fragment ions observed were m/z 73
and m/z 56, which may possibly be the losses of (H,O + CO + NHj3) and (H,O +
CO + H,S).

In the negative mode, the MRM transition of m/z 117 to m/z 73.0
was used for MMA and SA, which is based on the loss of the carboxyl group
(COO). Fragmentation of SA and MMA can be observed in Figure 5-4 (B) and
(C). An additional fragment can be observed in the product ion spectrum of SA
(Figure 5-4 (B)), m/z 99.0, which corresponds to the loss of H,0. The structure of

the fragment ion m/z 99 is included as an inset.?
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5.3.2 Chromatographic Separation

Hcy, MMA and SA are all small polar molecules, which make their
retention on a reversed phase column very difficult. Therefore, method
development, involving choice of columns and mobile phase optimization
remains an important task, in order to achieve the desired separation. Satisfactory
retention of the analytes was achieved when using a sub 2 um particle C18
column and mobile phase 4% acetonitrile in water/ 0.1% formic acid. This
column also showed high stability under highly aqueous conditions. All the
analytes were eluted in less than 1 minute and the retention times were 0.37
minutes (Hcy), 0.60 minutes (SA) and 0.70 minutes (MMA). Figure 5-5 shows a

typical chromatogram of all three analytes at a concentration of 1.0 uM.

5.3.3 Flow Rate Optimization for Fast LC

Flow rate affects the LC system pressure, separation quality and analysis
time. For small molecules, flow rate is expected to be an important factor for
resolution. The optimum flow rates for columns with sub-micron particles are
higher than for columns with larger particles (van Deemter equation). From the
van Deemter equation, the C-term (and to some extent the A-term) are influenced
by particle size. Smaller particles have shorter diffusion path lengths, allowing the
analyte to spend less time travelling in and out of the particle, where peak
diffusion can occur. Thus the analyte elutes as a narrow peak. As the particle size
increases, there is less of an effect of higher flow rates on the efficiency. The
ability to use a wider range of higher flow rates translates to a much faster
analysis time. With the use of a shorter column, fast LC can be performed without
compromising separation quality (or significantly lowering the resolution between
peaks of interest). It is important to note that in order to reduce the system
volume, all connecting tubing was changed to the lowest diameter available,
which is 0.12 mm id tubing. Reducing the volume also reduces the time the

solvent takes to reach the head of the column.
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Figure 5-5 Total ion chromatogram showing the retention of (1) Homocysteine, (2)

Succinic acid and (3) Methylmalonic acid.

Because the analytes are small and polar, there are not many changes that
can be made using a gradient separation. Most reported methods use an isocratic
separation.® In this work, the flow rate was varied between 0.150 mL/min and
0.500 mL/min and the chromatographic analysis was performed keeping all other
conditions constant. Figure 5-6 shows the results of the effects of flow rate on the
chromatographic separation, with (A) thru (F) being flow rates of 0.15, 0.20, 0.25,
0.30, 0.4, 0.50 mL/min respectively.

Resolution was calculated for SA and MMA as they were the critical pairs
in each of the chromatograms. Resolution was calculated as the difference in

retention times of MMA and SA divided by the average peak width of the two
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peaks. The resolution as a function of flow rates are plotted and presented in

Figure 5-7.

It can be observed that increasing the flow rate from 0.150 mL/min to
0.500 mL/min does not significantly affect the resolution of the chromatographic
separation. At the higher flow rates, the resolution of SA and MMA is still close
to 1. The peak width also does not change significantly with flow rate. The
highest flow rate with a resolution of 1, corresponding to a flow rate of 0.4
mL/min, was chosen as the optimum flow rate for all subsequent runs. In order to
keep the method as short as possible, the flow rate for the column wash and
equilibration segments was increased to 0.8 mL/min. The optimized method
consist of isocratic elution using a mobile phase consisting of 4% acetonitrile in
water/ 0.1% formic acid for 1 minute, followed by a quick ramp to 100%
acetonitrile/0.1% formic acid (in 0.2 minutes), which was held for 1.5 minutes
and equilibration time of 2.5 minutes. The total run time is 5 minutes from

injection to injection.
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Figure 5-6 Effect of flow rate on the chromatographic separation of peaks (1) Hcy,

(2) SA and (3) MMA.. The flow rates studied are (A) 0.150 mL/min, (B)
0.200 mL/min, (C) 0.250 mL/min, (D) 0.300 mL/min, (E) 0.400 mL/min,
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5.3.4 Effect of MRM Dwell Time

In an MRM experiment, dwell time can be defined as the length of time in
which each discrete ion signal is measured.®® Increasing the dwell time will cause
the signal to be averaged over a longer period of time and result in fewer data
points per chromatographic peak. In the same way, decreasing the dwell time will
increase the sampling rate and result in more data points per peak. As the number
of ions being monitored increases, the dwell time should be decreased in order to
properly characterize the chromatographic peak. However, decreasing the dwell
time can negatively affect signal to noise (S/N) and data quality is affected. In
theory, S/N increases with the square root of increased dwell time. A common
accepted rule is to obtain 10-15 points per peak and optimizing dwell time should

be done to obtain at least 10 data points per chromatographic peak. For analyses
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in which only a few analytes are monitored, dwell time is generally not a

limitation.

Figure 5-8 shows the effect of dwell time on the number of points
across a chromatographic peak. The range was chosen based on the dwell times in
methods reported in literature.®** A dwell time of 50 ms caused a significant
decrease in the S/N of the SA and MMA peaks. It may be important to note that
this may have been influenced by the polarity switching which significantly
increased the duty cycle. As mentioned above, however, there was not much
difference in the peaks obtained with dwell times of 100 ms and 200 ms, i.e. dwell
time was not a limitation. A dwell time of 100 ms was chosen for all subsequent

methods.

5.3.5 Succinic Acid and Methylmalonic Acid Analysis

Since this was a preliminary study, only the analysis of methylmalonic
acid was necessary at the initial stage. The determination of Hcy is not as specific
as its level is influenced by many other factors, like folate and vitamin Bg
deficiencies and creatinine levels.> ® Moreover, total Hcy determination requires
an additional reduction step, reducing homocystine to homocysteine. A
representative chromatogram of MMA and SA is shown in Figure 5-9. The
chromatographic conditions are same as before; the main difference is that the
ESI source was set to perform in negative mode instead of polarity switching
mode, using MRM transition for MMA and SA. Dwell time was set at 150 ms.
Succinic acid (SA), which is an isomer of MMA was also monitored to guarantee
the chromatographic separation of these two isomers in the analysis.
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Figure 5-9 TIC showing the retention of (1) SA and SA-d;, (2) MMA and MMA-d;

5.3.6 Calibration and Validation

Calibration standards were prepared by spiking MMA into PBS medium at
the following concentrations: 0.050 uM, 0.100 puM, 0.500 uM, 1.0 uM, 5.0 uM,
10.0 puM, 50.0 uM. The linearity of the ESI response for MMA was examined by
analyzing triplicates at these 7 different concentration levels. Limit of detection
(LOD) and lower limit of quantification (LLOQ) were calculated using the
equations 3 x (og)/m and 10 x (og)/m respectively, where og is the standard
deviation of the response and m is the slope derived from the calibration curve.

The standard deviation of the blank response was estimated from the regression
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parameter, standard deviation of the y-intercept. Figure 5-10 represents the
calibration curve of MMA in PBS/propionate medium. The LOD and LLOQ
values calculated were 0.016 uM and 0.051 pM respectively. Precision and
accuracy were performed by analyzing five replicates of SuM (expected
concentration in PBS experiments) throughout a sequence. The average
concentration measured is 5.008 uM, with accuracy and precision values of

100.16% and 4.89%, respectively.

Methylmalonic acid Calibration Curve

5— |y=0.125 x + 0.001
R’= 0.9998
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w
|

I I I I I 1
0 10 20 30 40 50
Concentration (UM)

Figure 5-10 Calibration curve of MMA

220



5.3.7 Analysis of Worm Incubation Media

The analysis of MMA in different incubation media was examined. CeHR
and the incubation mix are usually the best liquid worm media to use, however,
with the presence of salts, nutrients and proteins, detection of MMA may be
problematic. Propionate (10 mM) is added to induce elevated production of
MMA, which can be easily measured. The expected concentration of excreted
MMA in these media is generally in the range of 10-100 uM. PBS plus propionate
can also be used but this generates a lower concentration of MMA, generally 1-10

uM, which is still about a 50-fold increase in the level of MMA in control worms.

Figure 5-11 to Figure 5-13 show the chromatograms of the three different
media. Blank media with the absence and presence of propionate are shown in
chromatograms (A) and (C) of Figure 5-11 to Figure 5-13. MMA and MMA-d3
were spiked at concentration 10 uM and 5 uM respectively into each medium and
the chromatograms can be seen in chromatograms (B) and (D) of Figure 5-11 to
Figure 5-13. In both incubation medium and CeHR medium, there is an
interference in the SA channel at the same retention time of 0.67 minutes. This
can be seen in Figure 5-12 and Figure 5-13 (A) and (C) respectively. At this time,
the identity of this peak is unknown. The medium chosen for the analysis is PBS
because of the much lower background and the absence of any interference in the
MMA/SA and MMA-d3 channels. Since the goal is to develop high-throughput
fast LC methods, a medium that does not require extraction or derivatization of

the analytes to enhance detection would be desirable.
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5.3.8 Analysis of C. Elegans RNAi Samples

In the preliminary test of RNAI against mmcm-1, the concentration of
methylmalonic acid increases relative to the wild type. This is illustrated in Figure
5-14. The accumulation of MMA in the supernatant was about four times the
levels observed in the wild type nematodes. mmcm-1 is a gene that codes for the
production of methylmalonyl CoA mutase and the RNAI creates a block prior to
the formation of succinyl-CoA causing an increase in the concentration and
excretion of methylmalonic acid. The values are the average from three

independent experiments with the standard deviation indicated by the error bars.
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Figure 5-14 Methylmalonic acid detected in the supernatant after RNAi mmcm-1 in
the presence of 200 mM propionate.
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5.3.9 Analysis of ABC Transporter Deletion Strains

