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Abstract

Today, several specific and targeted analyses are used for detection of different chemical
compounds and diagnostics of inborn errors of metabolism (IEMs). Metabolomics, an
untargeted analytical approach, has been used as a supplement to established targeted analytical
approaches in diagnostic laboratories for more effective diagnostics of IEMs. However, little is
known regarding the quantitative performance of metabolomics, and a higher level of
confidence is needed for metabolite identification. A metabolomics method that is well suited
for easily accessible biological materials e.g. urine and plasma is an advantage. The aim of this
study was to evaluate the quantitative and qualitative performance of the established
metabolomics method HPLC — ESI — Q Exactive Orbitrap MS studying amino acids and amino
acid related compounds, diagnostic markers, in urine and plasma samples. Almost all the
selected compounds were identified with level 1 identification, the highest level of confidence,
using the in-house library that was created in this thesis. The in-house library will be used for
identification of amino acids and related compounds in future metabolomics studies. The
metabolomics method is a useful diagnostic tool, as the diagnostic metabolite PEA, which is
not quantified by established targeted methods in the diagnostic laboratory of IEMs at Oslo
University Hospital — Rikshospitalet, was successfully detected. The precision of the
metabolomics method was good for most of the selected compounds in urine and in plasma
(retention time <2%, and peak area <30% RSD). Urinary metabolites were normalized to
creatinine concentration, and the correlation between amino acid peak area from metabolomics
and measured concentration ratios from targeted analyses was found. The correlation was better
in samples diluted to 0.1 mM creatinine than to higher creatinine concentrations, and
approximately linear. This correlation was also found comparing diagnostic markers for
cystinuria in normal urine samples to a pathologic sample, and in samples spiked with different
concentrations of PEA representing normal samples and HPP. However the qualitative
performance of the metabolomics method was better when urine samples were diluted to 2 mM
creatinine. Furthermore, several of the selected compounds were affected by chromatographic
matrix effects, ion suppression or ion enhancement in plasma. Less variation was found in
plasma samples than in urine samples. This study showed that metabolomics is a useful tool for
diagnostics of IEMs, e.g. HPP and cystinuria, but it is important to remember that at higher

matrix concentrations, matrix effects can cause false positive and negative results.



Sammendrag

| dag brukes flere spesifikke malrettede analysemetoder for deteksjon av ulike kjemiske
forbindelser og diagnostikk av medfgdte metabolske sykdommer. Metabolomikk — en ikke-
malrettet analytisk metode har veert et nyttig supplement for en mer effektiv diagnostisering av
medfedte metabolske sykdommer. Lite er kjent for hvor kvantitativ metabolomikk kan veere,
og en hgyere grad av sikkerhet er nedvendig for identifisering av metabolitter. En
metabolomikkmetode som er godt egnet for studier av urin og plasma er en fordel da disse
biologiske materialene er lett tilgjengelige. Hensikten med denne studien var a evaluere den
kvantitative og kvalitative evnen til metabolomikkplattformen for studier av aminosyrer og
aminosyre-liknende forbindelser, som er diagnostiske markarer, i urin og plasma. Omtrent alle
de utvalgte forbindelsene ble identifisert med niva 1 identifisering, det hgyeste nivaet av
sikkerhet, ved bruk av internbiblioteket som ble laget. Dette biblioteket vil bli brukt for
identifisering av  aminosyrer og aminosyre-liknende forbindelser i fremtidige
metabolomikkstudier. Metabolomikkmetoden er et nyttig diagnostisk verktgy da den
diagnostiske markgren fosfoetanolamin (PEA), som ikke kvantiteres med de malrettede
metodene som brukes pa Oslo Universitetssykehus — Rikshospitalet i dag, ble detektert.
Metabolomikkmetoden viste god presisjon for de fleste av de studerte forbindelsene i urin og
plasma (retensjonstid <2 %, og toppareal <30 % RSD). Metabolitter i urin ble normalisert til
kreatininkonsentrasjonen og sammenhengen mellom aminosyrenes toppareal fra metabolomikk
og konsentrasjonsratioene fra malrettede analysemetoder ble funnet. Sammenhengen var bedre
nar urinprgvene ble fortynnet til 0.1 mM enn 2 mM kreatinin. Denne sammenhengen ble ogsa
funnet for de diagnostiske markgarene til cystinuri i normale urinprgver og en patologisk preve,
og for prgver som ble spiket med ulike konsentrasjoner av PEA for & representere normale og
HPP-prgver. Den kvalitative evnen til metabolomikkplattformen var bedre nar urinpragver ble
normalisert til 2 mM kreatinin. Videre viste det seg at flere av forbindelsene ble pavirket av
kromatografiske matrikseffekter, ionesuppresjon, eller ioneforhgyelse i plasma, men at det var
mindre variasjon i plasmaprgver enn i urinprgver. Denne studien viste at metabolomikk er et
nyttig verktey i diagnostikk av medfadte metabolske sykdommer, som HPP og cystinuri, men

at for lite fortynnede matrikser kan gi falske positive og negative resultater.
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1. Introduction

1.1 Metabolites and metabolism

Metabolites are small chemical compounds (usually <1500 Da) e.g. carbohydrates, nucleotides,
lipids, and amino acids that are the starting point, intermediates in, or end points of a diverse
range of biochemical reactions and pathways. Many are also used for energy production in the
cells (1). These are metabolic processes catalyzed by various enzymes regulated by specific
genes. Metabolic processes are highly regulated, but defects in genes or enzymes involved in
these processes may cause diseases and, in worst case scenario mortality in humans at a young
age if not treated (2, 3). The metabolome can be defined as all the metabolites present in a cell,
or in a biological sample. Metabolomics is biochemical profiling, and the study of all the

metabolites in a biological sample (4).

1.1.1 Amino acids and related compounds

Amino acids are building blocks in proteins and peptides, and some are precursors to
biomolecules like lipids, nucleic acids, and hormones. Amino acids are chiral compounds that
typically consist of an amino group, a carboxylic acid group, and a functional group (R group).
As such, amino acids can exist as enantiomers, called levorotatory (L) isomers or dextrorotatory
(D) isomers, whereas proteins only consist of L isomers (5, 6). Furthermore, amino acids can
be classified by the localization of the amino-functional group dependent on which carbon atom
the amino group is attached to, e.g. a-, -, y-, or 8-amino acids. Other classifications of amino
acids can be related to polarity, the types of chemical groups in their side chains, pH level, or
they can be different isoforms (7). The ionization state of amino acids varies with pH according
to the pKa value and the partition Coefficient P (Log P) value, which describes the polarity and
thereby affects the solubility in water (5, 8).

Essential amino acids cannot be generated in the body and must be supplied by the diet.
Nonessential amino acids can be synthesized de novo in adequate amounts in the body with
optimal requirements and are encoded by the genetic code. There are 22 amino acids involved
in protein synthesis, but there are other amino acids with regulatory importance e.g. regulating

gene expression, transcription, translation, post-transcriptional modifications, protein turnover,



reproduction, cell signaling, or they may have immune functions (9). Some amino acids are
also involved in synthesis of hormones. One example is phenylalanine, which breaks down to
tyrosine and further to dopamine, melanin and thyroxine (10). Chemical compounds with
almost the same properties as amino acids, amino acid related compounds, are often studied in
the same way as amino acids. Creatinine is an endogenous amino acid derivative, and an

example of such an amino acid related compound.

Creatinine

Creatinine, a spontaneous biproduct in creatine metabolism in muscles and kidney is excreted
in urine and plasma. Creatinine has several applications in clinical chemistry. There are some
factors that can affect the creatinine concentration e.g. muscle mass, gender, diet, age, physical
activity, and menstrual cycle. Since urinary creatinine excretion rates are relatively constant for
an individual, creatinine has been used as a marker to reflect the overall concentration of urinary
metabolites for normalization of data obtained from urine samples (11-13). Creatinine is also
used as a diagnostic serum marker for acute kidney injury in serum, as well as for chronic renal
failure (14).

1.2 Inborn errors of metabolism

A protein is encoded by genes that are segments of hereditary deoxyribonucleic acid (DNA)
and where genetic information is stored and decoded to transcribe messenger ribonucleic acid
(mRNA). mRNA is translated into polypeptides that subsequently form proteins (15). Inborn
errors of metabolism (IEMs) are genetic diseases where the production or the function of an
enzyme in a biochemical pathway, transport protein, or other functional protein is defect (16).
This is the result of DNA mutations (17). In such metabolic diseases intermediate metabolites
may pile up to toxic levels, or downstream metabolites are not produced in sufficient quantities.
Figure 1. 1 is a hypothetical metabolic pathway, and shows that a defective enzyme from a
mutated gene leads to accumulation of the substrate (D) and lower levels of an important
metabolite product (E). Furthermore, the accumulation of D might lead to new metabolites (D)

that might also be toxic. The arrows illustrate enzymes.
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Figure 1. 1: Hypothetical metabolic pathway with an enzyme defect. The figure is an illustration of a hypothetical
metabolic pathway occurring when an enzyme (arrows) converts one metabolite to another in a series of

biochemical reactions. A genetic disease can lead to a defect enzyme and can lead to accumulation of upstream

metabolite(s) (D) in the biochemical pathway, and low levels of downstream metabolite(s) (E).

Over 1000 IEMs have been identified (18) and the cumulative incidence has been estimated to
be 1 in 2500 (19), which makes them collectively common and cause a significant level of
pediatric morbidity and mortality, even though each IEM is individually rare.
Hypophosphatasia (HPP) and cystinuria are two IEMs that have been characterized with
specific biomarkers identified (2). There are two analytical approaches used for identification
of diagnostic biomarkers or metabolites. These are targeted analyses and metabolomics
(“untargeted” or “global” analytical approach). Targeted analyses are used in clinical
laboratories to measure and quantify one or a few specific metabolites, while metabolomics aim
to detect and identify as many metabolites as possible in a biological sample, both known and

unknown compounds (20).

1.2.1 Hypophosphatasia

HPP is a heterogeneous disease that can occur at birth in young infants as a life threatening
disease, or in young adults. The clinical symptoms vary with bone mineralization, seizures and
hypercalcemia in infants, and premature exfoliation of the teeth in younger adults. HPP is
caused by mutations in the ALPL gene, which encodes the enzyme tissue non-specific alkaline
phosphatase (TNSALP), resulting in decreased enzymatic activity of TNSALP and thereby
increased levels of its substrates inorganic pyrophosphate (PPi), pyridoxal-5-phosphate (PLP)



and phosphoethanolamine (PEA), a polyprotic acid and derivative of the amino acid

ethanolamine (21).

1.2.2 Cystinuria

Cystinuria, an autosomal recessive disorder, can become clinically evident at any age. It is
caused by a transepithelial transport defect of the di-basic amino acids cystine, lysine, ornithine,
methionine and arginine, resulting in an increased excretion of these amino acids and crystal
formation of cystine in urine. Therefore, the symptoms of cystinuria are related to stone
formation, and include pain, hematuria, lower urinary tract symptoms, and urinary tract

infection. Symptoms often appear in childhood or early adulthood (22-24).

1.3 Diagnostic practice for inborn errors of metabolism

The section for IEMs located at the Department of Medical Biochemistry at the Division of
Laboratory Medicine at Oslo University Hospital — Rikshospitalet is a part of the Norwegian
National Unit for Screening and Diagnostics of Congenital Pediatric Metabolic Disorders.

Urine, blood, and cerebrospinal fluid samples are studied to detect these diseases (25).

The outlook for the patient with a diagnosed IEM depends on early diagnosis and quick
institution of effective treatment (26, 27). A quick diagnosis can therefore prevent the
development of serious illness and initiate early treatment with right medication(s) and specific
diet. Some IEMs may not show any signs until later in the childhood or adulthood. Therefore,
several IEMs are included in Newborn screening (NBS) programs (27, 28). The Unit for
Newborn Screening at Oslo University hospital — Rikshospitalet is a national service for
screening of newborns in Norway, where all newborns in Norway are screened for 25 IEMs
since 2012 (29). Newborn Screening aims to identify apparently healthy infants with severe
congenital disorders that can be partly prevented and followed up regularly or treated by
identifying metabolites in abnormally high or low concentrations in a dried blood spot (DBS).
The IEMs that are included in this program are determined by The World Health Organization
(WHO) Wilson-Junger criteria (28, 30). If other IEMs are suspected, patients are diagnosed at
the section for IEMs at Oslo University hospital — Rikshospitalet (31).

Diagnostics of IEMs can be challenging because of the non-specific list of clinical symptoms.

The diagnostics depend on clinical observations and phenotypes, laboratory analyses,



radiological imaging, and family history, which will narrow down the long list of possible
IEMs. A series of several investigations are performed, which may range from basic clinical

tests to more complex diagnostic methods at gene, protein, or metabolite level (32).

Clinical examination and initial analyses, in addition to family history and similar disorders in
close family or neonatal deaths, can give an indication of an IEM. The clinical examination
includes hepatosplenomegaly, skin lesions, and neurologic deficits to name a few on a very
long list. General laboratory investigations are performed, e.g. complete blood cell count,
comprehensive metabolic panel like liver and kidney function, electrolytes and uric acid, or
urine pH, color, odor, specific gravity, ketones and urine-reducing substances. If the clinical
symptoms are non-specific a range of screening analyses and a selection of more advanced

diagnostic methods are used (27, 32).

Analysis of metabolites and the metabolome in biological samples e.g. urine, plasma, and
cerebrospinal fluid is an important diagnostic tool. Amino acid analysis in several biofluids,
organic acids in urine, carnitines and acylcarnitines in DBS, plasma or urine are some of the
groups of chemical compounds that are analyzed. In addition to clinical testing and metabolite
detection, enzyme analysis on the tissue in which the enzyme is expressed is often used to
validate metabolic disorders. Different and specific targeted analyses are used to analyze all the
different classes of chemical compounds representing the metabolome, and to quantitatively
detect the concentration and the presence of metabolites used as biomarkers. The different
analytes and analyses require different sample preparation methods. The quantitatively
measured concentrations are compared to established reference ranges (33). Lately,
metabolomics is incorporated as a diagnostic tool for screening of multiple metabolites in a
sample and thus facilitates more effective diagnostics (32, 34). Figure 1. 2 illustrates the
difference between metabolomics and targeted analytical approaches for studies of the
metabolome. While targeted analyses include selection of appropriate biomarkers and sample
preparation for analysis, metabolomics is a screening method for metabolites where the total
ion chromatogram (TIC) represents the whole metabolome, and extracted ion chromatograms

(EICs) for specific metabolites are filtered out based on the exact mass-to-charge ratio (m/z).
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Figure 1. 2: Metabolomics versus targeted analyses for studies of the metabolome. An illustration of the
difference between metabolomics and targeted analyses for studies of the metabolome. Targeted analyses include
selecting the appropriate biomarkers and sample preparation for diagnostics and analysis. Metabolomics is a
screening method for metabolites. The TIC represents signals from the whole metabolome and EIC for specific

metabolites are filtered out based on the exact m/z.

For many diseases, genotyping of the patient is important to get information about the alleles
for a specific gene, and to find mutations. This helps to diagnose the patient and is supported
by the clinical symptoms and biochemical findings. Genetic alterations that can cause IEMs are

missense or nonsense mutations, and small or large deletions or duplications. Different



polymerase chain reaction (PCR)-based techniques, DNA sequencing by capillary
electrophoresis and next generation sequencing techniques are used to detect different types of

mutations (32).

1.3.1 Diagnostics of hypophosphatasia

HPP can be diagnosed by the occurrence of a genetic defect in the ALPL gene by sequencing.
The diagnostic markers for HPP can also be studied to confirm the diagnosis. These are reduced
levels of TNALP in blood and elevated levels of PEA (21). However, the method and
equipment used today at Oslo University Hospital — Rikshospitalet cannot detect PEA and is
therefore not used as a diagnostic marker. The urinary excretion of PEA depends on age, and
there is a higher excretion in newborns than in children from 3 years and older (35). Individuals

with HPP have been reported with PEA values >100 umol/mmol creatinine (36, 37).

1.3.2 Diagnostics of cystinuria

Family history of cystinuria and the presence of cystine crystals in urine raise suspicion for
cystinuria. The diagnosis is established by analysis of cystine crystals in urine by helical
computed tomography (CT) or ultrasound, and a qualitative cyanide-nitroprusside test. The
diagnostic biomarkers for cystinuria are elevated levels of cystine, lysine, ornithine,

methionine, and arginine in blood and urine, and are used to confirm the diagnosis (22, 24).

1.3.3 Targeted methods in clinical laboratories

There are a variety of analytical techniques used in targeted analysis, including liquid
chromatography tandem mass spectrometry (LC-MS/MS), gas chromatography-mass
spectrometry (GC-MS), capillary electrophoresis, ion pair chromatography, and nuclear
magnetic resonance (NMR) dependent on the analyte of interest. To assess the most suitable
technique relies on correct selection of specific analytes for the individual patient, which
depends on relevant clinical information provided by the clinician to the metabolic laboratory.
There is a risk of false negatives due to the incomplete description of the symptoms of the
patient. In targeted analyses for IEMs the goal is to provide quantitative information of the
selected metabolites. Therefore, measured concentrations are compared to established reference
ranges that are used in conjunction with formal calibration, validation, internal standards and

quality controls, to provide good sensitivity and specificity (38-40). However, these analytical



techniques give little information of other parts of the metabolome, the biochemical reaction

paths and how these are affected (33).