ABC transporters are one of the largest families of transport proteins and
are grouped into several subfamilies based on the amino acid sequence and
domain organization. They are collectively able to accommodate a large variety of
different substrates and this diversity of function is often manifest at the family
level as well as in individual members of the subfamily. In C. elegans, 61 ABC
transporters have been reported grouped into eight subfamilies A-H. In this work,
knockouts for the following ABC transporters have been studied: Subfamily A —
ABT (homolog ABT-1), Subfamily B — PGP (homologs PGP-4, PGP-5, PGP-6,
PGP-7, PGP-8, PGP-10, PGP-12 and PGP-13), Subfamily B — HAF (homolog
HAF-2), Subfamily C — MRP (homologs MRP-1, MRP-2, MRP-3, MRP-4, and
MRP-6)and Subfamily G — C16C10.12 and WHT-6. All the nematode P-
glucoprotein (PGP) examined thus far seem to be expressed in the intestines. The
functions of some of these transporter proteins are still not yet known in C.
elegans and it is the goal of this study to identify those that may be involve in
cobalamin metabolism. Figure 5-15 represent the changes in MMA excretion in
response to mutations in the ABC transporter strain. MMA excretion is
represented as changes in MMA concentration relative to the wild-type worms
and is expressed as a log scale. The absent or defective protein in the deletion
strain is labeled in italics. Mutations in the gene that codes for methylmalonyl
CoA mutase (represented as mutase) and the gene that codes for
adenosylcobalamin formation (represented as AdoCbl) are also shown. These are
used to compare the MMA concentration against the MMA concentration of the
deletion strains because the effects of these mutations are known. Most of the
mutations in PGP transporters studied resulted in a reduced excretion of MMA,
except for PGP-10 and PGP-13. Mutations in MRP-1, MRP-2, MRP-3 and MRP-
6 show reduced levels of MMA whereas mutations in MRP-4, ABT-2 and WHT-
6 resulted in higher levels of MMA excreted.
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In parallel with the LC-MS/MS assay, a “*C-propionate incorporation
assay was also done in Dr. Gravel’s laboratory at the University of Calgary. Using
this assay, the incorporation of **C-propionate into fibroblast cell protein is tested
and this provides a measurement of total propionate pathway, involving the
conversion of methylmalonyl CoA to succinyl CoA.** Incorporation of
radioactive propionate into trichloroacetic acid (TCA)-precipitable materials is
measured. Defects in the propionate pathway will result in significantly reduced
levels of radioactive propionate incorporated into TCA-precipitable materials and
the propionate incorporation increases in the presence of cobalamin. The results
of the *C-propiontate incorporation test revealed that the proteins MRP-1, MRP-
2 and WHT-6 are involved in cobalamin transport.

MRP-1 and MRP-2 are localized in the C. elegans intestinal region and is
believed to act redundantly as cobalamin intestinal efflux transporters. Mutations
in the genes coding for either MRP-1 or MRP-2 resulted in diminished excretion
of MMA in comparison to the wild type worms. It is believed that worms existing
on the PBS medium with very little food are quite lethargic and have slowed
metabolism. In such a situation, most of the MMA excretion will come from the
more active intestines and thus MMA excretion is observed in the wild type
worms. On addition of cobalamin to the medium the excretion of MMA is
reduced. In the case of MRP-1 and MRP-2 mutations, cobalamin concentration in
the intestine is increased and thus the concentration of MMA is reduced. In
contrast, mutations in WHT-6, which are also localized in the intestines of C.
elegans, resulted in an increase in the MMA excretion relative to the wild type
nematodes. It is believed that WHT-6 is a lysosomal or mitochondrial transporter
but at this stage, more assays are required in order understand the action of these

proteins.
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5.4 Conclusion

A sensitive and high-throughput fast LC method has been developed for
the analysis of Hcy, MMA and SA in worm medium. To the best of my
knowledge, this is the shortest elution time recorded for the analysis of these three
analytes. This method has been successfully applied to the analysis of MMA in
PBS worm media. Concerning the RNAI experiments, as indicated by University
of Calgary, RNAI against other genes involved in cobalamin metabolism did not
produce reliable  MMA accumulation or *C-propionate incorporation.
Preliminarily, the transporter deletion strains experiments suggest that there are
multiple ABC transporters involve in cobalamin metabolism. MRP-1 and MRP-2
are thought to act redundantly as intestinal efflux transporters, whereas WHT-6
may be either a lysosomal or mitochondrial transporter. Further studies are being
done at the University of Calgary to determine the location, function and

mechanism of action of these proteins.
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Chapter 6. MyCompoundID: Using an Evidenced-Based

Metabolome Library for Metabolite Identification”

6.1 Introduction

Metabolomics is a rapidly evolving field for studying biological systems
and discovering potential disease biomarkers.> ? Advance in metabolomics is
largely driven by the development of new analytical techniques, such as liquid
chromatography mass spectrometry (LC-MS). However, metabolite identification
remains a major analytical challenge.> * The vast majority of spectral features
observed in LC-MS cannot be assigned to known compounds.>” This serious
deficiency hinders the development of sophisticated bioformatics tools for
integrating the metabolome data with the proteome and transcriptome information
for studies in systems biology and medicine. Clearly new tools for metabolite

identification are urgently needed.

An accurate mass-MS/MS approach is reported for metabolite
identification based on compound library searching. An evidence-based
metabolome library (EML) is constructed that is composed of known published
metabolites, as well as their possible metabolic products that are predicted by
biotransformation reactions commonly encountered in metabolism. The predicted
metabolites have indirect evidence of their potential existences in a given species
as they are derived from known metabolites and metabolic reactions. The
rationale is that a known metabolite can be involved in various metabolic
reactions in biological systems, producing different metabolic products. Some of
them have been identified and documented with assigned chemical structures,

while many others have not been identified. The hypothesis is that, by including

“ A version of this chapter has been submitted as Li, Liang; Li, Ronghong; Zhou, Jianjun; Zuniga,
Azeret; Stanislaus, Avalyn; Shi, Yi; Wishart, David; Lin, Guohui, 2012, MyCompoundID: Using
an Evidence-based Metabolome Library for Metabolite Identification to Analytical Chemistry.
Avalyn Stanislaus contributed by extracting and analyzing the urine sample and performed data
analysis and spectral interpretation of the urine metabolites.
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all of the possible metabolic products in the library, many unknowns that are
structurally related to the known metabolites can potentially be identified using
the accurate mass-MS/MS approach. This approach is illustrated by human
metabolite identification. The 8,021 entries found in the Human Metabolome
Database (HMDB)? is used to create the EML. This EML is then applied for
identification of metabolites present in simple extracts of human urine and plasma
and demonstrated the possibility of identifying many more metabolites than the
conventional approach of using the standard HMDB.

6.2 Experimental
6.2.1 Chemicals and Materials

Optima grade methanol and water, Optima LCMS grade acetonitrile were
purchased from Fisher Scientific (Ottawa, ON, Canada). HPLC-grade formic acid
was obtained from Fluka (Milwaukee, OH, USA).

6.2.2 Construction of the EML

There are currently 8,021 entries in the Human Metabolome Database
(HMDB).® These entries were used to create the evidence-based metabolome
library. By examining the literature information, 76 commonly encountered
metabolic reactions were identified and are represented in Table 6-1. Based on
these reactions, in silico biotransformation of the 8,021 known metabolites were
performed. Each reaction generates a product with the addition or subtraction of
an expected group (e.g., +O in oxidation or -O in de-oxidation) from the reactant,
a known metabolite. Several possible structures of the product (isomers) could
exist, but all with a characteristic mass shift from the added or subtracted group.
The number of the new entries in the EML with one metabolic reaction is

375,809; some of the impossible transformations (e.g., -O from a metabolite

235



containing no oxygen) were excluded during the construction of the library.
Currently there is also an option of generating the library with two metabolic
reactions [e.g., a metabolite undergoes methylation (+CH,) and then oxidation
(+O), or a metabolite undergoes demethylation (-CH,) and then oxidation (+O)],
which produced a library with 10,583,901 entries.

Table 6-1 List of the 76 most common metabolic reactions (biotransformations)
# Reaction Mass Difference (Da) Description
1 -H; -2.015650 dehydrogenation
2 +H, 2.015650 hydrogenation
3 -CH, -14.015650 demethylation
4 +CH, 14.015650 methylation
5 -NH -15.010899 loss of NH
6 +NH 15.010899 addition of NH
7 -0 -15.994915 loss of oxygen
8 +0 15.994915 Oxidation
9 -NH; -17.026549 loss of ammonia
10 +NH; 17.026549 addition of ammonia
11 -H,0 -18.010565 loss of water
12 +H,0 18.010565 addition of water
13 -CO -27.994915 loss of CO
14 +CO 27.994915 addition of CO
15 -CoH, -28.031300 loss of C;H,
16 +C,H, 28.031300 addition of C,H,
17 -C,H,0 -42.010565 Deacetylation
18 +C,H,0 42.010565 Acetylation
19 -CO, -43.989830 loss of CO,
20 +CO; 43.989830 addition of CO,
21 SO3;H->SH -47.984745 Sulfonic acid to Thiol
22 SH->S0;H 47.984745 Thiol to Sulfonic acid
23 -C,H:NO -57.021464 loss of glycine
24 +C,H;3NO 57.021464 glycine conjugation
25 -SO, -79.956817 loss of sulfate
26 +S0; 79.956817 sulfate conjugation
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27 -HPO, -79.966333 loss of Phosphate

28 +HPO, 79.966333 addition of Phosphate
29 -C4H3N; -93.032697 loss of Cytosine

30 +C4H3N; 93.032697 addition of Cytosine

31 -C4H;N,0 -94.016713 loss of Uracil

32 +C4H,;N,O 94.016713 addition of Uracil

33 -C3HsNOS -103.009186 loss of cysteine

34 +C3HsNOS 103.009186 cysteine conjugation

35 -C,H;NO,S -107.004101 loss of taurine

36 +C,HsNO,S 107.004101 taurine conjugation

37 -CsH4NLO -108.032363 loss of Thymine

38 +CsH;N,O 108.032363 addition of Thymine

39 - (CsHsNs - H,O) -117.043930 loss of Adenine

40 + (CsHsNs - H,0) 117.043930 addition of Adenine

41 -C3HsNO,S -119.004101 loss of S-cysteine

42 +C3HsNO,S 119.004101 S-cysteine conjugation
43 -CsHgO, -132.042260 loss of D-ribose

44 +CsH30, 132.042260 addition of D-ribose

45 -CsH3Ns -133.038845 loss of Guanine

46 +CsH;5N;5 133.038845 addition of Guanine

47 -C;H3NO, -143.094629 loss of Carnitine

48 +C;H3NO, 143.094629 addition of Carnitine
49 -CsH;NO;S -161.014666 loss of N-acetyl-S-cysteine
50 +CsH;NOsS 161.014666 addition of N-acetyl-S-cysteine
51 -CgH1005 -162.052825 loss of Hexose

52 +CeH100s 162.052825 addition of Hexose

53 -CsHgOg -176.032090 loss of glucuronic acid
54 +CeHgOs 176.032090 addition of glucuronic acid
55 -C1oH12N,0, -224.079708 loss of Thymidine

56 +C1oH12N,04 224.079708 addition of Thymidine
57 -CqH11N30, -225.074957 loss of Cytidine

58 +CyH;11N504 225.074957 addition of Cytidine

59 -CgH1oN,05 -226.058973 loss of Uridine

60 +CyH1oN,05 226.058973 addition of Uridine

61 -C16H300 -238.229665 loss of Palmitic acid

62 +Cy6H300 238.229665 addition of Palmitic acid
63 -CgH;104P -242.019158 loss of Glucose-6-phosphate
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64 +CgH;,04P 242.019158 addition of Glucose-6-phosphate
65 -C10H11N50;3 -249.086190 loss of Adenosine

66 +C1oH11NsO5 249.086190 addition of Adenosine
67 -C1oH11NsO4 -265.081105 loss of Guanosine

68 +C1oH11NsO4 265.081105 addition of Guanosine
69  -CyoH15N3OsS -289.073244 loss of Glutathione

70 +CyoH1sN3OsS 289.073244 addition of Glutathione
71 -CyoHisN3O6S -305.068159 loss of S-Glutathione
72 +CyoHi5sN306S 305.068159 addition of S-Glutathione
73 -C1oH50019 -324.105650 loss of di-hexose

74 +C1oH201 324.105650 addition of di-hexose
75 -C1gH30015 -486.158475 loss of tri-hexose

76 +C18H30015 486.158475 addition of tri-hexose

6.2.3 Web-service Design and Implementation

In MyCompoundID (MCI), all known human endogenous metabolites are
imported from the Human Metabolome Database and stored in a local MySQL
database. These metabolites and their one- or two-reaction products are indexed
using the molecular masses up to the millionth precision. The web server for MCI
was constructed within Apache using Java and JavaScript to ensure the most
efficiency and the largest platform compatibility. The 76 commonly encountered
metabolic reactions are implemented in the web server, which accepts single and
batch queries with 0, 1 and 2 allowed metabolic reactions. The subtraction
reactions are logically validated using the compound's MOL files. All query
results are prepared for easier manual inspection that includes a ChemDraw
Plugin. The web server interacts with the local computer to allow the users to
exclude any output entry and to associate an output entry to any experimental
evidence. Such post-curated query results can then be exported to a local archive.
All these functions are enabled and efficiently executed in Java and JavaScript,

with extendibility for further development.
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6.2.4 Web Interface

To use the EML library for metabolite identification, a web-based search
and data interpretation program called MyCompoundID
(www.mycompoundid.org) was developed. In the workflow (see Figure 6-1),
both MS and MS/MS spectra of a metabolome sample are generated using one or
more high performance mass spectrometers, such as Fourier transform (FT) MS,
time-of-flight (TOF) MS and quadrupole linear trap (QTrap) tandem MS. In
MyCompoundID, the user enters a mass (either a single value or multiple values
in batch mode) and a mass tolerance value determined by the mass accuracy of
the instrument used, and then selects the reaction number (0, 1, or 2). The
program searches the EML to find any matches between library entries and the
query mass within the defined mass tolerance. The search result is displayed in
an interactive table and the matched entries can be sorted (e.g., based on the order

of mass error).

One important functionality of the program is that the user can
upload the chemical structure of the parent metabolite into ChemDraw or a free-
ware ChemDraw Plugin. Both ChemDraw and ChemDraw Plugin allow the user
to add or subtract a reaction group in the uploaded structure to create a new
structure. Furthermore, the user can use the Mass Fragmentation tool therein to
break the chemical bond(s) to generate fragment ion structures and masses. Using
the experimental MS/MS spectrum produced from the precursor ion of the query
mass, the user can examine the spectral fragmentation pattern and compare it to
the fragment ions generated by the Mass Fragmentation tool. If the pattern
matches, putative metabolite identification can be made on the query mass. To
document the identification process, all metadata, including the structure of the
proposed match, the experimental MS/MS spectrum, fragment ion structures,
fragmentation pathways, and any other documents (e.g., a word file to describe
the process), can be saved to the matched entry. Finally, the results can be

exported to a spreadsheet for presentation and other uses. A tutorial for the use of

239



the program and an example of the process described above are given in the

Electronic Appendix.

/Evidence-based Metabolome Library (EML)\

1. 8021 known human endogenous
metabolites.

2. 375,809 compounds predicted from 8,021
metabolites after adding or subtracting a
chemical moiety via one of the 76 common
metabolic reactions.

3. 10,583,901 compounds predicted from
375,809 compounds after another round of

metabolic reaction. /

Experimental MS Data
1. Accurate Mass: m/z 304.210568
2. MSIMS spectral file:
mz_304_rt_31.56.doc
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Figure 6-1 Experimental Workflow
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6.2.5 Samples

This study was conducted in accordance with the Arts, Science & Law
Research Ethics Board policy at the University of Alberta. Urine and plasma
samples were obtained from a healthy adult female. The urine sample was
collected as first morning void samples and was subsequently centrifuged,
aliquoted and stored at -20 °C without any added preservatives until further
analysis. The blood sample was collected using K;EDTA as the anticoagulant and
plasma produced by centrifuging the whole blood samples at 4000g at 4 °C for 20
minutes. The plasma supernatant was collected and aliquoted and stored at -80 °C

until further analysis.

6.2.6 Solid Phase Extraction (SPE)

Plasma and urine samples were extracted by SPE using Waters Oasis HLB
cartridges (volume, 3 mL; sorbent weight, 60 mg; particle size, 3 um), operated at
a flow rate of 1 mL/min using a vacuum manifold (Alltech from Fisher Scientific,
Ottawa, ON). The cartridges were preconditioned with ImL methanol followed
by equilibration with 1 mL water. A 1-mL volume of sample (either urine or
plasma) was then passed through the cartridges and the cartridges were washed
with 1mL water. The compounds in the samples were eluted from the cartridges
with 1 mL methanol. The extracts were then evaporated to dryness in a Savant
SpeedVac concentrator system (Global Medical Instrumentation or GMI, Ramsey,
Minnesota). The dried urine extract was reconstituted in 100 L mobile phase A
(4% acetonitrile, 0.1% formic acid in water) and the plasma extract was
reconstituted in 40% acetonitrile, 0.1% formic acid in water.
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6.2.7 Liquid Chromatography Mass Spectrometry (LC-MS)

LC-MS and LC-MS/MS analyses were performed on an QTRAP® 4000
hybrid triple quadrupole linear ion trap mass spectrometer (Applied Biosystems,
Foster City,CA) as well as a 6220 oa-TOF (Agilent Technologies, Santa Clara,
CA), each equipped with a 1200 series High Performance Liquid
Chromatography system (Agilent Technologies, Santa Clara, CA). The Agilent
1200 series was equipped with an autosampler with refrigerated sample
compartment, a binary pump with online degasser and a heated column
compartment. Chromatographic separation was achieved using mobile phase A,
consisting of 4% acetonitrile, 0.1% formic acid in water and mobile phase B,
consisting of 0.1% formic acid in acetonitrile. The method consists of an initial
0% B maintained for 10 minutes, followed by a linear increased to 80% B in 40
minutes, then increased to 100% B in 5 minutes, kept constant at 100% B for 5
minutes and switched back to the initial conditions in 20 minutes. Five microliters
of each sample was injected and flow rate was 100 puL/min. A Waters BEH
(ethylene bridged hybrid) 2.1 x 50mm, 1.7um C;g column was used for the

separation at room temperature.

The QTRAP® 4000 was equipped with a turbo ion spray and operated in
positive electrospray mode. The instrument was calibrated weekly with
polypropylene (PEG) and ESI tuning mix (AB Sciex) for mass accuracy and
resolution. The software Analyst, version 1.5, was used for data acquisition and
processing. Optimizing of the mass spectrometric conditions were performed by
infusing a 0.1 uM of acylcarnitine standard solution dissolved in 50% acetonitrile
in water, 0.1 % formic acid at a flow rate of 10 uL/min. MS/MS spectra of the
metabolites were obtained in IDA mode, using enhanced mass (EMS) survey scan
and 4 dependent enhanced product ion (EPI) scans. The EMS survey scan was
conducted at mass range 50 — 1000 amu at a scan rate of 1000 amu/s. The
following optimized source parameters were used: curtain gas, 10; CAD gas,

high; ion source, 4800V, temperature, 250; gas 1, 25; gas 2, 15; declustering
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potential (DP), 50; collision energy (CE), 5; (parameters are unit-less). The IDA
threshold was set at 500 counts per second (cps). The EPI scan rate was 4000
amu/s and the scan range set at 50 — 1000 amu. Source parameters were identical
to the EMS scan and CE was set at 27 eV with a CE spread of 5 eV.

The TOF-MS analysis was performed using full scan mode in the mass
range m/z 50 — 1000 in positive ion mode. The conditions of the ESI source are as
follows: drying gas (N) flow rate, 9.9 L/min; drying gas temperature, 325 °C;
capillary voltage, 3200 V; nebulizer gas, 20 psig; sheath gas temperature, 40 °C;
fragmentor, 4 V, skimmer voltage, 63 V; and octopole RF, 250 V. Prior to the
analysis of the samples, the instrument was calibrated daily. Data acquisition and
processing were performed using the Mass Hunter software version B.03.01.