1.4 Metabolomics — the untargeted analytical approach

Metabolomics is the study and discovery of all metabolites in a biological sample that are <1500
Da, and is a relatively new “omics” strategy in biomedical research for discovery of diagnostic
biomarkers for diseases like IEMs (40, 41). Metabolomics can be referred to as biochemical
profiling, global or untargeted analytical approach (4). This analytical method gives a metabolic
profile and makes it possible to study how other factors affect the metabolome, generating a
fingerprint characteristic for a biological sample. Gertsman et al. (33) describe metabolomics
as a “discovery mode process” for research because the bottleneck of metabolomics is to

identify known, but also unknown features.

As Kim, S.J., et. al. reviewed (40), different techniques is used in metabolomics e.g. LC-MS,
GC-MS, and capillary electrophoresis/MS. For small and volatile metabolites GC-MS is a
preferred method. However, GC-MS requires thermally stable analytes and derivatization
introduces variability and derivatization artifacts. LC is the dominating separation technique
for reduction of complexity prior to detection. Therefore, a broader range of polarity and a
broader range of metabolites can be identified (42-44). LC-MS gives high sensitivity, increased
versatility and a higher metabolite coverage to be identified, compared to NMR used in targeted
analyses (45). For maximum coverage, optimal sample preparation and high resolution mass
spectrometer e.g. Orbitrap MS and statistical and bioinformatic analysis is crucial. This allows
the accurate mass of metabolites to be determined. It is not yet established to which extent

quantitative analyses can be performed using metabolomics (40, 45).

1.4.1 Metabolomics workflow

The metabolomics workflow includes sample preparation of biological samples, data
acquisition, data processing, metabolite identification, and data interpretation. Figure 1. 3 is an

illustration of how the metabolomics workflow can look like.



Biological sample |:> Sample preparation |:> Data acquisition
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Figure 1. 3: Metabolomics workflow. The figure illustrates what the workflow in a metabolomics study can look

like. A sample preparation of the biological sample is done before data acquisition on the instrument, data is

processed, metabolites are identified or detected, and lastly data is interpretated.

Sample preparation is performed to minimize experimental error and for removal of compounds
that can interfere with signals from metabolites in the sample. The extraction method is chosen
in accordance with the analytical platform, and the sample preparation varies with the biological
sample studied. In many cases, data acquisition starts with chromatographic separation of
metabolites, before detection. The massive amount of data collected in metabolomics is then
processed in software programs, and is also corrected for mass and retention time shift.
Depending on the aim of study, there are a variety of statistical methods for data processing
that can be used in the discrimination process and classification of metabolites. For better level
of confidence in metabolite identification, the signal peaks are, if possible, aligned to chemical
standards and fragmentation spectra from an in-house library. Lastly, there is data interpretation
that often includes finding a correlation between data, or significant differences in the

metabolome of two or more groups of individuals (46).

1.4.2 Liquid Chromatography-Mass Spectrometry

LC-MS has become a common technique for data acquisition in metabolomics studies so that
a broad range of metabolites can be detected (47, 48). The high-efficiency separations with LC
coupled to the sensitive and selective MS as a detector with accurate mass measurements

provides high metabolite coverage (33, 49).



Liquid Chromatography

In LC, the equilibrium of analyte between the mobile phase and stationary phase leads to
separation based on the chemical properties e.g. solubility, polarity and structure of the analyte
and determines the retention time. The retention time is the time an analyte needs to travel
through the chromatographic column and is one of the parameters that can be used for
identification of metabolites. Other factors e.g. mobile phase, flow rate, column dimensions,
back pressure, particle technology, particle size, and temperature can affect the
chromatographic separation. The column material is packed into a chromatographic column.
Pentaflourodiphenyl, octadecyl carbon chain 18 (C18), octadecyl carbon chain 8 (C8), and C18-
bonded silica particles are examples of reverse phase colum materials, while normal phase
column materials often contain silica, amino or cyano groups (33, 50-52). Separated metabolites
from the chromatographic column are presented in a chromatogram, a graph where the detector
response is plotted against the retention time in minutes. The detector response, or signal peak
data are assumed to be Gaussian normally distributed and can therefore be characterized by the
mean and standard deviation (SD) (33, 47, 53, 54).

High Performance Liquid Chromatography

High performance liquid chromatography (HPLC) uses high pressure to force the mobile phase
through the column that contains fine particles and gives high resolution separation. The HPLC
system consists of a sample injection valve, a pump system, a chromatographic column, a

degasser and a detector. Figure 1. 4 is an illustration of the HPLC system.

Mobile phase

(] ™

= Detector
Data setup and Analytical column Injector
computing Pump
Sample

Figure 1. 4: The high performance liquid chromatography system. The HPLC system consists of a sample
injection valve, a pump system, an analytical column, a degasser, detector and a computer for data setup and

processing.

10



The sample is injected through a sample injection valve, blends into the mobile phase and is
pumped by a pumping system throughout the system with constant flow. The mobile phase
leads the sample into a chromatographic column for separation. For increased separation
efficiency and separation of complex samples, a gradient elution can be used by changing the
mobile phase composition throughout the analysis. After separation, the chemical compounds
are sent to the detector and the signal is computed. A degasser in the HPLC system removes
dissolved gas like oxygen in the mobile phase to prevent reaction with the mobile or stationary
phase (53, 55, 56).

Manufacturers usually offer chromatographic columns with an inner diameter of 1-5 mm,
column length between 3-30 cm, and typical particle size 1.7-5 um in diameter. The efficiency
of the column increases as the size of the stationary phase particle decreases. The entrance to
the main part of the column is protected with a guard column containing the same stationary
phase as the main column, and increases the lifetime of the column. Stationary material depends
on the components it is desired to separate, but most used HPLC technique is reversed phase
LC with non-polar stationary phase material and polar mobile phase. Ultra-high-performance
liquid chromatography (UHPLC) provides better chromatographic separation because the
particle diameter can be less than 2 um (53). For highly polar and ionic compounds hydrophilic
interaction liquid chromatography (HILIC) is better suited. However, the disadvantage of
HILIC is the high consumption of organic solvent like acetonitrile, and unsuitable performance.
It has been reported that UHPLC therefore is a good alternative (45, 56-58).

Mass Spectrometry

MS is a technique that is used to study the mass of atoms, molecules or molecular fragments,
and is one of the most powerful detectors. It is often used together with LC because it gives
both qualitative and might give quantitative information with high sensitivity. Based on the
exact mass, or the m/z it is possible to separate different substances with the same mass, even
though they have the same chromatographic retention time. There are several different types of
MSs, but mainly it consists of a sample inlet, ion source, a mass analyzer, computer, and a

detector, as illustrated in Figure 1. 5.
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Figure 1. 5: The main components in a mass spectrometer. Molecules or substances enter the mass spectrometer

in the sample inlet into the ion source. In the ion source the molecular ion is formed, before they are filtered in the

mass analyzer by vacuum based on their m/z. The filtered ions that have passed the mass filter are detected.

Molecules enter the MS in a sample inlet, into the ion source where a charge is applied to them
by exposure to high energic electrons accelerated through a high electrical potential. The
electrical potential causes instability of electrons in the molecule, and results in formation of a
cation with one unpaired electron, called the molecular ion (M*) (53). In the entrance to the
mass analyzer, vacuum is used to separate the ions by a mass filter. The ions are filtered
according to their m/z ratio. Furthermore, the filtered ions that have passed the mass filter reach
the detector. The signal from the detector is processed and a mass spectra is constructed by a
computer, providing the number of ions detected with the same m/z value (59). The molecular
formula can be derived from full-scan accurate mass data. Some mass analyzers uses tandem
MS technology, where several MS are coupled for mass filtering, fragmentation and detection
to obtain the specific fragmentation spectra for molecules. Tandem MS where two MSs are
ensembled in tandem are called MS/MS or MS?, and if three MSs are coupled they are called
MS/MS/MS or MS? (60). An example of tandem MS is multiple reaction monitoring (MRM)
on a triple quadrupole MS, and is one of the MS technologies used for targeted analysis in
clinical laboratories today (61). In metabolomics, fragmentation spectra can be obtained by a
data dependent acquisition (DDA) or data independent acquisition (DIA). In DDA metabolites
with the highest signal intensities measured in full-scan MS are selected for fragmentation. The
fragments are then detected. In DIA the instrument acquires fragmentation data from one

specific mass range at a time (62, 63).

12



The resolution and the mass accuracy vary dependent on the LC-MS platform. The resolution,
or resolving power describe how close two signal peaks can be resolved, see Equation 1. When
a mass spectrometer has higher resolution it is better suited to separate two peaks for

metabolites or other chemical compounds with the same mass (53, 64).

R="" Eq. 1

T Wos
where R is the resolving power, m is the m/z value for the analyte, and Wo s is the width of the peak at
half height.

The mass accuracy, or the mass error is measured in parts per million (ppm) and is the difference
between the accurate, experimental mass and the exact mass that is calculated or expected. MS

detectors can have different ppm (47, 53, 65), see Equation 2.

Exact mass — Accurate mass) 1 06

Mass accuracy (ppm) = ( Eq. 2

Accurate mass
Molecules that have very similar mass can be separated using MS with high resolution and is
separated in decimal level. The mass accuracy and resolution in high resolution instruments for

metabolomics is usually <5 ppm and above 10 000, respectively, and the low mass accuracy

can be achieved by mass calibration (47, 66).

1.4.3 The Orbitrap High Resolution Mass Spectrometer

Orbitrap MS is a high resolution MS and in this thesis a Q Exactive Orbitrap MS was used for
detection with electrospray ionization (ESI) coupled to UHPLC.

Electrospray lonization - ESI

Before entering the mass analyzer, the molecules separated in the LC are converted to gas phase
and then to ions in the ion source. In metabolomics, different soft ionization techniques are
often used for ionization. ESI, atmospheric pressure chemical ionization (APCI), electron
ionization (EI), and atmospheric photoionization (APPI) are often used (67). APCI and APPI
are better suited for neutral or less polar compounds and induce little or less in-source
fragmentation, but covers smaller metabolites under 1000 Da (68). Matrix-assisted laser
desorption ionization (MALDI) has also been used in LC-MS metabolomics. MALDI does not
show the same problem with ion suppression as other techniques and provides low selectivity
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and chromatographic separation. However, the lack good signal precision makes it not suitable

for quantitative analysis (43, 68, 69). In this thesis the ESI technique was used.

ESI is a type of atmospheric pressure ionization, and is suitable for ionization of polar
compounds that has acidic or basic properties, or that makes adducts when binding to stable
ions e.g. Na+ or NH4+. It has the advantage that there is no limitation in mass, which makes it
suitable even for large protein complexes. The basis for ESI is to produce ions by an
electrospray with high voltage applied to a liquid and to form an aerosol. High voltage is applied
from the capillary to the MS inlet through an atmospheric pressure region. The liquid forms a
Taylor cone, and a fine liquid jet is ejected from the Taylor cone in a region known as the jet
region. A coaxial stream of nebulizing nitrogen gas and the high voltage potential will transform
the liquid into a spray of small droplets in the ion evaporation region creating an aerosol of
charged particles. From this the molecular ion is formed by evaporation and eventually moves
towards the ion acceleration chamber into the inlet of the MS by an electric potential. The
molecular ion could be either positively or negatively charged dependent on whether the voltage
applied is positive or negative (53, 70). For ESI it is common to observe adducts in both positive
and negative ionization mode. The most common adduct are protonated molecules, but also
sodium, potassium, ammonium, acetate, and chloride have been observed originated from the
mobile phase, plastic tubes, or the sample itself (53, 71). Furthermore, fast polarity switching
between positive and negative ionization mode is often used in MSs and gives better
comprehensive coverage for identification and for saving time. However, this can reduce the
sensitivity. The disadvantage with ESI is ion suppression, ion enhancement and in-source
fragmentation (43, 45, 72, 73).

Orbitrap Mass Spectrometer

The mass analyzer used in this thesis was a Q Exactive Orbitrap MS. The main components of
the Q Exactive Orbitrap MS is a bent flatapole, a quadrupole mass filter, a C-Trap, a higher
energy collision-induced dissociation (HCD) cell and an orbitrap mass detector. Figure 1. 6

shows the main components of the Q Exactive Orbitrap MS.
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Figure 1. 6: Q Exactive Orbitrap Mass Spectrometer. The figure shows the main components in the Q Exactive
Orbitrap Mass spectrometer. It consists of an ion source, a bent flatapole, a quadrupole mass filter, C-trap, HCD

cell, and the orbitrap mass analyzer.

Intact molecule ions made in the electrospray enter the bent flatapole where the neutral
molecules are filtered out and the ions are sent to the quadrupole mass filter. A quadrupole use
an electrical field to filter the desired molecule ions in the desired m/z range by oscillation. The
molecule ions with stable oscillation are sent to and collected in the C-Trap before they are
detected by the Orbitrap mass analyzer. Here, the ions oscillate in an axial homogeneous
electrostatic field so that the m/z obtains a specific oscillation used for determine the exact m/z
of the metabolite. DDA is one of the possible techniques for this instrument to obtain the
fragmentation pattern of the compounds with the highest signal intensities at each specific
chromatographic retention time. These are sent to the HCD cell for fragmentation, and sent to
the orbitrap for detection (74, 75). Orbitrap is a newer analyzer and has better resolution than
other analyzers, e.g. quadrupole time-of-flight (Q-TOF) that is also used for metabolomics.
While orbitrap has resolution 150 000 and mass accuracy 1-5 ppm, Q-TOF has resolution
40 000 and mass accuracy <1 ppm. Fourier transform ion cyclotron resonance (FT-ICR) MS
has an ultra-high resolving power over 1 000 000 and has better mass accuracy (<1 ppm) than
orbitrap MS. However, FT-ICR needs a superconducting magnet and is more expensive (45,
76).
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1.4.4 Data processing

Data acquired from metabolomics platforms are generated in large numbers, and the data
processing technique is dependent on data acquisition. System suitability tests can be used to
follow the systems drift over time, and pooled quality controls are used to correct for retention
time shifts, baseline drift, background noise, artifacts, and correct mass to obtain quantitative
data. In LC-MS based metabolomics the basic steps for data processing are data alignment,
filtering, and normalization. The matrix of a biological sample can vary between individuals,
and is everything other than the analyte that is unknown. The matrix can affect the extent of the

signal from the analytes and cause a change in the analytical signal (53, 77-79).

Data quality in metabolomics studies

A method validation should be done for an estimation of the method variability. According to
the European Medicines Agency (EMA) Guideline on bioanalytical method validation, the
precision is defined as “the closeness of agreement (degree of scatter) between a series of
measurements obtained under the prescribed conditions. Precision is defined as the ratio of
standard deviation/mean (%)’ (80). Statistical parameters like the mean, standard deviation and
the relative standard deviation (%RSD) can be used to express the precision. The repeatability
is the within- run precision, and represents the smallest variation in the results. Repeatability is
a measurement of the variation between data from the same sample by the same analyst using
the same method over a short period of time. The intermediate precision is the between-run
precision, and represents the largest variation between data from the same sample from analysis
by different analysts, temperature, mobile phase, and analytical column, using the same method
over a longer period of time. According to EMA the variation should be <15% RSD, except for
the lower level of quantification (LLOQ) the variation should be <20% RSD. For the
repeatability the sample size should be minimum five samples per concentration level, and for
the intermediate precision at least three runs should be analyzed on at least two different days
(80). However, these values are adapted for validation of results from targeted analyses, and
cannot be directly transferred to bioanalytical method validation in metabolomics studies. This
is due to the different detector systems used in metabolomics which have different amount of
variation. Other studies have showed that acceptable limits for retention time and peak area
variation is <2% and <30% RSD, respectively (81-85).
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Contribution of matrix effects on data variation in metabolomics studies

Matrix effects can be chromatographic effects, ion suppression, or ion enhancement from the
electrospray. The matrix effect, for determination of ion suppression and ion enhancement, is
calculated by the matrix factor (MF). MF <1 it indicates ion suppression, and MF >1 it indicates
ion enhancement. lon suppression and ion enhancement occur during the electrospray
ionization and influence the mass detector recovery. lon suppression appears when the
metabolite reaches the ESI simultaneously with many other molecules in the matrix causing a
competition for ionization. Metabolites might not be ionized for the benefit for other molecules,
or in a less extent. The signal intensity will be smaller compared to the chemical standard. This
might appear due to salts, ion pairing reagents, endogenous compounds, drugs, or metabolites
forming droplets and increasing the amount of loaded ions in the gas phase. The mass and
charge are also factors that affect whether or not a metabolite becomes a candidate for ion
suppression. Previous findings show molecules with a higher mass will suppress the signal of
smaller molecules, and polar compounds are more likely to suppress the signal from other
molecules. Chromatographic matrix effects are everything in the LC that leads to changes in
the retention time, so chromatographic peaks are detected at a later time than in a chemical
standard. This phenomenon appears when there is a competition between the analyte and other
molecules in the matrix of binding to the stationary phase in the chromatographic column, or if
other molecules in the matrix interact with the metabolite, making it move slower through the
column. This can be captured finding a wider peak than usual, and can complicate the
chromatographic separation of analytes with similar or identical retention time (86, 87).
Chromatographic matrix effects can also be captured by retention time shift compared to a
chemical standard. Chaleckis, R. et al. proposed that the retention time shift (ART) should not

exceed 0.1 min compared to a chemical standard (88).