6.2.8 Data Processing

The QTRAP® IDA mass list from each sample, containing retention time
information, was manually extracted to an Excel spreadsheet and compared to the
retention time data obtained from the TOFMS instrument. Data files from the
TOFMS were converted to mzdata files and processed using publicly available
XCMS and R software. XCMS was downloaded from  Scripps
(http://metlin.scripps.edu/download/). The mzdata files were processed using the
following optimized XCMS parameters: fwhm=30, step=0.005 and sn=2. These
parameters yielded highest mass accuracy of the analytes in the standard solution.
After XCMS processing, the data was exported into a Microsoft Excel
spreadsheet. In this way, accurate mass and fragmentation information could be

obtained for each feature detected.
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6.3 Results and Discussion

To demonstrate the utility of MyCompoundID combined with our EML
for metabolite identification, LC-TOF-MS and LC-QTRAP-MS/MS data were
acquired from human urine and plasma samples. Using a simple extraction to
capture a small fraction of the metabolome, LC-TOF-MS and LC-QTRAP-
MS/MS detected 17,969 and 2,316 features, respectively, in urine and 5,761 and
2,247 features, respectively, in plasma. Out of these features, 325 peaks were
extracted in urine and 116 in plasma that were commonly detected by TOF-MS,
and QTRAP-MS/MS. The common individual peaks detected by both methods
had similar retention times. These metabolite peaks are listed in Supplementary
Tables S6-1 and S6-2, available in the Electronic Appendix. To identify these
metabolites, the HMDB was first searched using the accurate masses (<5 ppm)
and MS/MS spectra against a library of about 900 metabolite standards.® Only 8
metabolites were matched in urine and 7 in plasma (see Table 6-2 and Table 6-3).
This low rate of success reflects the current status of metabolite identification by
LC-MS, i.e., many peaks detected cannot be readily identified using the current

database resources.® 811

Next, MyCompoundID was used to search the accurate masses of the
remaining features against the 8021 known metabolites (i.e., with reaction = 0) to
generate a list of mass-matches, followed by MS/MS spectral interpretation of
individual matches. Fourteen metabolites were putatively identified in urine and
34 in plasma (see Tables A6-1 and A6-2 and their corresponding Evidence
Folders detailing the spectral interpretations of the matches found in the Appendix

and Electronic Appendix respectively).

MyCompoundID was then used to search the accurate masses of the
remaining features against EML with one reaction. In conjunction with MS/MS
spectral interpretation, 41 metabolites were putatively identified in urine and 14 in
plasma (see Tables A6-3 and A6-4 and their corresponding Evidence Folders

detailing the spectral interpretations of the matches found in the Appendix and
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Electronic Appendix respectively). The use of EML with two reactions only led
to the tentative identification of 3 more metabolites in urine and none in plasma
(see Tables A6-5 and the corresponding Evidence Folders detailing the spectral
interpretations of the matches found in the Appendix and Electronic Appendix
respectively). This low rate of identification was mainly due to the presence of
many possible structures for each matched mass, resulting in difficulty in manual
spectral interpretation for structure assignment. Development of an automated
spectral interpretation program in the future will likely facilitate metabolite
identification using EML with two or more reactions. Nevertheless, using
MyCompoundID, a total of 58 additional metabolites in urine and 48 in plasma
were putatively identified, compared to 8 and 7 metabolites identified using the
standard compound library, respectively.  These examples illustrate that
MyCompoundID can significantly increase the number of metabolites identified

in biofluids.
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Table 6-2 Results from database searching of urine metabolite features using reaction = 0. MS/MS spectra of unknowns was matched with
the HMDB spectra
RT RT
Feature  Accurate . m/z . lon . Error .
(min) (min) Putative ID Structure HMDB Link
ID # m/z TOF TOE QTRAP QTRAP Type (ppm)
1 107.04928 17.20  107.0 17.92 [hﬂ]j Benzaldehyde 1.29 5 HMDB06115
M+ 2- \N‘/vfk
2 246.16966 21.50  246.2 21.30 HI* Methylbutyroylcarnitine  -1.34 - ° HMDBO00378
or isomers j/g
3 255.06550 34.30 255.1 34.79 [L/I]:- Daidzein 1.24 HMDBO03312
4 28821704 3490 2882 3518 [M*¥  Octanoylcarnitineor 5 HMDBO00791
H] isomers
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28821667 3570 2882 3587 M} Octanoylcarnitine or M
HI* isomers -0.92 . HMDB00791
/\‘\
i [¢] (o}
288.21659 36.80 288.1 37.08 [M++ Octanoylcarnitine or M
H] S omers -1.19 . HMDB00791
A
o
316.24837 4040 3162 4053  MF  Decanoylcarnitine or °
H] isomers 0.41 \/\NVY HMDBO0651
o /
/™
o
31624852 4140 3161 4157  [M*  Decanoylcamnitine or o
H] isomers 0.91 M HMDBO00651
° /
/™
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Table 6-3 Results from database searching of plasma metabolite features using reaction = 0. MS/MS spectra of unknowns was matched with
the HMDB spectra

RT

RT
Feature  Accurate range m/z . . error .
D # m/z TOF (min)  QTRAP Q(_:_nérRP lon type Putative ID (opm) Structure HMDB link
TOF

(0]
3.60 Y N/
1 18107217 O, 1810 340  [M+H]' Theobromine 0.91 )\ | /> HMDB02825
(o] N N

O, (o)

28.20 - /
2 260.18547 28.80 260.2 30.80 [M+H]" Hexanoylcarnitine -0.63 /”\ HMDBO00756
36.30 - 0 o
3 288.21723 36.80 288.2 37.00 [M+H]" Octanoylcarnitine 1.03 M/\)]\ HMDB00791
/\'\
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40.70 -

316.24876 41.20 316.2 41.50 [M+H]* Decanoylcarnitine 1.65 HMDB00651
35.10 -

361.20086 35.60 361.2 35.90 [M+H]" Cortisone -0.24 HMDB02802
66.30 - 7a-Hydroxy-3-0x0-5b-

391.28379 66.80 391.3 66.30 [M+H]" y y=3-0X -1.27 HMDBO00503

cholanoic acid

52.80 - ’ ,

400.34178 53.30 400.4 53.70 [M+H]" Palmitoylcarnitine -0.90 }j@x HMDB00222
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Many of the compounds putatively identified using this method possess an
aromatic ring. This is due to the chemistry of the hydrophilic-lipophilic balanced
reversed-phase (HLB) cartridge. The HLB cartridge is suitable for the capture of a
wide range of acids, bases and neutrals. The structure of the sorbent chemistry is
shown in Figure 6-2. The most common retention mechanism in HLB is based on
Van der Waals forces and polar interactions. Because of the benzene rings on the
sorbent, aromatic compounds are attracted due to the non-covalent, m-m
interaction between the aromatic rings. For this reason, many of the long chain
and very long chain fatty acids in plasma were not captured using this cartridge
chemistry.

Hydrophilic
Retention of polar
compounds o

Lipophilic
£~ Reversed-Phase
Retention

Figure 6-2 Waters Oasis® HLB chemistry

It was observed in plasma that many features less than m/z 250 could not
be assigned and it is possible that these compounds were not found in the HMDB.
There were many metabolites whose structural isomers could not be distinguished
based on the fragmentation pattern. Position of functional groups, such as

hydroxyls and double bonds, could not be assigned based solely on fragmentation.
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In many instances, the queries returned by the software were not consistent with
the fragmentation patterns. In contrast, certain compounds were putatively
assigned based on diagnostic neutral losses, even though the software returned no
compounds hits, either because the compounds were not in the database or the

error was higher than 5 ppm.

As can be expected, there were many more phase Il metabolites in urine
than in plasma and more lipid species detected in plasma. In this work, the
samples were only analyzed in the positive ion mode, which limits the number of
features found. Therefore very few glucuronide conjugates, fatty acids, organic
acids, taurine conjugates and sulphate conjugates were detected because they have
better ionization efficiency in the negative mode. LysoPC species were detected
both as the protonated and sodiated ion. The CID fragmentation pattern differs
significantly dependent on the ion type, so both ion type and their respective

fragmentation pathways are included.

For the urine and plasma samples analyzed, MyCompoundID also
allowed the identification of several interesting fragmentation patterns from
metabolite peaks that are likely from exogenous metabolites. Eighteen exogenous
compounds were putatively identified based on their accurate masses, diagnostic
fragment ions, molecular weight distributions and literature searches.'® ** These
compounds were not found in the HMDB due to their exogenous nature. A list of
these compounds is presented in Supplementary Tables S6-1 and S6-2 in the
Electronic Appendix. These compounds are identified as poly(ethylene glycol) or
PEG derivatives which are common additives in processed food, drug
formulation, toothpaste, eye drops, etc. There were 10 polyethylene glycol (PEG)
and 3 monomethoxy-PEG (MMPEG) homologues found in urine and four
cocodiethanolamides (CDEA) homologues found in plasma. These polymers are
used extensively in pharmaceuticals (for example, slow-release drugs and beauty
supplies) due their lack of toxicity, antigenicity and their rapid elimination from
the body. Molecular weight distributions could be observed in the mass spectra of

PEG with the difference between each homologue being 44 amu. Protonated
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molecular ion clusters [M+H]" and ammonium adducts [M+NH,]* were present
from m/z 371 to m/z 740. Diagnostic fragments ions m/z 89, 133 and 177
originating from the molecular ions of PEG homologues can be explained and the
structures proposed.'? The structures of these fragments are represented in Figure
6-3(A). For MMPEG homologues, fragments ions present in the spectra are m/z
89, 103 and 147 and can be explained by the structures® in Figure 6-3(B). In the
spectra of CDEA homologues, two main fragment ions are observed, m/z 88 and
106 and their structures are shown in Figure 6-3(C).*® The use of diagnostic ions
and “fingerprint spectra” facilitated the rapid identification of homologues

between the same families of exogenous compounds.