1.4.5 Metabolite identification and data annotation

LC-MS data of metabolites has to be annotated to convert them into biological information.
The metabolomics community and the Chemical Analysis Working Group (CAWG)
Metabolomics Standards Initiative (MSI) has proposed defined metrics for annotation which
reflects how good the identification is (89). This is often referred to as the level of confidence,
and is the bottleneck of metabolomics. The level of confidence gives some criteria for
metabolite identification e.g. accurate mass, retention time, fragmentation pattern and

information on the study design. Dependent on how many criteria that contribute for
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identification, the stronger the level of confidence become. Levels of confidence can be defined
differently. In this thesis, the lowest level is level 5 and the highest is level 1. Level 5 is the
feature annotation without annotation, level 4 is annotation by one parameter, level 3 is
confirmation by class-specific standard, and level 2 requires matching fragmentation or MS/MS
spectra to online databases or literature. The annotation can also be supported by retention time
predictions and projection to similar LC methods. The challenge with retention time is that it is
not the same in every analysis, it can vary with chromatographic column or from sample to
sample because of different matrixes, and varies between different laboratories that uses
different LC systems. Finally, there is level 1 that is the strongest level of confidence and
includes stereochemistry discrimination. In some cases there is also level 0, and is a level where
other analytical methods or techniques with other analytical properties are used to verify the
identification or characterization (47, 88, 90, 91). Figure 1. 7 is an overview of the five levels

of confidence with increasing level of confidence from level 5 to level 1.

‘ Level of confidence

Level 1

“Validated
identification” and
matching to standards
in in-house library

Level 2

«Putative annotation» by

matching MSMS spectra

from online databases or
literature

Level 3
«Tentative structure», a characterization of
compound classes. Spectral or chemical

properties can give in indication for
chemical class

Level 4

Increasing level of confidence

«Molecular formula» with isotope abundance distribution,
charge state, and adduct ion determination

Figure 1. 7: Level of confidence. The figure is an illustration of the five levels of confidence with level 5 at the
bottom and increased level to level 1 as the highest level of confidence on top. Level of confidence is used for

metabolite annotation and identification. The figure is inspired by (90).

Metabolomics detection usually starts with the full scan accurate mass data and a conversion
between the chemical formula and m/z ratio within 5 ppm to limit the possibilities. An in-silico
prediction of metabolite properties is matched to retention time and fragmentation spectra for

chemical standards. Together with experimental fragmentation spectra matched to databases
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and libraries metabolite annotation and identification can be done. The prediction of the m/z
value is not always without complication because in-source fragmentation can occur in addition
to the formation of adducts, increasing the number of possibilities for other candidates (47, 88).
For identification of and distinguishing between closely eluting compounds from the LC the
fragmentation pattern can be used comparing experimental fragmentation spectra to spectra in
online databases e.g. Human metabolome Database (hmdb) (92) and The Metabolite and
Chemical Entity Database - METLIN (93-95), but also with spectra obtained from chemical
standards from an in-house library. To evaluate the annotation of the metabolite and to increase
the level of confidence for identification, it is important that as many fragments as possible
match with the fragments in the library spectra. Different metabolites have different optimal
collision energy for fragmentation. For the most informative fragmentation spectra different
collision energies has to be used. The in-house library is therefore important equipment and is
unique to the specific chromatographic and detection method used. However, many metabolites
in a sample has low abundance and do not qualify for fragmentation because they are not always
the components with highest abundance. A possible solution for this is by predefining with

chemical formula in the inclusion list or exclusion list on the instrument (47, 88).

1.5 Metabolomics analysis of urine and plasma

A metabolomics method that is well suited for studies of urine and plasma samples is an
advantage. Urine is one of the most commonly used biological fluids in metabolomics because
of its ease of collection that does not require technical skills, and because it contains a wide
range of metabolites from different biochemical classes, representing numerous of biochemical
pathways (11, 96). However, unlike other biological fluids, e.g. plasma, the concentration of
urinary metabolites varies widely between samples and can vary up to 15-fold (11, 13, 97).
Therefore, analysis result from metabolomics of urine samples needs to be normalized to
minimize the effect of variable urine concentration and to improve the quality of the statistical
analyses of metabolomics data (97). There are several normalization techniques for urine
samples, e.g. normalization to creatinine concentration, osmolality, urine volume, and MS total
useful signal (MSTUS). Normalization of the urinary metabolome to the creatinine
concentration is a common normalization method because creatinine reflects the overall
concentration of metabolites in the urine. Creatinine is also excreted in relatively constant
amounts dependent on gender, age, diet, hydration, muscle mass, and activity level. Urinary

metabolites are expressed as pmol/mmol creatinine. Plasma on the other hand, is more
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physiologically controlled and therefore a more stable matrix that provides good predictability
and a snapshot of metabolites in a sample. Plasma samples are therefore not normalized (13,
96, 98). The challenge with plasma is the sample preparation and the complex matrix that

consist of both lipophilic and hydrophilic compounds (13, 99, 100).
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1.6 Aim of study

Today, several targeted analyses are used diagnostically in the study of the metabolome,
specific for different types of biochemical compounds when an IEM is suspected.
Metabolomics is the study of all metabolites, or as many biochemical reactions as possible
using one single high performance mass spectrometer that is incorporated into clinical
laboratories for a more effective diagnostics. However, it is not yet established to which extent
quantitative analyses can be performed using metabolomics, and a higher level of confidence
is needed for metabolite identification (38, 40, 82, 83). It is an advantage and need to have a
metabolomics method that is well suited for easy accessible biological materials e.g. urine and

plasma to provide better level of confidence for selected compounds and test the matrix effects.

The aim of this study is to evaluate the quantitative and qualitative performance of
metabolomics studying amino acids and amino acid related compounds in urine and plasma
samples. This includes comparing peak areas determined by the established metabolomics
method HPLC — ESI — Q Exactive Orbitrap MS with quantitatively measured concentrations
obtained with established targeted analyses used in laboratory diagnostics, and evaluate the
quantitative and qualitative results from metabolomics on the selected compounds studying

chemical standards, urine, plasma and matrix effects.

Specific objectives

1. Identify the selected compounds in standard solutions to construct an in-house library
for better level of confidence in the study of amino acids and related compounds using
metabolomics.

2. The annotated selected compounds in the in-house library will be the base for qualitative
and quantitative studies of the selected compounds in plasma and urine samples, with
the main focus on urine.

3. Comparing peak areas from metabolomics with quantitative concentration
measurements from established targeted methods for the selected compounds in urine.

4. Study the matrix effects of the selected compounds in plasma.
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2. Experimental

2.1 Chemicals

2.1.1 Solvents

Methanol (CH3OH) with LCMS purity grade was from Rathburn Chemical Lrd (Walkerburn,
Scotland). Formic acid (CH202) with LCMS purity, 98%-100% that was acquired from Sigma
Aldrich (Darmstadt, Germany), and Thermo Scientific (Rockford, USA). The water used in this
thesis was Type 1 water obtained from a Millipore MilliQ purification system with 18.2 MQecm
resistivity at 25 °C, with a Q-guard cartridge, quantum cartridge, and 0.2 um pore filter

membrane obtained from Merck (Darmstadt, Germany).

2.1.2 Reagents

DL-a-amino-n-butyric acid, gamma-amino-n-butyric acid (GABA; 4-aminobutanoic acid;
Peptide acid) and 3-Methyl-L-Histidine ([S]-1-Methylimidazole-5-alanine; =n-Methyl-L-
histidine) were obtained from Sigma Aldrich. L-allo-isoleucine, L-Carnosine (- Alanyl-L-
Histidine), L-alanine, L-1soleucine p — alanine and L-Leucine (a-Aminoisocaproic acid) was
obtained from Sigma Aldrich.

2.1.3 Solutions
Mobile phases

The mobile phases made in this project were called Mobile phase A and Mobile phase B.
Mobile phase A consisted of 0.1% formic acid in MilliQ water and mobile phase B consisted

of 0.1% formic acid in methanol. All mobile phases were stored at room temperature.
Calibration solutions

Pierce LTQ Velos ESI Positive lon Calibration solution and Pierce LTQ Velos ESI Negative

lon Calibration solution from Thermo Fisher Scientific and were stored at -20 °C.
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Amino acid standard solutions

The amino acid standard A9906 (0.5 pmol/mL) was from Sigma Aldrich. PEA stock solution
was 5 mM and diluted to 20 uM for analysis. The amino acid standard solutions called Special
mix and 3AA were made at Oslo University Hospital — Rikshospitalet. All the amino acids
studied in this thesis are listed in Appendix A, Table A. 1. The standard solution A9906 was
diluted to 20 uM. Table 2. 1 list the content of the amino acid standard solution 3AA made at
Oslo University Hospital — Rikshospitalet. The monoisotopic molecular weights were found
using hmdb.

Table 2. 1: Amino acid standard 3AA content. The table list the amino acids in the chemical standard 3AA, the

molecular weight, and concentration («M).

Amino acid Monoisotopic molecular weight (Da) Concentration (uM)
L-Glycine 75.032028409 500
L-Glutamine 146.069142196 500
L-Asparagine 132.053492132 100

Table 2. 2 list the content of the amino acid standard solution Special mix made at Oslo

University Hospital — Rikshospitalet. The monoisotopic molecular weights were found using

hmdb.

Table 2. 2: Amino acid standard special mix content. The table list the amino acids in the chemical standard

Special mix, the molecular weight, and the concentration («M).

Amino Acid Monoisotopic molecular weight (Da) | Concentration (uM)
Glycylproline 172.08479226 10
4-Hydroxy-L-glutamic acid 163.048072403 50
3-Hydroxy-D,L-kynurenine 224.079706882 20
S-adenosyl-L-homocysteine 384.12158847 50
Formiminoglutamic acid 174.064056818 50
Argininosuccinic acid 290.122634328 50
Alloisoleucine 131.094628665 20
S-Sulfocysteine 200.976563719 20
Saccharophine 276.132136382 10
Homocitrulline 189.111341361 20
Homocarnosine 240.122240398 10
Aspartylglucosamine 335.132864663 50
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2.2 Materials and equipment

2.2.1 Small equipment

The analytical weight used was AG 245 from Mettler-Toledo (Columbus, OH, USA).

Pipets used in this thesis were Pipetman Classic line P1000 from Gilson (Middleton, USA) and
Fisherbrand Elite adjustable-volume single-channel pipettes from Fisher Scientific (Waltham,
MA, USA). Centrifugation at 4 °C was done using Heraeus Fresco 21 Centrifuge from Thermo
Scientific and centrifugation at room temperature was done using megafuge 1.0R from Heraeus

Instruments (Hanau, Germany).

2.2.2 Liquid Chromatography — Mass Spectrometry
instrumentation and settings

The LC instrument used was UHPLC Dionex UltiMate 3000 from Thermo Fischer Scientific,
consisting of a pump, column department, and an autosampler. The LC was coupled to a Q
Exactive Orbitrap MS from Thermo Fisher Scientific. Instrumentation settings that was used
in this thesis has been optimized by Arnesen (101), Skogvold (102) and Sandas (103) to
achieve separation and detection of as many metabolites as possible, and for maximizing

signal intensity in DBS.

The analytical column used was Pursuit XRs Diphenyl column (250 x 2.0 mm, particle size 3
um) from Agilent Technologies (Santa Clara, CA, USA). These are shown in Table 2. 3. The

mobile phase gradient is shown in Figure 2. 1 and Table 2. 4.

Table 2. 3: Liquid chromatography instrumentation settings.

Parameter Setting

Mobile phase A 0.1% formic acid in water
Mobile Phase B 0.1% formic acid in methanol
Flow rate (uL/min) 300

Injection volume (uL) 2

Column temperature (°C) 30

Analysis time (min) 275
Re-equilibration time (min) 10
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Table 2. 4: Gradient elution during the analysis.

Time (min) Mobile phase B (%) _ 100
S
0 2 = 907
6 10 2 %7
S 40
8.5 75 ;; 204
25 100 0 ‘ ‘ ‘
0 10 20 30
215 100 Time (min)

Figure 2. 1: Mobile phase B gradient
throughout the analysis.

The MS and ESI instrumentation settings used in this thesis are shown in Table 2. 5 and Table
2. 6, respectively. The analysis was done in positive and negative ionization mode for a

comprehensive coverage of identification.

Table 2. 5: Mass spectrometry instrumentation settings.

Parameter Setting
Scan types Full MS and
data dependent acquisition (DDA), Top 5
Scan ranges (m/z) 50-750
Resolution Full MS: 70 000
DDA, Top 5: 17 500
Stepped normalized collision energy 20, 50 and 80

Polarity

Positive and negative

Micro scans 1

Lock masses Off

Automatic gain control target value Full MS: 1-10°
DDA, Top 5: 5-10°

Maximum injection time (ms) Full MS : 250
DDA, Top 5: 100

Analysis time (min) 325

Re-equilibrium time (min) 10
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Table 2. 6: Electrospray instrumentation settings.

Parameter Setting
Electrospray needle position C
Capillary temperature (°C) 250
Electrospray voltage (kV) +/-3.5
Sheat gas (N2) flow rate (a.u.) 40
Auxiliary gas (N2) flow rate (a.u.) 10
Auxiliary gas heater temperature (°C) 300
Sweep gas (N2) flow rate (a.u.) 2
S-lens RF level 50

2.2.3 Computer Software

Xcalibur (version 4.2.47) from Thermo Fischer Scientific was used for data acquisition, and
FreeStyle 1.5 and 1.6 from Thermo Fischer Scientific was used for data processing. The exact
m/z and 5 ppm was filtered out in the mass range m/z 50-750 by typing the chemical formula to
observe the chromatographic peaks and retention times. Template files were made with the
exact m/z and automatic integrated chromatographic peaks to obtain peak area. If needed

manual integration was used.

mzVault (version 2.2 and 2.3) from Thermo Fischer Scientific was used to make the in-house
library for amino acid standard solutions. The raw data file that contained the mass spectral data
was selected, and the query spectrum was found. In the Trace Type list the mass, and the
tolerance of 5 ppm was chosen to filter the chromatogram. The specific time point was chosen
in the Chromatogram pane. The Compound Class, ChemSpider ID, HMDB ID, KEGG ID, and
PubChem ID were added in the Compound List pane.

Tune (version 2.11) from Thermo Fischer Scientific was used for calibration and observation

of the mass spectrometric parameters.
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2.3 Sample preparation

The biological material used in this thesis was obtained from the diagnostic biobank
(Diagnostikk- og behandlingsbiobank no. 329 in the Biobank Registry, the Norwegian Institute
of Public Health) from which biological material can be used for development and quality
assurance of diagnostic laboratory analyses. System suitability samples were analyzed in all

metabolomics analyses to assess the suitability of the system.

2.3.1 Sample preparation of urine

Urine samples stored at -20 °C were thawed before vortexed for blending and centrifuged at
3600 rpm for ten minutes at room temperature. Then, the samples were diluted to the
appropriate creatinine concentration before filtration at 4800 rpm and 4 °C for ten minutes in
0.22 uM Cellulose Acetate Spin Filters from Agilent Technologies. The filtrate was used
further. Figure 2. 2 is an illustration of the general workflow for the sample preparation of urine

for this thesis.

i

—

| — .O. V|
Centrifugation at Normalization to creatinine Filtration in 0,22 pM Cellulose
3600 rpm concentration Acetate Spin Filters at 4800 rpm

=
m/iz +— +—
M —

T s
| - Q Samples added to Spiked sample, or
) vails for analysis dilution of the matrix
Metabolomics

Figure 2. 2: Sample preparation of urine samples. The general workflow for urine sample preparation used in

this thesis. Samples were centrifuged at 3600 rpm, normalized to the creatinine concentration, filtered in 0.22 uM

Cellulose Acetate Spin Filters at 4 <C, before transferred to vials and analyzed using metabolomics.
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2.3.2 Sample preparation of plasma

Blood was drawn and centrifuged for ten minutes in 3600 rpm and room temperature. Proteins
from the plasma were pelleted by adding three times more methanol than plasma (vol/vol) to
the sample and centrifuged at 4 °C and 4800 rpm for ten minutes. Figure 2. 3 is an illustration

of the general workflow for sample preparation of plasma samples for this thesis.
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Figure 2. 3: Sample preparation of plasma. The general workflow for plasma sample preparation used in this
thesis. Blood sample was collected and centrifuged at 3600 rpm. The plasma was collected and protein was
pelleted by centrifugation with methanol at 4 < and 4800 rpm. The sample was spiked with chemical standard or

the matrix was diluted, before adding to vials and analyzed by metabolomics.

2.4 Analysis of selected compounds in urine

2.4.1 Creatinine measuring using Cobas c¢702 from Roche

The creatinine concentration was measured prior to metabolomics using Cobas ¢702 by Roche
Diagnostics AS (Basel, Switzerland). All measurements of the creatinine concentration for
urine samples were performed by this accredited method as a part of the routine analysis of
creatinine concentration at the Department of Medical Biochemistry at Oslo University

Hospital — Rikshospitalet.
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2.4.2 Metabolomics detection of selected compounds in urine

Creatinine was detected using the retention time and the exact mass with an added hydrogen
atom [M + H]* = 5ppm in positive ionization mode, and deprotonated [M - H] £+ 5ppm in
negative ionization mode, extracted from the TIC in FreeStyle 1.6 from Thermo Fischer
Scientific. The retention time and the MS/MS fragmentation spectra for creatinine were
compared to the chemical standard in the in-house library. The peak area for the creatinine
signal was found using FreeStyle 1.6 from Thermo Fisher Scientific. Three urine samples were

spiked with creatinine to study the creatinine signal peak.

Amino acids were detected in urine. Retention time and fragmentation spectra from the in-
house library in mzVault 2.2 were used. The protonated molecular ion for each amino acid [M
+ H]* £ 5ppm in positive ionization mode, and the deprotonated molecular ion [M -H] + 5ppm
in negative ionization mode, were extracted from the TIC in FreeStyle 1.6. The peak areas for

the amino acid signals were found in FreeStyle 1.6.

2.4.3 Precision

The precision of the metabolomics method for detection of the selected compounds in urine
samples was found by studying peak area and retention time repeatability and intermediate

precision in samples containing 2 mM creatinine.

Repeatability

Creatinine and amino acid peak area and retention time repeatability were found by analyzing
ten injections of one urine sample distributed evenly throughout an analysis sequence of 45
injections. The mean, standard deviation, and the %RSD were calculated for each of the
selected compounds.

The intermediate precision

Creatinine and amino acid peak area and the retention time intermediate precision were found
by analyzing nine aliquots of one urine sample for nine different analyses performed in different
days. The samples were stored at -80 °C in 200 pL vials from NanoTemper (Minchen,
Germany) and sample preparation was done before each analysis. The mean, standard

deviation, and %RSD were calculated for each of the selected compounds.
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2.4.4 Quantitative comparison of metabolomics and targeted
analysis

Peak area from the metabolomics method was compared to concentrations measured with

targeted analyses for a quantitative study of selected compounds in urine.

Evaluation of the qualitative and quantitative results for creatinine in urine

samples from metabolomics

Creatinine was detected in ten different samples from different individuals with 2 mM
creatinine using the metabolomics method. The mean, standard deviation and %RSD were
calculated for the creatinine peak area and retention time. The samples were also diluted to 1,

0.5, and 0.1 mM creatinine, respectively.

Creatinine peak area in four urine samples from different individuals was found using the
metabolomics method. The creatinine concentrations in the four samples from different
individuals were 2, 10, 15, and 20 mM, respectively. The concentrations were measured with
the targeted analysis prior to metabolomics as a part of the routine analysis, as mentioned in
Chapter 2.4.1. Creatinine peaks with the same retention time were compared, and the

regression coefficient was found.

Quantitative study of selected compounds in urine

Metabolomics data from urine samples were normalized to 2 mM creatinine, as illustrated in
Figure 2. 4. Samples that contained higher creatinine concentrations than 2 mM were diluted
to 2 mM creatinine before data acquisition. Samples that contained lower concentrations than

2 mM creatinine was injected with a higher volume of sample into the instrument.
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2 pL injection >2 pL injection

Peak area

Figure 2. 4: Normalization to 2 mM creatinine for urine samples in metabolomics studies. The figure illustrates
the normalization strategy to the creatinine concentration for urine samples in metabolomics studies. Sample with
higher creatinine concentration than 2 mM were diluted to 2 mM before analysis, and samples with lower

creatinine concentrations were injected with higher injection volume into the instrument.

Amino acid peak area from metabolomics was studied for five samples normalized to 2 mM
creatinine and 0.1 mM creatinine were compared to measured concentrations from targeted
analyses. Scatter plots were created to find the correlation between peak area and concentration.
One pathogenic cystinura sample was analyzed and the biomarkers L-cystine, L-arginine, L-

lysine and L-ornithine were quantitatively studied.

For the metabolomic study of HPP, two normal newborn urine samples were spiked with PEA
by adding 10 pL of 25 and 50 uM PEA standard solutions, respectively. To represent HPP, two
newborn samples were spiked with PEA by adding 10 pL of 100 and 500 puM PEA,
respectively.
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2.5 Analysis of selected compounds in plasma

2.5.1 Metabolomics detection of selected compounds in plasma

Amino acids were detected in plasma. Retention time and fragmentation spectra from the in-
house library in mzVault 2.2 were used. The exact mass for each amino acid with an added
hydrogen atom [M + H]* + 5ppm in positive ionization mode, and the deprotonated molecular
ion [M -H] £ 5ppm in negative ionization mode, were extracted from the TIC in FreeStyle 1.6.

The peak areas for the amino acid signals were found using FreeStyle 1.6.

2.5.2 Precision

The precision of the metabolomics method on the selected compounds in plasma was found
studying peak area and retention time repeatability and intermediate precision in plasma

samples spiked with 20 uM amino acid standard solution A9906.

Repeatability
Amino acid retention time and peak area repeatability was found by analyzing ten injections of
one plasma sample distributed evenly throughout an analysis sequence of 20 injections. The

mean, standard deviation, and the %RSD were calculated for each of the selected compounds.

Intermediate precision

Amino acid retention time and peak area to the signal intermediate precision was found by
analyzing ten aliquots of one plasma sample in ten different analysis sequences. Ten aliquots
of 100 L of the plasma sample were stored at -80 °C in Micro tube 0.5 mL, blue from Sarstedt
AG & CO. KG (Numbrecht, Germany), and the sample preparation was done before each
analysis. The mean, standard deviation, and the %RSD were calculated for each of the selected

compounds.

2.5.3 Matrix effects for selected compounds in plasma using
metabolomics

Chromatographic matrix effects, ion suppression, and ion enhancement were studied for amino
acids in plasma. Plasma was spiked with amino acid standards with final concentration 20 puM.
A plasma sample with added water was made with the same plasma concentration as for the

spiked plasma, and a standard solution with 20 uM amino acids was made. Matrix effects were
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studied by comparing amino acid retention time and peak area in the spiked plasma with amino
acid retention time and peak area in the standard solution and the normal plasma sample with
water added. The difference in retention time (ART) was calculated, and the MF (%) was

calculated for each amino acid using Equation 3.

MF — ASpiked plasma Eq3

Anormal plasma"’Astandard solution

where A is the peak area for the amino acid signal, and MF is the matrix factor in %.
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3. Results

Selected metabolites were analyzed with the established metabolomics method HPLC — ESI -
Q Exactive Orbitrap MS method and detected in chemical standards, urine and plasma. A
qualitative characterization of selected metabolites was performed, and an in-house library was
created. The precision of the metabolomics method on the selected compounds in urine and
plasma was tested. Lastly, the quantitative performance of the metabolomics method was
evaluated, studying data from metabolomics compared to concentration obtained from targeted

analyses.

3.1 Detection and characterization of selected metabolites

A study of the qualitative performance of the metabolomics method was performed for
detection of amino acids and amino acid related compounds. An in-house library was created
for better level of confidence for identification of the selected compounds in future
metabolomics studies. The selected compounds were analyzed using the metabolomics method
in both positive and negative ionization mode. The chemical data and overview of the selected
compounds detected can be found in Appendix A, Table A. 1. The table gives the chemical
formula, molecular weight, structure, and logP value. Figure 3. 1 shows the EIC of the selected
compounds detected in positive ionization mode. For the identification and annotation of the
selected compounds, the fragmentation spectra for each amino acid in the standard solutions
were found in positive and negative ionization mode. The experimental fragmentation spectra
were compared to spectra in databases e.g. Metlin, HMDB, and mzCloud, and used to make the

in-house library in mzVault.
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Figure 3. 1: Detection and characterization of selected metabolites. The figure shows the chromatograms for

the selected metabolites in chemical standards studied in this thesis.
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All the selected amino acids were detected in standard solutions as described in Chapter 2.1.3
using the metabolomics method. Ethanolamine was detected in positive ionization mode, but
not in negative ionization mode. Carnosine, L-histidine, and S-sulfocysteine had characteristic
chromatograms. With the metabolomics method PEA was also detected. Figure 3. 2 shows the

TIC, EIC and fragmentation spectra in negative ionization mode for PEA.
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Figure 3. 2: Detection of phosphoethanolamine using metabolomics. The figure shows the PEA chromatogram
and fragmentation spectra obtained from the analysis with the metabolomics platform detected in negative
ionization mode.

As Figure 3. 2 shows, PEA had retention time 2.11 minutes, and had signature fragment
78.9590. PEA was detectable in positive ionization mode and negative ionization mode, but the

signal was observed to be better in negative ionization mode.

3.1.1 Identification of chromatographically separated amino acids
with the same exact mass

Amino acids with the same exact m/z £ 5 ppm that were chromatographically separated were
identified by spiking with each of the amino acids to the standard solution. 3-alanine, L-alanine,
and L-sarcosine have the chemical formula CsH7NO2 and the same mass. Figure 3. 3 A shows
elevated signal intensity of B-alanine, Figure 3. 3 B shows elevated signal intensity of L-

alanine, and Figure 3. 3 C shows elevated signal intensity of L-sarcosine.
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Figure 3. 3: Detection of metabolites in the same chromatogram with the same exact mass. Three samples were
spiked with f-alanine, L-alanine, and L-sarcosine, respectively. Figure 3.3 A show g-Alanine, Figure 3.3 B show

L-Alanine and Figure 3.3 C show L-sarcosine. The fragmentation spectra were also used for identification.

The same characterization was done using the standard addition method for L-o-amino-n-
butyric acid, D,L-B-aminoisobutyric acid and y-amino-n-butyric acid. These compounds have

the chemical formula C4HoaNO2 and the same mass.

3.1.2 Not all amino acids with the same exact mass were
chromatographically separated

Some of the amino acids with exact m/z were not chromatographic separated using the
metabolomics method and were represented in the same peak. L-leucine, L-isoleucine, and
alloisoleucine were identified with fragmentation spectra and two not chromatographic
separated peaks were observed. The same characterization was done for 1-methyl-L-histidine
and 3-methyl-L-histidine, except the peak was slimmer and no split peak was observed. Figure
3. 4 A shows the L-isoleucine, L-leucine, and alloisoleucine chromatogram, and Figure 3. 4

B shows the 1-mehtyl-L-histidine and 3-methyl-L-histidine chromatogram.
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Figure 3. 4: Amino acids that were not chromatographically separated. Figure 3.4 A gives the L-isoleucine, L-
leucine and alloisoleucine chromatogram. Figure 3.4 B gives the 1-methyl-L-histidine and 3-methyl-L-histidine

chromatogram.

L-isoleucine and alloisoleucine fragmentation spectra were found in the first part of the peak,
and L-leucine fragmentation spectra was found in the last part of the peak. Figure 3. 5 shows

the fragmentation spectra for L-isoleucine, L-leucine, and alloisoleucine, respectively.
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Figure 3. 5: L-isoleucine, L-leucine, and alloisoleucine fragmentation spectra. The figure shows the L-
isoleucine, L-leucine, and alloisoleucine fragmentation spectra, respectively. The fragment at m/z 69.0699 was

common for all three amino acids. L-isoleucine and alloisoleucine had in addition a fragment m/z 57.0576.

Figure 3. 5 shows that L-isoleucine, L-leucine and alloisoleucine had the fragment m/z
69.0699, but L-leucine had lower occurrence of this fragment than L-isoleucine and
alloisoleucine. L-isoleucine and alloisoleucine had also fragment m/z 57.0576. L-isoleucine and
alloisoleucine spectra were found at retention time 3.27 minutes, while L-leucine fragmentation

spectra was found at retention time 3.45 minutes.
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3.1.3 No obvious correlation was found between the amino acid
structure and retention time

A study of a possible correlation between amino acid structure and retention time using a
diphenyl UHPLC column was performed by evaluating different parameters of the amino acid
structure. The different properties that were examined were the total number of rings in the
structure, the number of benzene rings, the total number of double bonds, the number of
conjugated double bonds, the number of sulfur and nitrogen atoms, solubility, logP-value, and
the molecular weight. Figure 3. 6 A shows the correlation between the numbers of conjugated
double bonds and the retention time. Figure 3. 6 B shows the correlation between the number

of benzene rings and retention time.
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Figure 3. 6: Correlation between amino acid structure and the retention time (min). Figure 3.6 A shows the
correlation between the number of conjugated double bonds and the retention time measured in minutes for amino
acids and related compounds studied in this thesis. Figure 3.6 B shows the number of conjugated double bonds

and the retention time measured in minutes.

Amino acids with benzene rings in their structure had the longest retention time, and with
increasing number of conjugated double bonds the retention time was longer. L-isoleucine and
L-leucine have no rings in their structure. However, the retention time was relatively long (3.40
minutes). L-histidine and L-anserine have a ring structure, but the retention time was short (1.80
minutes and 1.84 minutes, respectively). Based on the parameters evaluated in this thesis, there

was no obvious correlation between amino acid structure and retention time.
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3.3 Analysis of selected compounds in urine

Selected amino acids and amino acid related compounds were detected in urine using the
metabolomics platform. The precision of the metabolomics method was evaluated, and a
comparison of the metabolomics method with targeted methods for measurement concentration

of the selected compounds was performed.

3.3.1 Detection of selected compounds in urine

Selected compounds were detected in urine samples diluted to 2 mM creatinine using the
metabolomics method, and the signal peaks were studied and identified. Some samples
displayed peak splitting for the creatinine signal. Figure 3. 7 shows the EIC for creatinine [M
+ H]" £ 5 ppm in positive ionization mode before and after spiking of creatinine. Figure 3. 7

A shows the result before spiking, and Figure 3. 7 B shows the result after spiking.
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Figure 3. 7: Identification of the creatinine signal. Figure 3.7 A is the result from the identification of creatinine
in one of the urine samples included in this study that shows that there were two not fully chromatographically
separated signals for creatinine in this sample. After standard addition of 2 mM creatinine, there was an increase

in the foremost signal (2.35 minutes), as seen in Figure 3.7 B.

Figure 3. 7 B shows an increase of the foremost signal by a ratio of 2.6. The retention time

and peak area varied for several of the selected compounds studied.
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3.3.2 Precision

The precision of the metabolomics method for the detection of selected compounds in urine
samples was characterized studying peak area and retention time repeatability and intermediate

precision in samples containing 2 mM creatinine.

Repeatability

The metabolomics repeatability and the stability of the samples for ten injections of a urine
sample were determined by studying the amino acid peak area and retention time repeatability.
The mean, standard deviation and %RSD were calculated for each of the selected compounds.
The results for creatinine repeatability in positive ionization mode are shown in Table 3. 1, and

the amino acid repeatability is shown in Appendix B, Table B. 1.

Table 3. 1: Creatinine repeatability. Creatinine peak area and retention time repeatability were found by ten
injections of one urine sample that contained 2 mM creatinine. The peak area and retention time mean, standard

deviation and %RSD were calculated.

Retention time (min) Peak area (a.u.)
Mean 2.306 1.6 - 10
SD 0.004 7.9 - 108
%RSD 0.2 5.0

The %RSD for creatinine retention time and peak area repeatability were 0.2 and 5% RSD,
respectively. Table B. 1 show that the amino acid retention time and peak area repeatability in
urine had low variation (<2% and <30% RSD, respectively). For example the %RSD for L-

anserine retention time was 0.1%, and the %RSD for L-anserine peak area was 6.99% RSD.

Intermediate precision

Amino acid peak area and retention time intermediate precision were studied nine aliquots of a
urine sample, prepped and analyzed nine different days. The mean, standard deviation and
%RSD were calculated for peak areas and retention times for each of the selected compounds.
The results for creatinine repeatability in positive ionization mode are shown in Table 3. 2, and

the amino acid intermediate precision is shown in Appendix B, Table B. 2.

41



Table 3. 2: Creatinine intermediate precision. Creatinine peak area and retention time intermediate precision
were found studying nine aliquots of a urine sample, containing 2 mM creatinine, for nine different days. The peak

area and retention time mean, standard deviation and %RSD were calculated.

Retention time (min) Peak area (a.u.)
Mean 247 6.27 - 10%2
SD 0.08 9.39 - 10%2
%RSD 3.07 149.8

The %RSD for creatinine retention time and peak area intermediate precision was 3.07% and
149.8% RSD, respectively. As Table B. 2 showed low variation of <2% and <30% RSD for
amino acid retention time and peak area intermediate precision in urine. For example L-anserine
retention time and peak area was 2.89% and 14.1% RSD, respectively. L-a-aminoadipic acid,
hydroxykynurenine, and S-adenosyl-L-homocysteine peak area repeatability had high variation
and was 47.1%, 31.9%, and 32.6% RSD, respectively.

3.3.3 Quantitative comparison of the metabolomics method with
the targeted method for concentration measurement

The quantitative performance of the metabolomics method was evaluated studying peak area
from metabolomics compared to measured concentrations from targeted analyses. Four to ten
urine samples were studied to evaluate the quantitative and the qualitative results from the

metabolomics method.