In several cases, trends in the fragmentation patterns, mostly common
fragments and neutral losses were used to facilitate identification. These trends
are very useful in eliminating certain compound classes generated by the accurate
mass queries of the database and can lead to the identification of other compound
classes. Some of these diagnostic ions were determined and the metabolites
putatively identified. Others could not be identified but the diagnostic ions were
still recorded, as shown in Supplementary Tables S6-3 and S6-4 in the Electronic

Appendix.

There were 16 unknown metabolites in urine with fragmentation patterns
similar to that of glucuronides (shown in Supplementary Table S6-5 in the
Electronic Appendix); exogenous metabolites often form this type of derivatives.
In total, 45 exogenous metabolites in urine and 2 in plasma were found; more
metabolites found in urine than plasma is consistent with the notion that many

more metabolites are excreted in urine.
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A
m/z 89 d Nt
m/z 133 0 O—CH,~CH,—OH
m/z 177 Q \G'— GHy=CHy—0—CHy~CH,—OH
B
m/z 89 o} o—H
m/z 103 S M,
m/z 147 d  Yche-cH—o—cH,
C
CHp=CH;__
m/z 88 H;N< o
CHy—CHj
CHZ_CHQ—OH
m/z 106 H;N<
CHZ_CHZ_OH

Figure 6-3 Structures of diagnostic fragment ions for (A) PEG derivatives, (B)
monomethoxy-PEG derivatives and (C) cocodiethanolamides
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It should be noted that MyCompoundID only allows the user to putatively
identify a metabolite based on the match of accurate molecular mass and matches
of fragment ions detected in MS/MS to the proposed structure. However, this
exercise can narrow down the list of metabolite candidates into one or a few
unique structures. If positive identification is required (e.g., a potentially useful
biomarker of a disease after comparative metabolome profiling of diseased group
and healthy controls), authentic standard(s) may be synthesized for comparison.
Reducing the number of possible metabolite candidates by this combination of
mass search and MS/MS interpretation with EML would save time and efforts, as
only a few standards need to be made. In cases where the standards of putatively
identified metabolites are difficult to synthesize, the use of microsome- or other
cell/tissue-based biotransformation of structurally related standards** may be

explored to produce the needed standards for metabolite validation.

6.4 Conclusions

In summary, a publicly accessible web-based tool was developed that can
facilitate the identification of unknown metabolites in metabolome profiling.
Combining with LC-MS, it is shown to be useful for identifying many more
metabolites in human urine and blood samples than using a standard library. This
MyCompoundID tool features a dynamic compound library that can be expanded
in the future by inclusion of the metabolites and their predicted metabolic
products from different origins, including human, microbe, plant, food, etc. It is
believed that an expanded compound library will increase the number of
metabolites identifiable from human biofluids and open the possibility of using
MyCompoundID for analyzing the metabolomes of other species. Future plans
include adding a functionality for data sharing among the researchers who are

interested in chemical identification (e.g., deposition of MS/MS spectra and their
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interpretation and spectral assignment for newly identified compounds). This
MyCompoundID tool features a dynamic compound library that can be expanded
in the future by inclusion of the metabolites and their predicted metabolic
products from different origins, including human, microbe, plant, food, etc.
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Chapter 7. Conclusions and Future Work

7.1 Conclusions

LC-MS-based metabolomics has gained growing popularity as the
platform of choice for metabolomics studies. This is due to its potential for high
throughput, soft ionization techniques and coverage of metabolites detected. This
platform aims at identification and quantification of metabolites in both targeted
and non-targeted studies. An ideal LC-MS platform should offer confident
identification of metabolites through high quality MS and MS/MS spectra and
accurate quantification of the endogenous compounds.

In Chapter 1, key terms are explained and instrumentation, methodologies,
chemical derivatization, qualitative and quantitative methods are discussed as
related to LC-MS based metabolomics. As these qualitative and quantitative
methods are applied to the study of acylglycine biomarkers, a brief introduction to
the metabolism and role of these compounds are included. Challenges relating to
both identification and quantification of metabolite biomarkers are also briefly
examined. Addressing several of these challenges will be focus of the projects in

this thesis research work.

In Chapter 2, a targeted LC-MS/MS approach is developed and applied to
the analysis of acylglycines in human urine. This work is significant because
currently more than 70 inborn errors of metabolisms are known but only about
10-15 acylglycines are used in the diagnosis of a very small fraction of these
disorders. Because acylglycines are small polar molecules, and they are present in
lower concentrations in urine than organic acids, their detection is often a
challenge. The goal of this work is to improve the detection and identification of
novel acylglycines detected in urine. Based on the fragmentation of standards,
sensitive MRM methods are developed. Using LC retention time, known
fragmentation rules, fragmentation patterns of the standards, and literature
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searches, identifications are made on the putatively characterized compound class.
In an article published in the Journal of American Society for Mass Spectrometry
in 2010 and adapted for this chapter, forty seven novel acylglycines were
putatively identified and reported for the first time. Current methods can only
detect 10-15 acylglycines.’ With the discovery of novel acylglycines, a better
understanding of the disease biology can be determined and potentially more

disorders can be more confidently diagnosed and treated.

In Chapters 3 and 4, a novel quantitative surrogate matrix approach is
applied to quantify acylglycines in urine and plasma respectively. The
acylglycines are chemically derivatized using a labeling strategy developed in our
laboratory. The labeling reagent, C/*C- p-dimethylaminophenacyl (DmPA)
bromide, is a derivative of phenacyl bromide which is commonly used to label
carboxylic acids and fatty acids. Derivatization with the label serves to enhance
the ESI response through increased surface activity (addition of the phenyl group)
and increased chargeability (addition of the dimethylamine group).
Propionylglycine, which was undetected in urine in the previous project (Chapter
2), is enhanced when labeled and its signal is magnified up to 3 orders of
magnitude. Other acylglycine signals are enhanced in urine by 1-3 orders of
magnitude. In plasma, the acylglycines concentrations are much lower than in
urine and are undetected unless they are labeled. The surrogate matrix approach is
applied, where the underivatized biofluid is used as the surrogate matrix, while
the derivatized biofluid is the authentic matrix. The concept used is one of matrix-
matching using the underivatized matrix to prepare calibration standards in the
absence of a “true” blank. Slopes in water, surrogate and authentic matrix are
compared and it is found that water is not a good surrogate matrix due to
differences in matrix effects. Although several LC-MS/MS methods have been
reported for sensitive detection of acylglycines, these methods provide a simple
and straightforward sample preparation and validation procedures, which offers
better LLOQ values.* ® This approach is an attempt to address the challenge of

accurate quantification of endogenous biomarkers.
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In Chapter 5, a fast UPLC-MS/MS method is developed for the analysis of
homocysteine, methylmalonic acid and succinic acid. For high throughput
analysis, the separation of the analytes is preformed in about 36 seconds with a
resolution of 1.0 or higher. To the best of my knowledge, this is the first reported
polarity switching method that can perform this separation in less than 1 minute;
current methods are about 3 minutes long.® ” The method is applied successfully
in determining the role of ABC transporters in vitamin B;; metabolism. C.
Elegans is chosen as a model organism and the concentration of methylmalonic
acid is determined in mutant worms as compared to wild-type worms. Two new
ABC transporters were reported for the first time as participating in cobalamin
metabolism and potentially new cobalamin deficiencies could be identified.
Currently only the role of MRP-1 transporter protein has been linked to Vitamin
By, metabolism.2 This work is done in collaboration with Dr. Roy Gravel’s
laboratory at the University of Calgary. Previously, methylmalonic acid
concentration was determined in his laboratory using extraction, chemical
derivatization and GC-MS. The procedure was laborious and time consuming as
hundreds of samples are generated. The fast LC method developed addresses the

issue of high throughput and reports a lower limit of detection and quantification.

In Chapter 6, a novel web-based metabolite identification tool called “My
Compound ID” (MCI) is described that allows searching and interpreting mass
spectrometry data against a newly constructed metabolome library. This program
uses the database HMDB entries and 76 common biotransformations reported in
literature to create an evidence-based metabolite library. By generating in silico
biotransformations of the 8021 entries found in the HMDB, the library can be
expanded to include the 8,021 known human endogenous metabolites and their
predicted metabolic products (375,809 compounds from one metabolic reaction
and 10,583,901 from two reactions). Putative identifications are made de novo for
compounds in urine and plasma obtained from the same individual. Queries
returned from searches of accurate masses are eliminated based on the common

neutral losses obtained from fragmentation spectra. LC retention time,
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fragmentation rules, diagnostic fragment ions and literature searches are also used
to assist in the structural elucidation of the unknown compounds and aid in
putative identification. This project seeks to address the challenge of limited
coverage in database searches, by increasing metabolic coverage using known

biotransformations.

The focus of this research was to develop novel approaches to overcome
several of the limitations encountered in identifying and quantifying metabolites.
Several tools have been developed that facilitate the identification of putative
compound classes, in the absence of standards. The quantification approach has
the potential to overcome problems associated with matrix effects, namely ion
suppression, reversed-phase separation of polar metabolites and bioanalytical

validation using endogenous compounds.

7.2 Future Work
7.2.1 Biomarker Discovery

Simply put, biomarkers are molecules, whose concentrations change with
disease. Biomarker discovery is therefore a set of experiments used to find
biomarkers. The biomarker discovery process consists of the following stages:
choosing the correct metabolomics strategy, collecting the right clinical samples,
optimizing metabolite separations, performing the best mass spectrometry using
the most appropriate instrumentation and accurately analyzing the data.

In Chapter 2, sixty three acylglycines were detected, with over forty
putatively identified in the urine of healthy individuals. In Chapters 3 and 4, a
small fraction of these acylglycines were quantified in urine and plasma. In this
thesis, the strategy, separations and mass spectrometry stages of the biomarker
process have already been optimized. The next stage would be to obtain valid
clinical samples to determine if any of the putatively identified acylglycines

undergo changes in their profile or concentrations and are viable biomarker
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candidates. Valid clinical samples could include individuals with known and
unknown inborn errors of metabolism. These biomarker candidates then go
through a verification process to make sure that they change with disease states
and a validation process to determine whether they are useful in a clinical setting.
In order to make a positive and confirmed identification of the biomarkers, a
combination of NMR, accurate mass determination, isotope deconvolution and
fragmentation information need to be acquired. Standards are then purchased or
synthesized and analyzed to confirm the identity of the acylglycine biomarkers.
The discovery of any novel biomarkers can be used in further understanding and

improving the diagnosis of novel disorders.