Evaluation of the qualitative and quantitative results from metabolomics

Creatinine was detected using the metabolomics method in ten different samples from different
individuals with creatinine concentrations diluted to 2, 1, 0.5, and 0.1 mM, respectively. The
mean, standard deviation and %RSD were calculated for creatinine peak area and retention
time. Figure 3. 8 shows the correlation between creatinine peak area and retention time for

samples with different creatinine concentrations.
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Figure 3. 8: Correlation between creatinine peak area and retention time. The figure shows that lower creatinine

concentration gave lower retention time and peak area, and that the peak area variation was low (<30% RSD).

The %RSD for creatinine peak area in samples with 2, 1, 0.5, and 0.1 mM creatinine were 48.7,
49.0, 55.7, and 9.18% RSD, respectively, and for creatinine retention time it was 2.6, 2.8, 1.6,
and 0.35% RSD, respectively. In samples with 2, 1, and 0.5 mM creatinine the retention time
varied from 2.30 to 2.45 minutes. When the samples were diluted to 0.1 mM creatinine the peak
area and retention time variation was low (<30% and <2%, respectively). No splitting of the
peaks for the creatinine signal was observed in samples diluted to 0.1 mM creatinine, and the
%RSD was <30%. Figure 3. 8 show that creatinine peak area was low in samples with high
creatinine retention time and high in samples with low retention time for samples with 2, 1, and
0.5 mM creatinine. These results indicated that just creatinine peaks with the same retention

time should be compared.

Quantitative study of selected compounds in urine

Peak area for selected compounds from metabolomics was compared to measured
concentrations from targeted analyses. First, the results for creatinine were studied.
Furthermore, the selected amino acids and amino acid related compounds were studied

quantitatively by normalization to the creatinine concentration.

Creatinine peak area in four urine samples from different individuals was found using the
metabolomics method. The creatinine concentrations were 2, 10, 15, and 20 mM and were

measured with the targeted analysis of creatinine concentration. Creatinine peak areas with the
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same retention time were compared, and the regression coefficient was found. The result is

shown in Figure 3. 9.
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Figure 3. 9: Quantitative comparison of creatinine peak area and concentration for samples with the same
creatinine retention time. The figure shows that there was a linear correlation between the creatinine peak area

from metabolomics and the measured creatinine concentration, with regression coefficient 0.99.

The regression coefficient was 0.99 and a linear correlation was found between creatinine peak
area from metabolomics and the measured concentrations form targeted analysis. This
correlation was found when peaks with the same creatinine retention time from the

metabolomics method were compared.

The quantitative performance of the metabolomics method was studied for the selected amino
acids and amino acid related compounds in five samples with 2 and 0.1 mM creatinine,
respectively. The peak areas from metabolomics and concentrations from targeted analyses
were compared. Appendix C, Figure C. 1 shows the results that are not shown here, and shows
that most of the selected amino acids had an approximate linear correlation between peak area
from metabolomics and quantitatively measured concentrations from targeted analysis. This
correlation was more often observed and more prominent when samples were diluted to 0.1
mM rather than 2 mM creatinine, where increased concentration of amino acid gave increased
peak areas. Figure 3. 10 A and B show the results in positive ionization mode for L-a-
aminoadipic acid in samples that contained 2 mM creatinine, and in samples diluted to 0.1 mM
creatinine, respectively. Figure 3. 10 C and D show the results in positive ionization mode for
glycine in samples that contained 2 mM creatinine and samples diluted to 0.1 mM creatinine,

respectively.
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Figure 3. 10: Correlation between peak area and concentration ratios of amino acids relative to creatinine.
The figure shows that the best correlation between amino acid peak area and concentration ratios were found in

samples diluted to 0.1 mM creatinine.

The correlation between L-a-aminoadipic acid peak area and concentration ratios were better
in samples diluted to 0.1 mM creatinine than 2 mM creatinine. The same evaluation was done
for glycine peak area and concentration ratios. The ratio between the peak areas matched the

ratio between the concentrations, and gave the impression of an approximate linear correlation.

Figure 3. 11 A and B show the results in positive ionization for L-tyrosine in samples that

contained 2 mM creatinine, and sampled diluted to 0.1 mM creatinine, respectively. Figure 3.
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11 C and D shows the results in positive ionization for formiminoglutamic acid in samples that

contained 2 mM creatinine, and samples diluted to 0.1 mM creatinine, respectively.
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Figure 3. 11: L-tyrosine and formiminoglutamic acid peak area and concentration relative to creatinine. There

was a correlation between peak area from metabolomics and concentration from targeted analyses, but the ratio
between peak areas did not match the ratios between the concentrations.

L-tyrosine and formiminoglutamic acid had better correlation between peak area and

concentration when the samples were diluted to 0.1 mM creatinine than 2 mM creatinine.

Nonetheless, the ratios between peak areas did not match the ratios between the concentrations

for samples with the highest concentrations after normalization to 0.1 mM creatinine. The

correlation between peak area and concentration were therefore not linear for L-tyrosine and

fomiminoglutamic acid.
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Figure 3. 12 A and B show the results in positive ionization mode for L-histidine in samples
that contained 2 mM creatinine, and in samples diluted to 0.1 mM creatinine, respectively.
Figure 3. 12 C and D show the results in positive ionization mode for L-valine in samples that

contained 2 mM creatinine, and in samples diluted to 0.1 mM creatinine, respectively.
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Figure 3. 12: No correlation between peak area and concentration. L-histidine, L-valine, s-alanine, y-amino-n-
butyric acid, L-a-amino-n-butyric acid, and L-aspartic acid did not show a correlation between peak area and

concentration.

L-histidine, L-valine, L-aspartic acid, L-a-amino-n-butyric acid acid, y-amino-n-butyric acid,
and p-alanine did not show a linear correlation between peak area from metabolomics and
concentration measured from targeted analysis in neither samples with 2 mM creatinine or 0.1

mM creatinine. Figure 3. 12 show that samples containing the lowest L-histidine and L-valine
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concentration (131 and 8 umol/mmol, respectively) did not have lowest peak areas, and that

samples that contained the highest L-histidine and L-valine concentration (265 and 29

umol/mmol creatinine) did not have the highest peak areas.

Quantitative study of biomarkers for cystinuria and hypophosphatasia in

urine samples

The biomarkers L-cystine, L-lysine, L-ornithine, and L-arginine for cystinuria were studied in

five normal samples and in one pathologic cystinuria sample. Peak areas from metabolomics

were compared quantitatively to measured concentrations from targeted analyses. The results

are shown in Figure 3. 13 A-D.
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Figure 3. 13: Quantitative study of biomarkers for cystinuria in urine samples. Figure 3.13 A, B, C and D

shows peak area from metabolomics compared to concentration ratios of L-cystine, L-arginine, L-lysine, and L-



ornithine, respectively in normal samples and a pathologic sample. The yellow dots represent normal samples and
the brown dots represent the cystinuria sample.

Figure 3. 13 shows that compared to the normal samples (yellow dots) the pathologic samples
(brown dots) had higher peak area for all biomarkers for cystinuria studied in this thesis. The
ratio between the peak area in the pathologic sample and normal samples matched the ratios
between the concentration in the pathologic sample and normal samples for all cystinuria
biomarkers. This means that biomarkers in pathologic levels, outside the reference ranges for

normal levels, can be detected for cystinuria using the metabolomics method.

PEA was spiked into urine samples. Two of the samples were made to represent HPP and three
normal samples were made. Peak areas from metabolomics were compared to known

concentrations. Figure 3. 14 shows the result.
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Figure 3. 14: Quantitative study of phosphoethanolamine spiked in urine samples. Peak areas from
metabolomics were compared to concentrations of PEA spiked to urine samples. The yellow dots represent normal
samples and the brown dots represent pathologic levels of PEA and HPP.

Figure 3. 14 shows that compared to normal samples (yellow dots) pathologic samples (brown
dots) had higher PEA peak area, and that there was a linear correlation between peak area and
concentration. This means that PEA in pathologic levels, outside the reference ranges for

normal levels in newborns, can be detected for HPP using the metabolomics method.
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3.5 Analysis of selected compounds in plasma

Selected amino acids and amino acid related compounds were detected in plasma samples using
metabolomics. The precision of the metabolomics method for the selected compounds was

determined, and matrix effects on the selected compounds were evaluated.

3.5.1 Detection of amino acids using metabolomics

All the selected compounds were detected in plasma using metabolomics, as well as PEA. The
in-house library was used to distinguish between the chromatographic peaks for detection and

characterization of amino acids in plasma samples.

3.5.2 Precision

The precision of the metabolomics method for detection of the selected amino acids in plasma
samples was characterized studying amino acid peak area and retention time to the signal

repeatability and intermediate precision for one plasma sample.

Repeatability

Amino acid peak area and retention time repeatability were studied in a plasma sample. The
mean, standard deviation and %RSD were calculated for each amino acid. The result for amino
acid repeatability is shown in Appendix D, Table D. 1. The metabolomics method showed low
variation for retention time repeatability for all selected compounds and low peak area
repeatability for most of the selected compounds (<30% RSD). For example L-anserine
retention time repeatability had 0.27% RSD and peak area repeatability 2.09% RSD. L-a-
amino-n-butyric acid and glycine peak area repeatability had high variation and was 297.0%

and 134.3%, respectively.

Intermediate precision

Amino acid peak area and retention time intermediate precision were studied in a plasma
sample. The mean, standard deviation and %RSD were calculated and the results for each
amino acid are shown in Appendix D, Table D. 2. The metabolomics method showed high
variation for retention time intermediate precision (>2% RSD), while low variation for peak
area intermediate precision for most of the selected compounds (<30% RSD). For example L-

anserine retention time and peak area intermediate precision was 3.2% and 26.0%, respectively.
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Creatinine, L-homocysteine, L-anserine, L-cystine, ethanolamine, and L-sarcosine had high

variation for peak area intermediate precision (>30%).

3.5.3 A study of matrix effects on selected compounds in plasma
using metabolomics

The matrix effects on selected amino acids in plasma using metabolomics were evaluated. The
amino acids included in this study are listed in Appendix E, Table E. 1, as well as the results.
The table gives the retention time difference, ART (min), and the matrix factor, MF (%).
Chromatographic matrix effects (ART >0.1 minutes) were found for L-arginine, L-anserine,
ethanolamine, L-histidine, and 1-methyl-L-histidine and 3-methyl-L-histidine. lon
enhancement was found for p-alanine, with an elevated peak area in plasma spiked compared
to the standard solution (MF >1, >30% RSD) comparing plasma sample and standard solution
with the same amount amino acids added. lon suppression was found for L-a-aminoadipic acid,
L-anserine, L-arginine, L-carnosine, L-cystathionine, L-cystine, ethanolamine, glycine, L-
histidine, L-homocysteine, 5-hydroxylysne, L-lysine, L-methyl-L-histidine and 3-methyl-L-
histidine, L-ornithine, and L-proline, with a reduced peak area in plasma compared to the
standard solution (MF <1, >30% RSD). Figure 3. 15 show the chromatographic matrix effects

and ion suppression of ethanolamine in plasma compared to the chemical standard.
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Figure 3. 15: Matrix effects for ethanolamine in plasma. The figure shows the chromatographic matrix effects,

and the ion suppression on ethanolamine in plasma (B) compared to standard solution (A), as an example of one

amino acid affected by the matrix.
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Figure 3. 15 A shows ethanolamine retention time and peak area in the chemical standard,
while Figure 3. 15 B shows ethanolamine retention time and peak area in plasma. In plasma
ethanolamine had higher retention time (2.02 minutes) than in the chemical standard (1.87
minutes). Ethanolamine peak area was lower in the plasma sample than in the chemical standard

due to ion suppression.
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3.6 Summary of the results

Table 3. 3: Summary of the results for the study of amino acids in chemical standards, urine, and plasma

samples.
Amino acid Detectable | Detectable | Endogenous | Endogenous | Retention | lon Linear
in positive | in in plasma in urine time shift | suppression correlation
ionization | negative in plasma | /enhancement | in 0.1 mM
mode ionization plasma creatinine
mode urine
Ethanolamine Yes No Yes Yes Yes Yes N.D.”
Glycine Yes Yes Yes Yes No Yes Yes
B-Alanine Yes N.S. No Yes No Yes No
L-Alanine Yes N.S. Yes No No No N.D.”
L-Sarcosine Yes N.S. No No No No N.D.”
L-a-amino-n- Yes N.S. Yes Yes No No No
butyric acid
y-amino-n- Yes N.S. No Yes No No No
butyric
acid
D,L-B- Yes N.S. Yes Yes No No N.D.”
aminoisoburytic
acid
L-Serine Yes Yes Yes Yes No No Yes
Creatinine Yes Yes Yes Yes No No Yes
L-Proline Yes Yes Yes Yes No Yes Yes
L-Valine Yes Yes Yes Yes No No No
L-Threonine Yes Yes Yes Yes No No Yes
Taurine Yes Yes Yes Yes No No N.D.”
Hydroxy-L- Yes Yes Yes Yes No No Yes
proline
L-Isoleucine, L- N.S. N.S. Yes Yes No No Yes
Leucine,
Alloisoleucine
Asparagine Yes Yes N.D.™ Yes N.D.™ No Yes
L-Ornithine Yes Yes Yes Yes No No No
L-Aspartic acid Yes Yes Yes Yes No No No
Phospho- Yes Yes Yes Yes No No Yes
ethanolamine
L-Glutamine Yes Yes N.D.™™ Yes No No Yes
L-Lysine Yes Yes Yes Yes No Yes Yes
L-Glutamic Acid Yes Yes Yes Yes No No Yes
L-Methionine Yes Yes Yes Yes No Yes No
L-Histidine Yes Yes Yes Yes Yes No No
L-a-aminoadipic Yes Yes Yes Yes No Yes Yes
acid

Table 3. 3 continues on the next page.
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homocysteine

Amino acid Detectable | Detectable | Endogenous | Endogenous | Retention lon Linear
in positive in in plasma in urine time shift | suppression | correlation
ionization | negative in plasma | /enhancement | in 0.1 mM
mode ionization plasma creatinine
mode urine
3-Hydroxylysine Yes Yes No Yes No Yes N.D.”
4-Hydroxy-L- Yes Yes N.D.™ Yes N.D.™ No Yes
glutamic acid
L-Phenylalanine Yes Yes Yes Yes No No Yes
1-Methyl-L- N.S. N.S. Yes Yes Yes Yes No
histidine, 3-
Methylhistidine
Glycylproline Yes Yes N.D."™™ Yes N.D."™ No N.D.”
Formimino- Yes Yes N.D.”™ Yes N.D."™ No No
glutamic acid
L-Arginine Yes Yes Yes Yes Yes Yes Yes
L-Citrulline Yes Yes Yes Yes No No Yes
L-Tyrosine Yes Yes Yes Yes No No No
Homocitrulline Yes Yes N.D.”™ Yes N.D."™ No N.D.”™"
S-Sulfocysteine Yes Yes N.D."™™ Yes N.D."™ No No
L-Tryptophan Yes Yes Yes Yes No No Yes
L-Cystathionine Yes Yes No Yes No No Yes
3-Hydroxy-D,L- Yes Yes N.D.”™ Yes N.D."™ No N.D.™"
kynurenine
L-Carnosine Yes Yes No Yes No No N.D.”
L-Anserine Yes Yes No Yes Yes No N.D.”
L-Cystine Yes Yes Yes Yes No Yes No
Homocarnosine Yes Yes N.D.”™ Yes N.D."™ No N.D.™"
L-Homocysteine Yes Yes No No No No N.D.”
Saccharopine Yes Yes N.D."™ Yes N.D."™ No Yes
Argininosuccinic Yes Yes N.D."™™ Yes N.D."™ No No
acid
Aspartyl- Yes Yes N.D."™™ Yes N.D."™ No Yes
glucosamine
S-Adenosyl-L- Yes Yes N.D."™™ Yes N.D."™ No N.D.”

* = Concentration was not measured quantitatively using targeted analyses.

** = Was not detected in urine samples diluted to 0.1 mM creatinine using the metabolomics

method.

™ = Was not included in this study.
N.D. = Not detected.

N.S. = Not chromatographic separated.
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4. Discussion

Metabolomics is the study of the metabolome in a biological sample, giving high coverage of
metabolites compared to targeted analyses used in diagnostics of IEMs today. A metabolomics
method with high precision for detection of metabolites in easily accessible biological materials
e.g. urine and plasma is useful. The level of confidence for identification in metabolomics gives
some criteria for metabolite identification and can be provided by creating an in-house library
(38, 40, 82, 83). The aim of this study was to evaluate the quantitative and qualitative
performance of metabolomics studying amino acids and amino acid related compounds in urine
and plasma samples. This included comparing peak areas determined by the established
metabolomics method HPLC — ESI — Q Exactive Orbitrap MS with guantitatively measured
concentrations obtained with established targeted analyses used in laboratory diagnostics.
Furthermore, this included evaluating the quantitative and qualitative results from
metabolomics on the selected compounds studying chemical standards, urine, plasma and

matrix effects.

4.1 Detection and characterization of selected metabolites

Chemical standards were analyzed using the metabolomics method for qualitative analysis, and
all the 52 selected amino acids and amino acid related compounds were detected, identified and
annotated in an in-house library. The findings of this study show that all selected compounds
can be detected using this metabolomics method, also PEA that cannot be detected by targeted
analyses in the diagnostic laboratory of IEMs at Oslo University Hospital — Rikshospitalet
today. This will extend the number of compounds that might be detected, providing a greater
coverage of metabolomics studies. Studying the chemical standards, all selected compounds
were detected in positive and negative ionization mode, except ethanolamine that was not
detected in negative ionization mode. Therefore, metabolomics studies of ethanolamine will
lack the comprehensive coverage from negative ionization mode. Not surprisingly, this could

be because the hydroxyl group is not easily protonated.

With the chromatographic parameters used in this thesis L-isoleucine, L-leucine, and
alloisoleucine were not fully chromatographically separated, nor were 1-methyl-L-histidine and
3-methyl-L-histidine separated. However, in Figure 3. 5 L-isoleucine, L-leucine, and

alloisoleucine shows hint of chromatographic separation, and that the fragmentation spectra
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could be used to tell if there is more of one or the other amino acid if one side of the peak is
higher than the other. Nevertheless, since neither of them had any signature fragments none of
them can be excluded to be present in the sample. To distinguish between L-leucine, L-
isoleucine and alloisoleucine another separation method should be used. As described in a
review by Ferré et al., research show that ion pair chromatography can be used to separate L-
isoleucine, L-leucine and alloisoleucine because of the differences in hydrophobicity (57). Even
though ion pairing chromatography is a robust separation method for polar compounds and
therefore used in targeted analyses of these isomeric amino acids in the diagnostic laboratory
at Rikshospitalet, the disadvantage is system contamination. This is due to the use of organic
ion pairing reagents in the mobile phase and system contamination, and gradient elution with
high ratio of organic solvent for separation of hydrophobic components (43, 57, 104). HILIC is
another alternative, and other studies show that L-isoleucine and L-leucine were separated
chromatographically with HILIC-columns (105, 106). However, both ion pair chromatography
and HILIC can require a high amount of organic solvent, e.g. acetonitrile which is not Eco-
friendly (58). Furthermore, other studies showed that 1-methyl-L-histidine and 3-methyl-L-
histidine has been chromatographic separated with capillary electrophoresis (107, 108).
Capillary electrophoresis can provide high resolution efficiency for separation of amino acids
(109). However, the disadvantage is that the robustness and sensitivity are lower than for LC
which limits its applications for metabolomics analyses (110, 111). The former results suggest
that ion pair chromatography should be used for chromatographic separation of L-isoleucine
and L-leucine, and that capillary electrophoresis should be used for separation of 1-methyl-L-
histidine and 3-methyl-L-histidine if chromatographic separation and further information is

required, other than the information obtained from metabolomics.

To summarize, almost all the selected compounds from this study were identified at level 1
identification, described in Chapter 1.4.5, as these metabolites will be annotated in the in-
house library. The exception is for L-leucine, L-isoleucine, alloisoleucine, 1-methyl-L-
histidine, and 3-mehtyl-L-histidine which were not chromatographically separated using the

metabolomics method.

For prediction of retention time and identification of new metabolites in future metabolomics
studies, the correlation between structure for the selected compounds was evaluated. The
different parameters of the molecular structure studied were the total number of rings in the

structure, the number of benzene rings, the total number of double bonds, the number of
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conjugated double bonds, the number of sulfur and nitrogen atoms, solubility, logP-value, and
the molecular weight. In this study, no correlation was found between the structural parameters
evaluated and the retention time for the selected compounds. However, the selected compounds
with benzene in their structure and less polar compounds had the longest retention times, as
shown in Figure 3. 6. These amino acids have similar structural geometry to the diphenyl
material in the stationary phase in the analytical column due to the benzene rings in their
structure. Therefore, these amino acids had stronger affinity to the diphenyl stationary phase
material and thereby longer retention time. Compounds with shorter retention time, e.g.
ethanolamine did not have ring structure, were polar and thereby more soluble in the mobile
phase than other less polar amino acids. Nevertheless, L-isoleucine, L-leucine, and alloisoleucie
did not have any ring structure, but had longer retention times than many of the less polar
compounds, at 3.42 minutes, as shown in Figure 3. 1. L-histidine and L-anserine had aromatic
ring structures but had shorter retention times, at 1.80 and 1.84 minutes, respectively. L-
histidine and L- anserine also do not have benzene rings, but a five-ring that does not interact
as strongly with diphenyl. The weakness of this study was that the selected compounds had
very similar chemical properties. Other studies show that the use of retention time as a
supplement to the accurate mass identification has been of significant advantage (112-114).
However, the retention time could vary between samples or between analyses making it
challenging to be used for identification in metabolomics. This could probably be avoided using
retention time indexes to normalize the retention times. Zheng et al. (115) demonstrated a
chemical labeling-based HPLC retention index strategy as a promising technology for
metabolomics. Newer tools have also been developed for prediction of retention time based on
structure using R-based data program (116) and other computer programming approaches (117)
that has been shown to be useful tools for a more effective metabolite annotation and
identification. In future studies the correlation between structure and retention time should be
evaluated for several other chemical groups with other chemical properties and the different

groups should be compared.

4.2 Precision of the metabolomics method on selected
compounds in urine and plasma

Urine and plasma are the most widely used biological materials for laboratory diagnostics. To
have a metabolomics method with good precision for analysis of these sample types is therefore

a great advantage. Most of the selected compounds were identified at level 1 identification
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using the in-house library in urine and plasma, except for the amino acids that were not
chromatographically separated. The precision of the metabolomics method was investigated for
amino acids and amino acid related compounds in urine and plasma. The metabolomics method
showed low variation for retention time repeatability (<2% RSD) for both urine and plasma, as
shown in Appendix B Table B. 1 and Appendix D Table D. 1, respectively. It also showed
that the peak area repeatability was good for the selected compounds in urine (<30%). The peak
area repeatability was also good for most of the selected compounds in plasma, except for L-
a-amino-n-butyric acid and glycine, an unexpected finding with no obvious reason. The
stability of the system over time was studied with system suitability samples in all analyses,

and to conclude the systematic variation from the instrument was found to be low.

Furthermore, the metabolomics method showed good peak area intermediate precision (<30%
RSD) for most of the selected compounds in urine as shown in Appendix B Table B. 2.
Surprisingly, L-a-aminoadipic acid, hydroxykynurenine, and S-adenosyl-L-homocysteine had
high variation for peak area intermediate precision (>30% RSD) in urine. Creatinine also
showed high variation for peak area intermediate precision, as shown in Table 3. 2. In plasma,
creatinine, L-homocysteine, L-anserine, L-cystine, ethanolamine, and L-sarcosine had high
variation for peak area intermediate precision. One explanation for these findings could be the
high peak area, which means these metabolites were present at high concentrations, leading to
detector saturation. The retention time intermediate precision had high variation for most of the
selected compounds in urine and plasma (>2% RSD), except for L-a-aminoadipic acid in urine
and L-methionine and L-tryptophan in plasma. There was no obvious reason for these findings.
Other studies with acceptable retention time variation <5% RSD and compared to these studies,
the retention time variations found in this study were low (84, 118, 119). The variation for peak
area intermediate precision also agreed with the findings in this study, that variation >30% RSD
was found for some of the selected compounds studied. As mentioned, retention time is an
important tool for metabolite identification in metabolomics comparing results from the same
lab. However, it will not be used by itself, but in addition to fragmentation spectra for
distinguishing between isobaric compounds and the localization of chromatographic peaks
relative to each other using the in-house library. Internal standards and calibration curves for
each metabolite cannot be used in metabolomics, unlike targeted analyses, because of the aim
of discover as many metabolites as possible. However, as reviewed by Broadhurst et al. (79),

increased data quality and better intermediate precision in metabolomics are obtained
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conditioning the analytical system and stabilizing the detector response using pooled quality
controls. The results from this characterization of the precision for the metabolomics method
and compared to other studies, suggest that the retention time intermediate precision <5% RSD
should be considered as acceptable limits for retention time variation. This assertion is based
on the non-systematic errors that can occur in metabolomics studies and that variation <2%

RSD is too strict comparing results from different metabolomics analyses.

4.3 Quantitative analyses of urine and plasma

The quantitative performance of the metabolomics method was evaluated for selected
compounds in urine samples, comparing data from metabolomics and targeted analyses. Lastly,

matrix effects were studied for the selected compounds in plasma.

Quantitative analysis comparing data from metabolomics and targeted

analyses

Peak areas for the selected compounds determined by metabolomics were compared with
concentrations measured obtained from targeted analyses to characterize the quantitative
performance of the metabolomics method. Creatinine retention time and peak area in samples
from different individuals normalized to 2 mM creatinine gave high variation (>2% and >30%
RSD, respectively). This might be because the matrix varies between samples causing different
retention times, and that the matrix contain more chemical compounds with similar chemical
properties and with the same retention time as creatinine (2.40 minutes). This could lead to ion
suppression of creatinine and lower creatinine peak area. Other studies have also found
creatinine tautomers, and this could be an explanation for the split creatinine peak for and for
the high variation of creatinine retention time (120, 121), and could be an explanation to why
the first part of the peak was elevated after the sample was spiked with creatinine, as shown in
Figure 3. 7. Nonetheless, a lower creatinine retention time and peak area variation was found
in samples diluted to 0.1 mM creatinine than samples with 2, 1, and 0.5 mM creatinine, as
shown in Figure 3. 8. These results indicate that the split creatinine peak was due to matrix
effects rather than creatinine tautomers, and explain the high variation for creatinine peak area
intermediate precision from samples diluted to 2 mM creatinine. Furthermore, the correlation
between peak area determined by metabolomics and measured concentrations obtained from
targeted analyses for the selected compounds in urine was also better when samples were

normalized to 2 mM creatinine than 1 mM creatinine, and the correlation were observed to he

59



approximately linear. Few samples were studied. Therefore, more samples should be studied
for a linear regression analysis to be performed. These results still pens the idea of diluting urine
samples to 0.1 mM creatinine instead of 2 mM creatinine. Nevertheless, there is a possibility
that diluting urine samples too much can result in the loss of signal for some metabolites,
making them undetectable. This problem occurred for S-adenosyl-L-homocysteine, and
homocarnosine that were not detected in urine samples diluted to 0.1 mM creatinine. Amino
acids that did not show a linear correlation between peak areas from metabolomics and
concentrations from targeted analyses were y-amino-n-butyric acid, a-amino-n-butyric acid,
aspartic acid, L-histidine, L-valine, and B-alanine. The signal intensities for these amino acids
were high (>108), and as for the creatinine results, this gave the impression that urine samples
should be diluted even more for better quantitative data of the selected compounds. Other amino
acids that did not show a linear correlation between peak areas and concentrations were present
in lower concentrations e.g. L-glutamic acid, L-methionine, and S-sulfocysteine. This might be
because the measured concentrations from targeted analyses were available with SD of 0.5
which affect the results studying lower concentrations of metabolites in samples. To
summarize, the study suggests that quantitative data from the metabolomics method should be
obtained for the selected amino acids and amino acid related compounds in urine samples

diluted to 0.1 mM creatinine or less.

For evaluation of the quantitative performance of the metabolomics method in a diagnostic
perspective, one cystinuria sample and two urine samples spiked with different concentrations
of PEA to represent HPP were analyzed using the metabolomics method. The correlation of
PEA peak area and concentration showed good linearity, as shown in Figure 3. 13 and Figure
3. 14, respectively. Biomarkers for cystinuria e.g. L-ornithine and L-cystine did not show a
good correlation between peak area from metabolomics and concentrations from targeted
analyses when the five normal samples were normalized to 0.1 mM creatinine, as shown in
Appendix C, Figure C. 1. However, cystinuria markers in the pathologic sample showed peak
area that were a lot higher than in normal samples, and that the ratios between peak areas
matched the ratios between the concentrations. Therefore, an approximate linear correlation
between peak area from metabolomics and concentrations from targeted analyses was found,
even though these samples were normalized to 2 mM creatinine. In future testing of the
metabolomics method several biomarkers of IEMs in pathologic samples should be normalized
to different creatinine concentrations to decide what concentration is optimal to obtain

quantitative data, and for detection of as many metabolites as possible.
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The creatinine concentration can be used for normalization of metabolite concentrations in
urine (96, 98), and results from this study suggest that urine samples should be diluted to a
lower concentration than 2 mM creatinine. Normalization methods other than creatinine
concentration used are osmolality, urine volume, and MSTUS. The advantage of urinary
metabolite normalization to the creatinine concentration is the stable creatinine excretion in
urine dependent on gender, age, muscle mass, hydration, diet and activity level, and reflects the
overall concentration of metabolites in the urine (11-13). As seen in this study, the creatinine
signal peak is visibly split into two overlapping peaks in some samples, and the peak area and
retention time had high variation in urine samples that were not diluted. Even though several
studies show that normalization to creatinine concentration gives acceptable results (96, 122,
123), other studies have found that normalization to creatinine concentration gives high
variation and therefore suggest that urine samples should be normalized by other techniques
e.g. osmolality and MSTUS (11, 97, 124, 125). On the other hand, these studies had larger
number of samples and Q-TOF were used, while in this thesis a sample size of five to ten was
analyzed with an Orbitrap mass analyzer. However, Orbitrap mass analyzers provides higher
resolution than Q-TOF. Which normalization method that should be used might therefore
depend on the study design. Other studies suggest that the combination of two normalization
techniques should be used because of the variation between urine samples from different
individuals (13, 126). Based on the results from this study it cannot be excluded that other
normalization methods should be tested to see if both qualitative and quantitative results can be

obtained and improved for amino acids and related compounds in urine samples.

Matrix effects on selected compounds in plasma

Chromatographic matrix effects, ion suppression, and ion enhancement on the selected
compounds in plasma were studied. L-anserine and ethanolamine had retention time shift, or
chromatographic matrix effects (ART >0.1 minutes). Fronting and wider peaks were observed
for L-methionine and L-tyrosine in plasma. Many chemical compounds in a plasma sample
probably have the same retention time as L-anserine, ethanolamine, L-methionine, and L-
tyrosine leading to competition of binding to the stationary phase material, and thus longer
retention time compared to the standard solution. It also gives wider peaks because the chemical
compounds spend a longer time in the chromatographic column. In other studies retention time
shifts have been defined as either 0.2, 0.5, and 1 minutes variation (127, 128). Compared to

these studies, retention time shift of <0.1 minutes used in this study might be too strict.
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Furthermore, L-a-aminoadipic acid, L-cystine, glycine, 6-hydroxylysine, L-lysine, L-ornithine,
L-proline, and 1-methyl-L-histidine and 3-methyl-L-histidine were exposed to ion suppression,
electrospray matrix effects, as shown in Appendix E, Table E. 1. Amino acids studied in this
thesis had very similar retention times, around two minutes or less. Probably there are more
chemical compounds with the same retention time that will compete for protonation and
ionization in the ESI, resulting in ion suppression of the amino acids mentioned. The degree of
ion suppression is dependent on the chromatographic separation of metabolites and the ratio
between metabolite and matrix concentrations (86). Therefore, it might be higher abundance of
other chemical compounds in the matrix with the same retention time that leads to ion
suppression of the amino acids mentioned. Formic acid in the mobile phase also contributes to
ion suppression. As described in a review by Annesley, T., M. (86) and found by King, R. et
al. (129), the main reason for ion suppression is the presence high concentrations of nonvolatile
or less volatile solutes in the spray droplet with the analyte, and occurs using ESI, but also other
ion sources like APCI, and can lead to less effective evaporation of the solvent and less ions
are produced for analysis. MALDI does not show the same problem with ion suppression.
However, the lack good signal precision makes MALDI less suitable for quantitative analysis
(68).

To summarize, these results indicate that less matrix effects are found in plasma compared to
urine. This agrees with other studies, that has shown that the urine matrix is more variable than
the plasma matrix (130). However, this observation is based on the results from urine samples
diluted to 2 mM creatinine, and the fact that urine samples were not spiked with the selected
compounds. Therefore, chromatographic matrix effects, ion suppression, and ion enhancement

in urine should be studied in future projects.
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5. Conclusion

A qualitative metabolomics study of amino acids and amino acid related compounds in urine
and plasma samples was performed using the HPLC — ESI — Q Exactive Orbitrap MS
metabolomics method. Almost all the selected compounds were detected at level 1
identification except for L-leucine, L-isoleucine, 1-methyl-L-histidine, and 3-methyl-L-
histidine. The metabolomics method is a useful diagnostic tool, as the diagnostic metabolite
PEA, which is not quantified by established targeted methods in the diagnostic laboratory of
IEMs at Oslo University Hospital — Rikshospitalet, was successfully detected. The precision
of the metabolomics method on retention time and peak area for amino acids in urine and
plasma was good with the %RSD within acceptable limits for retention time and peak area
variation for most of the selected compounds studied (<2% and <30% RSD, respectively).
However, in urine samples normalized to 2 mM creatinine the creatinine retention time and
peak area had higher variation than in samples normalized to 0.1 mM creatinine. A correlation
between peak area from metabolomics and concentration from targeted analyses was found to
be approximately linear for most of the selected compounds in urine when samples were diluted
to 0.1 mM creatinine. Therefore, this study suggests that urine samples should be diluted to 0.1
mM creatinine or less to obtain quantitative data from the metabolomics method in studies of
amino acids and amino acid related compounds. The qualitative performance of the
metabolomics method in studies of the selected compounds in urine was better when samples
were normalized to 2 mM creatinine than 0.1 mM because some of the selected compounds
were not detected in samples diluted to 0.1 mM creatinine. Lastly, chromatographic matrix
effects, ion suppression and ion enhancement on the selected amino acids and amino acid
related compounds in plasma were evaluated. It was concluded that most of the selected
compounds were affected by matrix effects in plasma, especially ion suppression. Nevertheless,
less variation was observed in plasma samples compared to urine samples based on the study

of precision of the metabolomics method.
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6. Future perspectives

A qualitative analysis of amino acids and related compounds was performed in this thesis and
an in-house library was made for the selected compounds. If level 1 identification is wanted for
other metabolites, more chemical standards of other chemical compounds should be identified
and annotated. Furthermore, the correlation between metabolite structure and retention time
should be evaluated comparing different chemical compounds with different chemical
properties for retention time prediction and identification of new metabolites in future

metabolomics studies.