7.2.2 Dried Urine Spots

Dried blood spots (DBS) have been used in newborn screening programs
and are mainly used in the screening of compounds like organic acids and
acylcarnitines. Because of the low concentration of acylglycines in blood, DBS
are seldom used in the analysis of acylglycines. Collecting urine from newborns
can be quite problematic, however, and an alternative collection method could be
performed by blotting filter paper on a used pamper or diaper of the infected
newborn and dried before extraction. In other words, dried urine spots (DUS) can
be collected in this manner. This would simplify sample collection and address
many sample storage issues. The acylglycines can then be extracted from the
DUS, derivatized and then subjected to LC-MS/MS analysis.

In a preliminary study, a urine sample was obtained from a healthy
individual and analyzed. Two sets of prepared urine were used: unspiked urine
and urine spiked with 50 pM mixture of acylglycine standards. Sample
preparation was identical for both sets of urine samples. The filter paper used in
this study was Whatman™ 903 Protein Saver Cards. The filter paper was saturated

with 100 uL urine and allowed to dry overnight in a dessicator. For elution of the
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metabolites from the paper, 3mm holes were punched and placed in a vial
containing 300 uL methanol and extracted by sonication for 30 minutes. The
methanol extract was then dried and derivatized according to the procedure
recorded in Chapter 3. For comparison, an equivalent volume of urine was
extracted by liquid-liquid extraction using 300 uL ethylacetate. The extract was
dried and derivatized using an identical method as the DUS. The samples were
then analyzed by LC-MS/MS. The experimental workflow is illustrated in Figure
7-1. Comparisons of the extraction techniques used for both sets of urine samples
are presented in Figure 7-2. Additional experiments are needed to optimize the
extraction procedures and determine recovery and stability of the acylglycines in
the filter paper. If the dried urine filter paper is a feasible and reliable method,
then screening could be more practical and the method could be adapted to
diagnosing IEMs using clinical samples. Samples could be sent from remote

places even distant countries to be analyzed.

7.2.3 Microwave-assisted Extraction and Derivatization

Microwave-assisted extraction (MAE) has received increasing attention
recently as a potential alternative to solid-liquid extraction techniques. Microwave
irradiation produces efficient and rapid internal heating by direct coupling of
microwave energy with the molecules. MAE allows for simple, rapid and low
solvent-consuming extraction methods and is particularly useful in extraction of

small molecules collected on filters and absorbents.®

The derivatization step can become a tedious and time-consuming process
in any workflow. It has been shown that microwave irradiation could remarkably
accelerate the derivatization of carbonyls™ and carboxylic acids,'* amphetamines
and diuretics'® and has been successfully applied to many other compounds.®
Using sealed vessel technology, the temperature of the reaction mixture can be
raised far above the boiling point of the solutions compared to conventional

methods. As a result, reaction times can be reduced from several hours to several
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minutes. Coupling extraction and derivatization using microwave-assisted
techniques could be an alternative route to analyzing acylglycines in dried urine
spots. This one-step strategy would create a simple and rapid method for

acylglycine analysis.
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Figure 7-1
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A — Extracted dried urine spot
—— Liquid-liquid extraction
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Figure 7-2 Comparison of the liquid-liquid extraction and dried urine spot extraction

from (A) Spiked urine sample, final concentration 50 uM and (B)
Unspiked urine sample.
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Appendix
Chapter 2

The following figures are examples of structural elucidations which led to
putative identification of acylglycines. A full list of the spectral library of
acylglycines is presented in the Acylglycines MS/MS library in the Electronic
Appendix. Please contact Professor Liang Li for a copy of the Electronic
Appendix.

2-Furoylglycine, 7.20 min
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Figure A2-1  Structural elucidation of 2-furoylglycine.
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Hexenoylglycine, 24.53 min
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Figure A2-2  Structural elucidation of hexanoylglycine
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Cis-3,4-Methylene-heptanoylglycine, 42.46 min
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Figure A2-3  Structural elucidation of cis-3,4-methylene-hepatanoyl
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Hydroxyphenylpropionylglycine, 21.37 min
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Figure A2-4  Structural elucidation of hydroxyphenylpropionylglycine
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Chapter 3

The following figures are examples of calibration curves. A full list of the

calibration curves is presented in Figure S3-1 in the Electronic Appendix.

Propionylglycine Calibration Curve
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Figure A3-1  Acylglycines calibration curves in surrogate urine
271



Peak Area Ratio

Peak Area Ratio

Hexanoylglycine Calibration Curve

— y=9.3x+0.001
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Figure A3-1  Acylglycines calibration curves in surrogate urine
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Table A3-1

Surrogate Urine Calibration Curves Statistical Summary

Error

repflelyeines - Sloge slionpe [ ElEEel Iizgggelgt ESrtlfjo.r VaFIue vaFI)ue i
AG 8.6 0.1 0.004 0.003 0.03 5330 2e-7 4
PG 9.15 0.08 0.004 0.003 0.03 12374 1e9 5
IBG 10.4 0.1 0.000 0.002 0.03 8921 8e-8 4
BG 10.0 0.1 0.004 0.004 0.04 4721 3e-7 4

HPAG 8.7 0.2 0.004 0.004 005 2678 8e-7 4
FG 890 0.07 0.001 0.002 0.02 15099 3e-8 4
TG 8.6 0.2 0.005 0.004 0.04 2802 T7e-7 4

2MBG 9.2 0.1 0.002 0.003 0.03 4872 2e-7 4

3MCG 9.4 0.2 -0.000 0.004 0.04 3121 6e-7 4
VG 10.1 0.1 0.000 0.003 0.03 6666 le-7 4
VG 9.2 0.2 0.003 0.005 005 2296 le6 4
HG 9.25 0.08 0.000 0.001 0.02 13780 3e-8 4

PAG 9.3 0.1 0.004 0.002 0.03 8342 98 4
PPG 10.0 0.1 0.002 0.002 003 9486 7e-8 4
GG 8.8 0.1 -0.000 0.002 0.03 8491 8e-8 4
HpG 9.2 0.2 0.002 0.003 0.04 3053 6e-7 4
0G 9.5 0.1 0.004 0.002 0.03 6454 le-7 4
SG 8.3 0.2 0.003 0.003 0.04 3013 7e-7 4
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Chapter 4

The following figures are examples of calibration curves. A full list of the

calibration curves is presented in Figure S4-1 in the Electronic Appendix.

Isobutyrylglycine Calibration Curve
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Figure A4-1  Acylglycines Calibration Curves in Surrogate Plasma
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Peak Area Ratio

Peak Area Ratio

Phenylacetylglycine Calibration Curve
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Figure A4-1  Acylglycines Calibration Curves in Surrogate Plasma
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Table A4-1 Surrogate Plasma Calibration Curves Statistical Summary

Error

. ) Errorin  Std. F p
Acylglycines Slope sllonpe Intercept Intercept Error Value value df
AG 9.0 0.1 0.009 0.006 0.06 4582 1le-8 5
PG 8.2 0.1 0.007 0.004 005 5929 7e-9 5
IBG 9.9 0.3 0.010 0.007 0.06 1506 3e-6 4
BG 10.2 0.1 0.005 0.003 0.03 6971 le-7 4
HPAG 8.8 0.2 0.005 0.004 005 2437 le-6 4
FG 9.5 0.2 0.004 0.004 0.04 3269 6e-7 4
TG 9.1 0.2 0.005 0.004 0.05 2760 7e-7 4
2MBG 8.8 0.1 0.005 0.002 0.03 7402 le-7 4
3MCG 9.5 0.2 0.006 0.004 0.04 3639 5e-7 4
IVG 8.9 0.1 0.005 0.003 0.04 4587 3e-7 4
VG 9.1 0.1 0.003 0.002 0.03 6916 le-7 4
HG 928 0.04 0.002 0.001 0.01 49545 2e9 4
PAG 9.77  0.07 0.002 0.001 0.02 18134 8e-8 4
PPG 9.0 0.1 0.003 0.002 0.03 7061 le-7 4
GG 871 0.09 0.002 0.002 002 9799 6e-8 4
HpG 9.1 0.1 0.004 0.002 0.03 7855 le-7 4
0G 8.6 0.1 0.004 0.002 0.03 5392 2e-7 4
SG 10.4 0.2 0.002 0.004 0.05 3040 6e-7 4
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Table A6-1

Chapter 6

found in the HMDB database. MS/MS spectral interpretation was done to putatively identify structure.