The quantitative performance of the metabolomics method was tested, mainly for the selected
compounds in urine. However, a larger sample size should be tested and studied to decide if the
correlation between peak area from metabolomics and concentration from targeted analyses is
linear, as the results in this thesis indicate for most of the selected compounds in urine. The
results from this study also indicated that less matrix effects are found in plasma samples using
the metabolomics method than urine samples, but qualitative analysis comparing peak areas
from metabolomics to concentrations from targeted analyses needs to be done for the selected

compounds in plasma studying a larger sample size.

PEA spiked to urine samples showed promising results for diagnosis of HPP using the
metabolomics method. This should be confirmed in by studying samples from a patient
confirmed with HPP. Furthermore, metabolomics method should be tested for its usefulness in

diagnostics of IEMs.
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Appendix

Appendix A - Chemical data of the amino acids and related

compounds

Table A. 1: Chemical data of the amino acids and related compounds. The table list all amino acids and related
compounds that were studied by metabolomics for this thesis. The chemical formula, molecular weight, structure
and logP value are also listed for each chemical compound. The amino acid structure and the monoisotopic

molecular weight were obtained from hmdb, and LogP values were obtained from ChemAxon.

Amino acid Chemical Monoisotopic | Structure LogP | Standard
formula Molecular value | solution
Weight
Ethanolamine C,H/NO 61.052763851 OH -1.3 A9906
HQN/\/
Glycine C>HsNO2 75.032028409 0 -3.4 A9906
HZN\)‘\
OH
B-Alanine C3H/NO> 89.047678473 o -3.2 A9906
HOJJ\/\NHZ
L-Alanine C3H/NO> 89.047678473 o -2.8 A9906
)k/cm
HO Y
L-Sarcosine CsH/NO; 89.047678473 o] -3.2 A9906
H\)J\
N
HSC/ OH
L-a-amino-n-butyric | C4HoNO> 103.063328537 o] -2.3 A9906
acid /tk/\
HO Y CHj,
NH,
y-amino-n-butyric C4H9NO, 103.063328537 0 -2.9 A9906
acid J’k/\/NHZ
HO
D,L-B- C4HyNO, 103.063328537 0 -2.6 A9906
aminoisoburytic acid
HN OH
CH,

Table A. 1 continues on the next page.
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Amino acid Chemical Monoisotopic | Structure LogP | Standard
formula Molecular value | solution
Weight
L-Serine C3H/NO3 105.042593095 0 -3.9 A9906
HO OH
NH,
Creatinine C4H7NsO 113.058911861 HC._ -1.1 A9906
N
)\/>:°
HN NH
L-Proline CsHgNO; 115.063328537 y 0 -2.6 A9906
N
g 7"‘\\‘ILOH
L-Valine CsH11NO; 117.078978601 CHy © -2.0 A9906
Hec)\l)LOH
NH,
L-Threonine C4HgNO3 119.058243159 OH 0 -3.5 A9906
H3CMOH
NH.
Taurine CoH7NOsS 125.014663785 o\\//o -2.6 A9906
s
o™ N N,
Hydroxy-L-proline CsHyoNO3 131.058243159 ; © -3.7 A9906
: " 7""\“\@4
HO
L-Isoleucine CsH13NO2 131.094628665 cH, © -15 A9906
HyC 2
OH
NH,
L-Leucine CsH13sNO; 131.094628665 o -1.6 A9906
%CY\HJ\
OH
CHy NH,
Alloisoleucine C6H13NO2 131.094628665 NH, -15 Special
: oH mix
HyC ;
éHg o]
Asparagine C4HgN203 132.053492132 ] -4.3 Special
HNY\‘)L mix
2
OH
0 NH,
L-Ornithine CsH12N20; 132.089877638 -3.7 A9906

Table A. 1 continues on the next page.




Amino acid Chemical Monoisotopic | Structure LogP | Standard
formula Molecular value | solution
Weight
L-Aspartic acid C4H7NO4 133.037507717 0 -3.5 A9906
HO
N\OH
0 NH,
Phosphoethanolamine | CoHsNO4P 141.019094261 o o -2.5
/\P/ \./\NH2
HO™ \\
L-Glutamine CsH1oN203 146.069142196 0 o -4.0 Special
mix
HNWOH
NH,
L-Lysine CsH14N202 146.105527702 N -3.2 A9906
HZN\/\/\HJ\OH
NH,
L-Glutamic Acid CsHoNO4 147.053157781 o ] -3.2 A9906
HOWOH
NH,
L-Methionine CsH11NO2S 149.051049291 ] -2.2 A9906
HOJJ\E/\/S\CHS
N,
L-Histidine CesHoN3O: 155.069476547 o -3.6 A9906
NH
< ’ OH
\N NH,
L-a-aminoadipic acid | CsH1:NO4 161.068807845 o -2.8 A9906
OH
HO
ﬁH, o
8-Hydroxylysine CeH14N203 162.100442324 oH 0 -4.4 A9906
NH,
4-Hydroxy-L- CsHoNOs 163.048072403 0 0 -42 | A9906
glutamic acid w
HO Y I OH
NH,  oH
L-Phenylalanine CoH11NO; 165.078978601 o) -1.2 A9906
OH
NH,
1-Methyl-L-histidine | C7H11N302 169.085126611 -3.1 A9906

Table A. 1 continues on the next page.




Amino acid Chemical Monoisotopic | Structure LogP | Standard
formula Molecular value | solution
Weight
3-Methyl-L-histidine | C;H1:N3O> 169.085126611 CH, o -34 A9906
A
OH
{ )
N NH,
Glycylproline C7H12N203 172.08479226 o -3.7 Special
sz/Y E\ mix
<N7.~“‘“ OH
Formiminoglutamic | CsH10N204 174.064056818 on 5 -2.8 Special
acid M mix
o 3 OH
~
)
HN
L-Arginine CeH14N4O; 174.111675712 JH\ /\/ﬁ)i -3.2 A9906
L-Citrulline CeH13N303 175.095691297 o o -3.9 A9906
H;N)-L”/\/\‘)LOH
NH,
L-Tyrosine CoH11NO3 181.073893223 Q -1.5 A9906
OH
NH;
HO
Homocitrulline C7H15N303 189.111341361 0 NH, -3.5 | A9906
HNJ‘LH/\/\/'\H/OH
0
S-Sulfocysteine C3H/NOsS; 200.976563719 NH, -2.3 Special
o} H mix
A\ S A OH
/S\ W
HO™ '\
0 o}
L-Tryptophan C11H12N202 204.089877638 o -1.1 A9906
OH
HN ! NH,
L-Cystathionine C7H14N204S 222.067427636 -5.8 A9906

Table A. 1 continues on the next page.




Amino acid Chemical Monoisotopic | Structure LogP | Standard
formula Molecular value | solution
Weight
3-Hydroxy-D,L- C10H12N204 224.079706882 v o -2.2 Special
kynurenine ’ mix
HO
o
H,N
OH
L-Carnosine CoH14N4O3 226.106590334 ; a -4.5 A9906
N
(/ OH
N HN\H/\/NH2
(o]
L-Anserine Ci10H16N4O3 240.122240398 it ; -4.3 A9906
N NH,
HO
j_r\/
N\“H.h
A\SY
\CH3
L-Cystine CesH12N204S: 240.023848262 " o -5.9 A9906
2
HO\’_H\/S\S/\HJ\OH
0 NH,
Homocarnosine C1oH16N4O3 240.122240398 HO 0 " -3.9 Special
o [ mix
HZN\/\)'L 3 ‘/>
N N
H
L-Homocysteine C4H9gNO,S 135.035399227 0 -2.6 Special
JK/\/SH mix
HO Y
NH,
Saccharopine C11H20N206 276.132136382 0 -5.4 Special
J\/\/:\/\/\HJ\ mix
HO Y OH
HO&O ks
Argininosuccinic C10H18N4Os 290.122634328 NH, -5.8 Special
acid OY\/:YH\/\/E\F(OH mix
OHHO&O NH o
Aspartylglucosamine | C12H21N3Og 335.132864663 CHy -6.8 Special
mix
O HN o]
ool
N OH
HO Y
ﬁHz 0 0 ,
“/oH
HO
S-Adenosyl-L- C14H20N6OsS 384.12158847 | N ™ -4.0 Special
homocysteine ' T mix




Appendix B - Precision of metabolomics for amino acids in

urine

Table B. 1: Amino acid peak area and retention time repeatability in urine. The amino acid retention time and
peak area repeatability was found for one urine sample. The mean, standard deviation (SD), and the relative

standard deviation (%RSD) were calculated.

Retention time (min) Peak area (a.u.)

Amino acid Mean SD %RSD Mean SD %RSD
L-a-aminoadipic acid 2.39 0.002 0.08 5.37E+07 2.89E+06 5.38
L-Anserine 2.03 0.002 0.10 7.99E+06 5.58E+05 6.99
L-Arginine 2.03 0.002 0.11 3.21E+07 9.60E+05 2.99
L-Aspartic acid 217 0.003 0.13 2.03E+07 4.95E+05 2.44
L-Carnosine 2.03 0.002 0.09 1.68E+08 8.46E+06 5.02
L-Citrulline 2.27 0.002 0.07 6.48E+06 2.60E+05 4.01
L-Cystathionine 2.07 0.002 0.12 1.24E+07 8.03E+05 6.47
L-Cystine 2.09 0.003 0.12 1.16E+08 7.44E+06 6.41
Ethanolamine 2.03 0.002 0.10 2.31E+08 9.64E+06 4,17
L-Glutamic acid 2.22 0.003 0.14 2.16E+08 7.81E+06 3.62
Glycine 2.09 0.003 0.13 8.25E+08 2.77E+07 3.35
L-Histidine 2.03 0.004 0.19 2.85E+08 1.45E+07 5.09
L-Hydroxyproline 1.78 0.002 0.11 1.38E+08 5.01E+06 3.62
L-Isoleucine, L-leucine 3.45 0.003 0.10 5.43E+08 2.83E+07 5.22
L-Lysine 1.79 0.002 0.12 8.24E+07 5.94E+06 7.20
L-Methionine 3.10 0.003 0.10 7.60E+07 3.20E+06 4.21
1-Methyl-L-histidine, 3-

MethylIL-histidine 2.03 0.002 0.09 2.64E+08 1.07E+07 4.06
L-Ornithine 1.79 0.003 0.15 1.20E+07 3.81E+05 3.18
L-Phenylalanine 6.64 0.005 0.08 6.25E+08 2.66E+07 4.26
L-Proline 2.58 0.003 0.11 3.62E+08 2.70E+07 7.46
L-Serine 2.11 0.003 0.12 5.48E+08 2.49E+07 4.54
Taurine 2.22 0.003 0.12 4.44E+08 1.93E+07 4.35
L-Threonine 2.17 0.002 0.08 3.43E+08 1.55E+07 451
L-Tryptophan 11.16 0.01 0.11 7.68E+08 5.26E+07 6.85
L-Tyrosine 4.15 0.002 0.04 6.33E+08 4.40E+07 6.95
L-Valine 2.85 0.002 0.08 2.00E+10 1.29E+09 6.46
Glutamine 2.19 0.002 0.09 1.83E+09 7.38E+07 4.03
Asparaginine 2.13 0.003 0.12 1.64E+08 3.04E+06 1.86
4-hydroxy-L-glutamic acid 2.16 0.004 0.17 1.53E+07 7.81E+05 5.10

Table B. 1 is continued on the next page.



Retention time (min) Peak area (a.u.)

Amino acid Mean SD %RSD Mean SD %RSD
L-Alanine N.D.” N.D.” N.D.” N.D.” N.D.” N.D.”
B-Alanine N.D.” N.D.” N.D.” N.D.” N.D.” N.D.”
y—Amino-n-butyric acid N.D.” N.D.” N.D.” N.D.” N.D.” N.D.”
B—Amino-isobutyric acid N.D.” N.D." N.D.” N.D." N.D.” N.D."
o—Amino-n-butyric acid N.D.” N.D.” N.D.” N.D.” N.D.” N.D.”
Homocysteine N.D.” N.D.” N.D.” N.D.” N.D.” N.D.”
Hydroxykynurenine 451 0.003 0.06 1.51E+07 1.11E+06 7.83
S-Adenosyl-L-

homocysteine 4.12 0.006 0.15 1.44E+06 1.91E+05 13.3
Formominoglutamic acid 2.38 0.003 0.11 4.32E+07 3.09E+06 7.15
Argininosuccinic acid 2.15 0.003 0.12 2.65E+07 1.85E+06 6.99
S-sulfocysteine 2.70 0.008 0.28 4.92E+06 4.15E+05 8.44
Saccarophine 2.17 0.004 0.17 3.61E+06 3.59E+05 9.94
Homocarnosine 2.03 0.002 0.10 7.99E+06 5.58E+05 6.99
Aspartylglucosamine 2.13 0.002 0.11 3.06E+07 1.81E+06 5.91

“N.D. = Not detectable. Means here “not found endogenously”.

Table B. 2: Amino acid peak area and retention time intermediate precision in urine. The amino acid retention
time and peak area intermediate precision was found for one urine sample. The mean, standard deviation (SD),

and the relative standard deviation (%RSD) were calculated.

Retention time (min) Peak area (a.u.)
Amino acid Mean SD %RSD Mean SD %RSD
L-a-aminoadipic acid 243 0.02 0.88 4.14E+07 1,95E+07 47.1
L-Anserine 2.14 0.06 2.89 9.20E+06 1.30E+06 14.1
L-Arginine 2.14 0.06 2.87 4.82E+07 7.74E+06 16.0
L-Aspartic acid 2.29 0.06 2.81 2.53E+07 4.53E+06 17.9
L-Carnosine 2.14 0.06 2.87 1.96E+08 2.56E+07 13.0
L-Citrulline 2.40 0.07 2.89 1.18E+07 2.50E+06 21.2
L-Cystathionine 2.19 0.06 2.92 1.16E+07 1.84E+06 16.0
L-Cystine 2.20 0.06 2.86 1.27E+08 1.75E+07 13.8
Ethanolamine 2.14 0.06 2.86 1.90E+08 2.13E+07 11.3
L-Glutamic acid 2.34 0.07 2.91 2.70E+08 4.50E+07 16.7
Glycine 2.20 0.06 2.85 8.43E+08 1.00E+08 11.9
L-Histidine 2.14 0.06 2.79 4.30E+08 6.37E+07 14.8
d—Hydroxylysine 1.90 0.06 3.06 1.59E+08 2.91E+07 18.3
Hydoxy-L-proline 2.40 0.07 2.83 4.40E+09 1.03E+09 23.4
L-Isoleucine, L-leucine 3.56 0.10 3.50 7.30E+08 1.53E+08 21.0

Table B. 2 is continued on the next page.



Retention time (min)

Peak area (a.u.)

Amino acids Mean SD %RSD Mean SD %RSD
L-Lysine 1.92 0.07 3.86 9.06E+07 1.12E+07 12.4
L-Methionine 3.24 0.10 3.24 8.88E+07 1.64E+07 18.4
1-Methyl-L-histidine, 3-
Methyl-Lhistidine 2.15 0.06 2.88 3.43E+08 5.27E+07 15.4
L-Ornithine 1.91 0.06 3.09 1.11E+07 1.66E+06 14.9
L-Phenylalanine 6.81 0.30 4.29 9.10E+08 2.03E+08 22.3
L-Proline 2.71 0.08 2.79 4.09E+08 6.39E+07 15.6
L-Serine 2.23 0.06 2.88 6.87E+08 1.12E+08 16.3
Taurine 2.34 0.07 2.82 6.24E+08 1.09E+08 175
L-Threonine 2.29 0.07 2.85 4.01E+08 6.10E+07 15.2
L-Tryptophan 11.37 0.3 2.52 9.73E+08 1.72E+08 17.7
L-Tyrosine 431 0.20 4.10 1.04E+09 2.29E+08 22.0
L-Valine 2.99 0.08 2.59 2.81E+10 5.69E+09 20.3
Glutamine 2.32 0.07 3.08 2.22E+09 3.69E+08 16.6
Asparaginine 2.25 0.06 2.80 1.80E+08 2.58E+07 14.3
4-hydroxy-L-glutamic acid 2.27 0.06 2.69 2.10E+07 3.59E+06 17.1
L-Alanine N.D." N.D." N.D." N.D." N.D." N.D."
B-Alanine N.D.” N.D.” N.D.” N.D." N.D.” N.D.”
y—Amino-n-butyric acid N.D." N.D.” N.D.” N.D.” N.D." N.D."
B—Amino-isobutyric acid N.D." N.D." N.D.” N.D." N.D." N.D."
a—Amino-n-butyric acid N.D." N.D." N.D.” N.D." N.D." N.D."
Homocysteine N.D." N.D." N.D.” N.D." N.D." N.D."
Hydroxykynurenine 4.37 0.20 3.87 2.52E+06 8.21E+05 31.9
S-Adenosyl-L-
homocysteine 4.37 0.20 3.87 2.52E+06 8.21E+05 32.6
Formominoglutamic acid 2.51 0.07 2.91 3.30E+07 5.03E+06 15.3
Argininosuccinic acid 2.27 0.07 2.90 3.71E+07 6.82E+06 18.4
S-sulfocysteine 2.75 0.08 2.99 6.82E+06 1.25E+06 18.3
Saccharopine N.D.” N.D.” N.D.” N.D.” N.D.” N.D.”
Homocarnosine 2.14 0.06 2.89 9.20E+06 1.30E+06 14.1
Aspartylglucosamine 2.25 0.06 2.85 4.16E+07 8.73E+06 21.0

“N.D. = Not detectable. Means here “not found endogenously”.




Appendix C - Quantitative analysis of metabolomics

compared to targeted analysis of amino acids in urine

The results in Figure C. 1 are the quantitative analysis of amino acids peak area from
metabolomics and concentration ratios from targeted analyses for amino acids detected in urine

samples diluted to 0.1 mM creatinine.
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L-Methionine
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L-Tryptophan Glutamine
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Saccharopine Aspartylglucosamine
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L-Arginine Aspartic acid
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Figure C. 1: Quantitative comparison of peak area from metabolomics and concentration from targeted amino
acid analyzes using samples diluted to 0.1 mM creatinine. The figure shows the quantitative results for amino
acids comparing peak areas from metabolomics to concentration ratios by targeted analyses using samples diluted
to 0.1 mM creatinine.



The results in Figure C. 2 are the quantitative analysis of amino acids peak area from

metabolomics and concentration ratios from targeted analyses for amino acids detected in urine

samples diluted to 2 mM creatinine, that were not detectable in samples diluted to 0.1 mM

creatinine.
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Figure C. 2: Quantitative comparison of peak area from metaolomics and concentration from targeted amino

acid analyses using samples diluted to 2 mM creatinine. The figure shows the quantitative results for amino acids

comparing peak areas from metabolomics to concentration ratios by targeted analyses using samples diluted to 2

mM creatinine.

Table C. 1 shows the concentrations from targeted analyses from the diagnostic laboratory of

IEMs at Oslo University Hospital — Rikshospitalet, used to compare with peak areas from

metabolomics of the selected compounds in urine.



Table C. 1: Measured concentrations of amino acids from targeted analyses. The table shows amino acid

concentrations from targeted analyses from the diagnostic laboratory of IEMs at Oslo University Hospital —

Rikshospitalet.

Concentration (umol/mmol creatinine)

Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample
Amino acids 1 2 3 4 5 6 7 8 9
L-Aspartic acid 2 0 1 2 4 1 2 3 0
Hydroxy-L-proline 2 3 36 479 70 133 12 129 0
L-Threonine 48 15 25 363 32 51 39 37 9
L-Serine 104 84 106 355 140 157 193 137 27
L-Asparagine 38 22 15 170 17 17 24 N.D."
L-Glutamic acid 4 3 4 8 9 5 7 7
L-Glutamine 160 168 164 451 178 244 192 167 25
L-Proline 3 1 24 249 56 59 8 56 0
Glycine 277 163 271 2620 363 547 563 548 120
L-Alanine 78 49 110 325 118 167 117 165 34
L-Citrulline 2 2 1 11 2 1 3 2 1
L-a-amino-n-
butyric acid 6 4 2 6 2 3 N.D.” | N.D.* | N.D.”
L-Valine 13 12 8 29 9 7 15 12 5
L-Cystine 6 5 7 39 9 19 6 4
L-Methionine 5 3 1 6 3 4 2 1
L-Cystathionine 5 2 N.D.” 27 7 5 4 5
L-Isoleucine 4 3 4 7 5 4 4 1
L-Leucine 8 8 5 26 7 11 8 12 3
L-Tyrosine 32 26 30 48 20 36 30 24 5
L-Phenylalanine 19 16 10 23 6 13 15 12 2
y-amino-n-butyric
acid 2 0 3 5 0
L-Ornithine 5 10 4 4 2
L-Lysine 54 23 16 136 20 59 19 18
1-Methyl-L-
histidine 5 6 14 8 9 21 11 11 34
L-Histidine 229 265 131 237 136 269 251 125 41

Table C. 1 is continued on the next page.




Concentration (umol/mmol creatinine)

Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample
Amino acids 1 2 3 4 5 6 7 8 9
L-Homocysteine 0 0 0 0 0 0 0 1 0
L-Tryptophan 17 17 17 46 13 24 22 19 3
L-Arginine 8 7 4 14 6 9 5 7 16
S-Adenosyl-L-
homocysteine 0 0 1 2 0 0 1 0 1
Argininosuccinic
acid 8 7 4 8 5 5 9 5 3
Homocitrulline 12 17 1 6 1 11 4 3 4
Hydroxykynurenine 0 1 4 0 1 0 1 0
Saccharopine 1 2 6 1 4 2 1 0
L-a-aminoadpic acid 39 11 14 99 14 25 20 22 10
S-Sulfocysteine 1 1 1 2 2 2 2 2 0
L-Sarcosine 0 2 17 11 9 2 6 0
4-hydroxy-L-
glutamic acid 1 1 5 1 0
Homocarnosine 4 8 7 18 1
Formiminoglutamic
acid 6 21 12 6 14 2
Aspartylglucosamine 2 4 8 4 5 3 1
Glycylproline 11 28 18 28 17 25 11 14 2
B-Alanine 1 3 0 6 2 N.D.” 3 3 0

“N.D.= Not detectable. The analysis failed.




Appendix D - Precision of metabolomics for amino acids in

plasma

Table D. 1: Repeatability of metabolomics for amino acids in plasma. The amino acid retention time and peak
area repeatability was found for one plasma sample. The mean, standard deviation (SD), and the relative standard

deviation (%RSD) were calculated.

Retention time (min) Peak area (a.u.)

Amino acid Mean | SD | %RSD Mean SD %RSD
B-Alanine 2.01 |0.005| 0.23 1.77E+07 | 0.00E+00 0.00
L-Alanine 211 |0.005| 023 | 2.78E+08 | 5.75E+06 2.07
L-a-Aminoadipic acid 2.41 0.003| 0.12 1.44E+08 | 1.73E+06 1.20
L-o-Amino-n-butyric acid 2.26 |0.004| 0.20 1.36E+8 2.69E+6 297.0
D,L-B-Aminoisobutyric acid 2.13 |0.004| 0.19 | 1.41E+08 | 2.63E+06 1.86
y-Aminobutyric acid 2.03 [0.004| 0.22 | 5.50E+07 | 2.43E+06 4.43
L-Anserine 2.00 |0.005| 027 | 1.91E+07 | 3.99E+05 2.09
L-Arginine 2.00 |0.005| 024 | 1.14E+08 | 1.99E+06 1.74
L-Aspartic acid 216 |0.005| 021 | 1.01E+08 | 2.17E+06 214
L-Carnosine 1.75 |0.008| 0.46 1.39E+07 3.67E+05 2.65
L-Citrulline 2.26 |0.004| 0.18 | 2.95E+08 | 3.98E+06 1.35
Creatinine 224 |0.007| 031 | 7.93E+08 | 2.80E+07 3.54
L-Cystathionine 2.04 |0.005| 024 | 1.22E+08 | 2.47E+06 2.03
L-Cystine 2.06 |0.004| 0.22 2.33E+08 | 5.07E+06 2.18
Ethanolamine 200 |0.006| 030 | 1.07E+07 | 4.37E+05 4.10
L-Glutamic acid 221 [0.004| 0.18 | 2.92E+08 | 3.31E+06 1.13
Glycine 2.06 |0.004| 022 | 538E+08 | 1.09E+6 134.3
L-Histidine 200 |0.005| 0.24 | 7.41E+07 | 3.20E+06 4.32
L-Homocysteine 249 |0.004| 018 | 1.74E+08 | 6.84E+06 3.93
8-Hydroxylysine 1.71 |0.003| 0.18 1.06E+08 | 9.66E+06 9.15
Hydroxy-L-proline 2.26 |0.005| 0.20 | 350E+08 | 4.24E+06 1.21
L-Isoleucine, L-leucine 359 | 001 | 029 | 243E+09 | 1.04E+08 4.30
L-Lysine 1.72 |0.005| 029 | 2.04E+08 | 3.52E+07 17.3
L-Methionine 319 [0.007| 022 | 7.44E+08 | 1.95E+07 2.62
1-Methyl-L-histidine, 3-MethyI-L-

histidine 201 |0.005| 023 | 1.78E+08 | 4.73E+06 2.66
L-Ornithine 172 |0.005| 027 | 5.92E+07 | 7.15E+06 12.1
L-Phenylalanine 7.28 |0.009| 0.12 | 148E+09 | 2.67E+07 1.80
L-Proline 254 |0.005| 021 | 3.51E+08 | 1.06E+07 3.01
L-Sarcosine 217 |0.005| 021 | 9.82E+07 | 4.60E+06 4.69
L-Serine 209 |0.004| 019 | 1.23E+08 | 2.40E+06 1.95

Table D. 1 is continued on the next page.



Retention time (min) Peak area (a.u.)
Amino acids Mean | SD |%RSD| Mean SD %RSD
Taurine 220 [0.004| 0.18 | 7.80E+07 | 9.49E+05 1.22
L-Threonine 216 |0.004| 019 | 4.39E+08 | 1.10E+07 251
L-Tryptophan 11.36 |0.004| 0.04 | 1.06E+09 | 1.80E+07 1.70
L-Tyrosine 451 ]0.009| 0.20 5.55E+08 | 1.34E+07 2.42
L-Valine 241 |0.005| 0.0 | 3.92E+08 | 8.63E+06 2.20

Table D. 2: Intermediate precision of metabolomics for amino acids in plasma. The amino acid retention time
and peak area intermediate precision was found for one plasma sample. The mean, standard deviation (SD), and

the relative standard deviation (%RSD) were calculated.

Retention time (min) Peak area (a.u.)

Amino acid Mean | SD | %RSD Mean SD %RSD
B-Alanine 2.06 | 0.05| 2.36 1.82E+07 | 2.61E+06 14.4
L-Alanine 245 |005| 217 | 3.40E+08 | 6.73E+07 19.8
L-a-Aminoadipic acid 242 1004| 161 1.61E+08 | 4.25E+07 26.4
L-a-Amino-n-butyric acid 229 |005| 203 1.64E+08 | 2.99E+07 18.3
D,L-B-Aminoisobutyric acid 216 [0.06| 262 1.66E+08 | 2.80E+07 16.9
y-Aminobutyric acid 2.07 |004| 1.86 6.14E+07 | 1.76E+07 28.7
L-Anserine 205 |005| 221 | 2.86E+09 | 6.95E+09 242.7
L-Arginine 206 |004| 213 | 1.32E+08 | 2.81E+07 21.2
L-Aspartic acid 219 |004| 204 | 1.34E+08 | 2.27E+07 16.9
L-Carnosine 193 |0.16| 845 | 1.89E+07 | 4.92E+06 26.0
L-Citrulline 226 |010| 454 | 3.69E+08 | 3.85E+07 10.4
Creatinine 227 |012| 535 | 8.63E+08 | 2.68E+08 31.1
L-Cystathionine 210 |0.05| 256 | 1.13E+08 | 2.30E+07 20.4
L-Cystine 210 |0.05| 242 | 3.49E+10 | 8.50E+10 243.8
Ethanolamine 209 |009| 447 | 2.80E+09 | 6.83E+09 243.8
L-Glutamic acid 225 |005| 228 | 3.10E+08 | 3.62E+07 11.7
Glycine 210 |005| 219 | 5.18E+07 | 5.66E+06 10.9
L-Histidine 206 |005| 224 | 859E+07 | 2.01E+07 23.4
L-Homocysteine 250 |0.04| 176 | 6.60E+07 | 2.35E+07 35.6
3-Hydroxylysine 1.75 | 0.05| 261 1.24E+08 | 2.88E+07 23.3
Hydroxy-L-proline 230 |005| 200 | 4.62E+08 | 6.16E+07 13.3
L-Isoleucine, L-leucine 347 |007| 211 | 2.66E+09 | 4.19E+08 15.8
L-Lysine 175 | 0.05| 258 1.87E+08 | 3.50E+07 18.7
L-Methionine 314 |006| 1.83 | 7.75E+08 | 1.31E+08 16.9
1-Methyl-L-histidine, 3-Methyl-L-

histidine 208 |005| 229 | 2.18E+08 | 6.13E+07 28.1

Table D. 2 is continued on the next page.



Retention time (min)

Peak area (a.u.)

Amino acids Mean | SD | %RSD Mean SD %RSD
L-Ornithine 175 |0.05| 258 | 6.26E+07 | 1.31E+07 21.0
L-Phenylalanine 684 |030| 434 1.77E+09 | 3.59E+08 20.3
L-Proline 258 |0.05| 1.83 | 2.98E+08 | 4.00E+07 13.4
L-Sarcosine 223 |006| 277 | 9.28E+07 | 5.71E+07 61.5
L-Serine 213 |005| 222 1.26E+08 | 7.59E+06 6.04
Taurine 224 |005| 220 | 846E+07 | 1.04E+07 12.3
L-Threonine 219 |005| 218 3.95E+08 | 3.80E+07 9.6
L-Tryptophan 1125 017 | 154 1.21E+09 | 2.42E+08 19.9
L-Tyrosine 427 |016| 3.72 7.63E+08 | 2.28E+08 29.9
L-Valine 244 |004| 173 3.97E+08 | 5.36E+07 135




Appendix E - Matrix effects on amino acid peak area and

retention time in plasma

Table E. 1: Matrix effects on amino acid peak area and retention time in plasma. This table list amino acids

included in the study of matrix effects in plasma. Chromatographic matrix effects or ART (min) was studied, as

well as ion suppression and ion enhancement (MF, %).

Amino acid ART (min) | MF (%) | Endogenous | Comment

B-Alanine 0.01 994 .4 No Elevated peak area

L-Alanine 0.01 85.8 Yes

L-a-Aminoadipic acid 0.00 68.2 Yes Peak area reduction

L-a-Amino-n-butyric acid -0.01 82.6 Yes

D,L-B-Aminoisobutyric acid 0.02 80.0 Yes

y-Aminobutyric acid 0.04 82.6 No

L-Anserine 0.13 68.1 No Retention time shift

L-Arginine 0.14 66.2 Yes Peak area reduction, retention
time shift

L-Aspartic acid 0.00 81.3 Yes

L-Carnosine 0.00 63.8 No

L-Citrulline 0.00 94.0 Yes

Creatinine 0.01 85.9 Yes

L-Cystathionine 0.03 40.0 No

L-Cystine 0.02 59.3 Yes Peak area reduction

Ethanolamine 0.14 57.1 Yes Peak area reduction, retention
time shift

L-Glutamic acid 0.00 91.7 Yes

Glycine 0.02 65.0 Yes Peak area reduction

L-Histidine 0,14 57.4 Yes Peak area reduction, retention
time shift

L-Homocysteine -0.03 31.9 No

d-Hydroxylysine 0.00 37.3 No Tailing and peak area
reduction

Hydroxy-L-proline 0.00 91.0 Yes

L-Isoleucine, L-leucine 0.00 99.0 Yes

L-Lysine 0.00 63.2 Yes Tailing and peak area
reduction

L-Methionine -0.02 110.7 Yes Fronting, wide peak

1-Methyl-L-histidine, 3-Methyl- 0.12 41.4 Yes Peak area reduction

L-histidine

L-Ornithine 0.00 39.6 Yes Tailing and peak area
reduction

L-Phenylalanine -0.01 110.0 Yes

Table E. 1 is continued on the next page.



Amino acid ART (min) | MF (%) | Endogenous | Comment
L-Proline -0.02 35.7 Yes Peak area reduction
L-Sarcosine 0.00 82.6 No

L-Serine 0.01 73.0 Yes

Taurine 0.00 72.8 Yes

L-Threonine 0.00 87.7 Yes

L-Tryptophan 0.00 107.1 Yes

L-Tyrosine -0.01 91.2 Yes Wide peak

Urea 0.00 1111 Yes

L-Valine -0.02 78.8 Yes
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