Results from database searching of urine metabolite features using reaction = 0. No MS/MS spectra for these compounds were

Feature Accurate  RT m/z RT lon Error
ID # m/z (min) QTRAP (min) Tvoe Putative ID (ppm) Structure HMDB Link
(TOF) TOF oTrap VP PP
2 OH
1 16205493 2810- 4601 2610 mepp INdole-S-caboxylic g HMDB03320
26.60 acid or isomers AN
N
[¢]
1.50 - + NB8-Acetylspermidine ; )k
2 188.17491 ' 0 188.2 1.22 [M+H] or Ieomers -4.45 A, HMDB02189
[¢]
31.90 - + ..
3 274.20019 3230 274.2 32.68 [M+ H] Heptanoylcarnitine -4.02 o OH HMDB13238
. M N*(CH3)s
O
o
32.60 - + .
4 274.20090 33.10 274.1 3329 [M+H] Heptanoylcarnitine -1.43 o OH HMDB13238
M N*(CHz)3
O
36.50 2-trans,4-ci i
.50 - + -trans,4-cis-
5 312.2169 3730 312.1 37.07 [M+H] Decadienoylcarnitine -0.02 . N HMDB13325
XN \ o N*(CHa)s
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o]
38.10 - + 2-trans,4-cis-
6 312.21748 38.60 312.2 38.57 [M+H] Decadienoylcarnitine 1.75 ) Ny HMDB13325
\ \ N*(CHs)3
5 [¢)
0. 0.
- HO’
7 32810302 2930° 3281 2649 [M+H[* Acetaminophen 0.99 \©\ HMDB10316
26.90 glucuronide o on -
OH )\
o]
8 33022735 So19° 3301 3379 [M+H[* 6-Keto- -0.47 i *  HMDB13202
33.60 decanoylcarnitine . N°(CHa)s
34.60 - 6-Keto- o o
9 330.22633 35.10 330.2 35.16 [M+H] . -3.54 HMDB13202
decanoylcarnitine . N(CHy,
43.00 - + trans-2-
10 342.26378 43.50 342.2 43.46 [M+ H] Dodecenoylcarnitine -0.30 /\/\/M /&MCH) HMDB13326
45.20 - + "
11 344.27888 4570 344.3 45.63 [M+H] Dodecanoylcarnitine -1.94 /\/\/\/\/\)L o HMDB02250
. N*(CHy)s
46.80 - Trans-2- i
12 370.29446 47'50 370.3 4745 [M+H]" Tetradecenoylcarnitine  -1.98 9 /& HMDB13329
. or isomer /\/\/\/\/\/\)Lo N*(CHy)s
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41.90 - + 3-Hydroxy-5, 8- . o
13 384.27459 42.40 384.3 4233 [M+H] tetradecadiencarnitine 0.36 /\/\/\/AM /&Nw HMDB13332
F O/&N’(crw
43.60 - + 3-Hydroxy-cis-5- i
14 386.28919 44.20 386.3 4410 [M+H] tetradecenoylcarnitine 2.37 HMDB13330
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Table A6-2

found in the HMDB database. MS/MS spectral interpretation was done to putatively identify the structure.

Results from database searching of plasma metabolite features using reaction = 0. No MS/MS spectra for these compounds were

RT

RT
Feature Accurate range m/z . . error .
ID # mZTOF  (min) QTRAP Q(':'nérRP lon type Putative 1D (ppm) Structure HMDB link
TOF
NH,
N1-Methyl-2-pyridone- _
2.30 - +  5-carboxamide or N1- °
1 153.06586 '~ 153.1 210 IMHHT"  ohvi-a-pyridone-3. 002 | HMDB04193
carboxamide o T
[o]
> 2315440 80 om0 440 [M+HT Isobutyryl or 0.29 i > HMDBO00736
4.20 butyrylcarnitine N*(CHy)s
O
3 25626200 0007 2562 5960  [M+H]' Palmitic amide 196 T LvDB12273
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33.20 -

286.20142 3% 286.2 3430 [M+H]"  2-octenoylcarnitine 0.49 S : HMDB13324
" %Q
302.23220 g;'ég T 3022 3790 [M+H] d'methy'hﬁﬁteanoy'cam' 1.27 ) HMDB13288
Nonanoylcarnitine _|'4>—>7
| é
37,00 - 2-trans,4-Cis- _ -
312.21678 37'40 312.2 37.80 [M+H]" Decadienoylcarnitine or  -0.49 —_ HMDB13325
' isomer J
37,60 - 2-trans,4-cis- _ -
312.21655 38.00 312.2 38.30 [M+H]® Decadienoylcarnitine or  -1.24 /_/—/_\=% HMDB13325
' isomer g o
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38.90 -

9-Decenoylcarnitine or

8  314.23284 3142 3980 [M+H]' \ 0.80 HMDB13205
39.40 isomer Y
\Q({
~
o 31423219 9380 5149 ao50  [maepp  ODecenOylcamitineor g, HMDB13205
40.20 isomer Y
10 344.27926 2‘5";8' 3443 4570 [M+H]'  Dodecanoylcarnitine  -0.80 o fi HMDB02250
trans-2- )
11 37020507 4840~ a003  uzs0  menpr  TEtadecenoylcamnitine o, o i HMDB13329
46.90 or cis-5- oS

Tetradecenoylcarnitine

285




49.70 -

trans-Hexadec-2-enoyl

o
/VW\/\/\A\)J\U/&"“W’

12 39832598 oo 3983  50.80  [M+H] . -1.28 HMDB06317
13 42434187 2090 4043 5100 [M+npr  Linoleylcamitineor o, }—& ) HMDB06461
51.40 isomers
Y
g o
14 42635725 2390 uog4  sas0  menp Oleoylaamitineor o o - s HMDB05065
54.10 isomers NN Y
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49.00 -

7 alpha-Hydroxy-3-

N
15 431.31472 49.50 431.3 50.10 [M +H] oxo-A-cholestenoate -2.02 HMDB12458
LysoPE(0:0/18:2(92,12
48.50 - Z)) or L
16 478.29269 49'00 478.3 49.50 [M+H]" LysoPE(18:2(9Z,12Z)/0 -0.26 vaawm*@(\?\f““ HMDB11477
' :0) o
48.20 - + .
17 482.32383 48.70 482.3 49.30 [M +H] LysoPC(15:0) -0.59 . ) HMDB10381
' N O \/;<\(\\"iw A
4730 - + . L Yo~
18 494.32440 47.90 494.3 48.30 [M +H] LysoPC(16:1(92)) 0.57 SIS O HMDB10383
49.50 - +  LysoPC(16:0) isomer oy
19 496.34060 49.80 496.3 50.60 [M +H] (branched) 1.67 e HMDB10382

287




50.30 -

20 49633767 .00 4964 5140 LysoPC(16:0) -4.23 e HMDB10382
LysoPE(0:0/20:4(5Z,8Z
117,142)),
LysoPE(0:0/20:4(82,11
2,142,172)),
48.60 - LysoPE(20:4(52,82,11 S
21 50229305 oo 5024  49.00 Z7,142)/0:0) or 0.47 SUNSNSNINP, S HMDB11487
' LysoPE(20: '
4(82,11Z,14Z,172)/0:0
)
22 508.37562 2538 508.4  53.30 LysoPC(P-18:0) -1.05 R HMDB13122
52.60 - . PR,
23 51035492 oo 5104  53.70 LysoPC(17:0) -0.98 A s K HMDB12108
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49.50 - [M 0)i - /W\/\/\/M Sl
24 518.32156 ,0'00 518.3 50.60 +Nal* LysoPC(16:0) isomer 0.32 /4 HMDB10382
25 51832248 290" 5183 51.40 [M LysoPC(16:0) 1.55 S HMIDB10382
' 50.90 ' : +Na]* y : : SIS
48.60 - R : A PNt
26 520.33798 o' 520.3 4900 [M+H]" LysoPC(18:2(9Z,127)) -3.45 a HMDB10386
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51.30 - +  LysoPC(18:1(92)) or Y,

27 522.35552 5190 522.4 52.40 [M +H] LysoPC(18:1(112)) 0.20 7~ HMDB02815
55.00 - + LysoPC(18:0) or N N N N a0

28 524.37206 55 60 524.4 55.20 [M +H] LysoPC(0:0/18:0) 1.90 HMDB10384
- AN /\)LD/ '\QS\’\/ S

29 542.32191 iggg 542.6 49.00 +|[\||\2]+ LysoPC(18:2(92,122))  0.37 ST HMDB10386
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LysoPC(20:4(52,8Z,11

48.70 - + Z,147)) PO SR
30 544.34029 49.20 544.6 49.74 [M +H] LysoPC(20:4(8Z 0.95 —-w 7/~ HMDB10395
,112,142,172))
51.30 - M LysoPC(18:1(92)) or DO | Y
31 544.33744 51.90 544.6 52.40 +Na]’ LysoPC(18:1(112)) 0.14 O . HMDB02815
LysoPC(20:3(52,8Z,11
50.20 - + Z)) or —
32 546.35509 50.70 546.7 51.20 [M +H] LysoPC(20:3(82,11Z,1 -0.60 HMDB10393
42))
55.00 - [M LysoPC(18:0) or i L Y
33 546.35288 5560 546.8 56.10 +Na]’ LysoPC(0:0/18:0) 0.26 S A HMDB10384
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34

782.56595

63.30 -
64.00

782.7

63.30

[M +H]"

Any of
PC(14:0/22:4(72,10Z,1
32,162)),
PC(16:0/20:4(52,82,11
Z,142)),
PC(16:0/20:4(82,117,1
42,172)),
PC(16:1(92)/20:3(5Z,8
Z2,112)),
PC(16:1(92)/20:3(82,1
17,147)),
PC(18:0/18:4(62,92,12
Z2,152)),
PC(18:1(112)/18:3(6Z,
97,127)),
PC(18:1(112)/18:3(9Z,
127,157)),
PC(18:1(92)/18:3(6Z,9
Z2,122)),
PC(18:1(92)/18:3(97,1
27,157)),
PC(18:2(92,127)/18:2(
97,127)),
PC(18:3(62,92,127)/18
:1(112)),
PC(18:3(62,92,127)/18
:1(92)),
PC(18:3(92,127,152)/1
8:1(112)),
PC(18:3(92,127,152)/1
8:1(92)),
PC(18:4(62,92,122,15
2)/18:0),
PC(20:3(52,82,117)/16

-4.45

HMDBO07889
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:1(92)),
PC(20:3(82,11Z,14Z)/1
6:1(92)),
PC(20:4(52,8Z,11Z,14
2)/16:0),
PC(20:4(8Z,11Z,14Z,1
72)/16:0),
PC(22:4(72,10Z,13Z,1
62)/14:0)
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Table A6-3 Results from database searching of urine metabolite features using reaction = 1. MS/MS spectral interpretation was done to

putatively identify structure.

RT

Feature  Accurate m/z RT (min) m/z (min) lon . Error

ID # TOF TOF QTRAP QTRA  Type RS (ppm) UG
P

1 156.13807 35.80 - 36.30 155.9 36.37 [M+H]" Gabapentin — O -1.4

Picolinic acid +
2 181.06001 5.80 - 6.30 181.2 6.35 [M+H] C,HsNO (glycine) -4.2 \)k
or isomer

—(

0,
HQNE§CH3
~ .
/ H OH
[0
[e)
3 18812758  10.70-11.20 1882  11.00 [M+HJ* N'Ace%'k"e”c'”e* 2.9 .
2
HO
) NH,
O
NH
[e]

4 10008581  16.70-17.90 1903  17.45 [M+H]' N-Acetyl-L- 238 3
phenylalanine - H,0O \
5 191.10706  30.80-31.30 1911 3116 [M+H]' C“m'gaﬁegyd“ 2.12
2012 H
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3-Succinoylpyridine +

6 19408110  22.10-23.00 1942 2249 [M+H]' on -0.36 | N
2 / OH
N
(+)-(1R,2R)-1,2- O
7 197.09607  47.00-47.60 1972  47.74 [M+H]' Diphenylethane-12-  -0.09
lel _ Hzo HO e Q
[e]
8 200.12830  33.60-3410 2002 3421 [M+H]' Capry'oyng'yc'“e T 088 W(\)k/\/\/\
2 H
o
OH
5_
9 220.06023 26.30 - 26.80 220.2 26.36 [M+H]" Hydroxyindoleacetic  -0.94 HO W
acid + CO A\
u [¢]
j}\
10 23202726  6.40-7.00 2321 729 [M+H]" Acetaminophen+SO; -0.72

OH
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[e) OH
25.80 - 26.40 + Benzoic acid +
11 266.13904 2661 2608 [M+H o iy 132 o/&m““
(o)
12 27218492  20.80-3030 2722 3058 [M+H]®  glcamitine + o, oo i .
C,H, or isomer N*(GH).
AN . .
(o)
13 27218453  30.90-3140 2721 3161 [M+H]f  gllcamitine + o, g i .
C,H, or isomer N*(CHa).
AN 0 o
14 27322063  41.90-42.40 2732 4238 [M+H] A”dm?;gmr' Haor 547 Q&b
HO
OH
15 28719942  36.20-36.80 2872  36.82 [M+H]® cowosterone-Hor o, )

isomer
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2,6 dimethylheptanoyl

[e]
16 30021738  36.70-37.20 3001  37.21L [M+H]"  canitine - Hyor 1.50 i >
isomer AN . N*(CHy)s
[e]
17 302.19765  27.80-28.40 3022 2850 [M+H] 2-Octenoylcamitine+ o, o o on
O or isomers
M)L N'(GHa)s
O
3-Hydroxyoctanoic
18 304.21057 30.90 - 31.30 304.1 31.51 [M+H] acid + C;H;3NO, -4.21 oH 0 oH
(carnitine) or isomer M N(CHo,
6-Keto- o on
19 316.21114 30.30 - 30.80 316.1 31.01 [M+H]" decanoylcarnitine - -2.23 )
CH, or isomer 0 et
11beta- .
20 319.19112 41.70 - 42.20 319.2 4219 [M+H]" hydroxyprogesterone 2.31
- CH, or isomer
o
2-trans,4-cis-
21 328.21054 30.00 - 30.50 328.1 30.26 [M+H]" Decadienoylcarnitine  -3.99 OH
+ O or isomer 9 OH
\ \ N*(CHg)3
(¢)
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22

328.21181

32.60 - 33.10

328.2

33.23

M+ H]"

2-trans,4-cis-
Decadienoylcarnitine
+ O or isomer

-0.12

o
OH
o OH
\ \ N*(CHs)3
(¢)

23

328.24671

39.70 - 40.30

328.2

40.29

M+ H]"

4,8 dimethylnonanoyl
carnitine -H, or
isomer

-4.70

24

328.24889

40.90 - 41.30

328.2

41.28

[M+H]

4,8 dimethylnonanoyl
carnitine -H, or
isomer

1.96

25

328.24842

41.70 - 42.00

328.2

41.95

[M+H]

4,8 dimethylnonanoyl
carnitine -H, or
isomer

0.51

N*(CHy)4

26

332.20657

29.40 - 30.00

332.2

30.23

[M+H]

Nonate + C;H;5NO,
(carnitine)

-0.57

(e}
(o] OH
HO. N*(CH3)3
O
O
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9-Decenoylcarnitine +

27 342.22799 31.90 - 32.40 341.9 3258 [M+H]" co 1.42 o o oH
\/\/\/\)k)ko (CHy),
+ Decenedioic acid + o OH
28 344.20615 30.90 - 31.40 344.2 3137  [M+H] C,H1sNO, (carnitine) -1.79 HO\’(\/\/\/\)[\ .
3-Hydroxy-5, 8-
29 356.24373 34.80 - 35.30 356.2 3535 [M+H]" tetradecadiencarnitine  1.62 oH o oH
- C,H, or isomer /\/\/\/\MO N*(CHy)s
3-Hydroxy-5, 8-
30 356.24265 37.20-37.70 356.4 37.62 [M+H]" tetradecadiencarnitine  -1.43 oH o oH
- C,H, or isomer /\/\/\/\MO N*(CHy)s
3-Hydroxy-5, 8-
31 356.24375 38.50 - 39.10 356.1 38.92 [M+H]" tetradecadiencarnitine  1.65 oH o oH
- C,H, or isomer WO N*(CHy)s
trans-2-
32 356.27859 44.90 - 45.40 356.3 4527 [M+H]" Dodecenoylcarnitine  -2.64 9 or
+ CH, or isomer Mo N'(CHs
33 35822209  32.30-3310 3582 3297 [M+H] O-Decenoylcamitine+ -, o) o o /&
CO, or isomer w !
HO’ / ) e
trans-2-
34 358.25828 36.20 - 36.90 358.2 36.71 [M+H]" Dodecenoylcarnitine  -1.48

+ O or isomer

OH o OH
/\/\/\/k/\/\k N*(CHg)3
> o
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trans-2-

35 358.25867 38.80 - 39.30 357.8 39.27 [M+H]" Dodecenoylcarnitine  -0.40 oH o oH
+ O or isomer /\/\/\)\/\/U\ N'(CHal
HO OH
Cortisol + H,or Ho o
36 365.23186 35.20 - 35.70 365.1 3572 [M+H] isomer -1.05
]
[¢]
N o
M+ 6,7-Dimethyl-8-(1-D- O/J\N/ N "
37 377.10623 28.10 - 28.50 377.2 28.01 Na]* ribityl)lumazine + CO  -1.57 oH
or isomer
OH
HO'
OH
trans-2-
38 386.25346 35.80 - 36.30 386.2 36.36 [M+H]" Dodecenoylcarnitine  -.070 0 2 on
+ CO; or isomer " )J\/\/\/\/\/\)J\O (et
3-Hydroxy-5, 8- i
39 400.26951 34.70 - 35.20 400.2 3522 [M+H]" tetradecadiencarnitine  0.34

+ O or isomer
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Deoxycholic acid
glycine conjugate - H,

40 448.30556 40.70 - 41.30 448.3 41.16 [M+H] . -0.42 on
or isomer
e OH
HO. OH
11beta-
M + Hydroxyprogesterone Ho
41 531.22010 43.60 - 44.10 531.3 44.05 Na]* + CgHgOg (glucuronic ~ 0.05

acid) or isomer
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Table A6-4 Results from database searching of plasma metabolite features using reaction = 1. MS/MS spectral interpretation was done to

confirm structure

Feature Accurate m/z RT range m/z (5;[]) lon type Putative 1D error Structure
ID # TOF (min) TOF  QTRAP QTRAP (ppm)
) . (+)-(1R2R)-1,2- O
1 197.09619 46.70 - 47.20 197.1 47.90 [M +H] Diphenylethane-1,2-diol — H,0 0.51 .
HO i Q
2 300.21627 35.20 - 35.70 300.1 36.00 [M +H]" 2-Octenoylcarnitine + CH, -2.20 \/M /&
\ o N*(CHy):
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3 31020077  36.10-36.70  310.1 36.90  [M+H]' Decadi'r:g;zﬁ'n"i'fihe ’ -1.65 L
— 2 o OH
N . N'(CHy)s

2-trans,4-cis- o
4 310.20088 35.00 - 35.50 310.2 35.90 [M+H]"  Decadienoylcarnitine (isomer)  -1.65 \
_ H [e] OH
2 N \ o N*(CHa)3

trans-2-Dodecenoylcarnitine —

il 031 POPPU )ik

5 328.24815 40.50 - 40.90 328.2 41.30 [M +H]"
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(R)-3-Hydroxydecanoic acid +

6 33224270  36.30-36.80 3322  37.00 [M+H[' oxyeece 137 I ﬁ
7 356.27946  44.40-4480 3562 4530 [M+H]t  rans-2-Dodecenoylcamitine g :
(or isomers) + CH, oSN -
8 35825860  39.10-39.60 3582 3990 [M+H]f  S-Oxododecanoicacid (or -, 5, S
isomers) + carnitine PO S o
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Medroxyprogesterone + H,0O

-2.19

11

9 36325210  34.80-3540 3632 3560  [M+H['
10 43231057  41.80-4230 4323 4270 [M+H]F  Deoxycholicacidglycine g
conjugate (or isomer) —H,0
48031027  51.10-51.60 4803 5270  [M+H[* LysoPC(15:0) — H, 7 AR .

305



12 48235911  51.20-51.70  482.3 5230  [M+H]" LysoPC(0-18:0) — C,H, -2.87 AT
13 512.33418  40.40-41.00  512.4 4130  [M+H]® LysoPC(16:1(92)) + H,0 097 L 30K
14 512.33418  47.00-47.50  512.3 4810  [M+H]® LysoPC(16:0) + O 099 A S0
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Table A6-5

putatively identify the structure.

Results from database searching of urine metabolite features using reaction = 2. MS/MS spectral interpretation was done to

. RT
Feature Accurate m/z RT (min) m/z . lon . Error
(min) Putative ID Structure
ID # TOF TOF QTRAP QTRAP Type (ppm)
1 192.09865  6.10-6.60  192.2 628 [M+H]' L'H'St'dl'_|“%+ HO+ 401 {IU‘\
2
NH,
5-Phenylvaleric acid
2 336.21741 36.90 - 37.40 336.1 37.44 [M+H]" +CH,+ C;H;3NO, 1.42
(carnitine) —
Perillyl alcohol +
3 338.23302 38.50 - 39.00 338.1 39.03 [M+H]" C,H,0+ C;H;3NO, 1.28

(carnitine)

9 OH
T@M o
o
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